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a b s t r a c t
We investigated Gd2O3 and Zr-incorporated Gd2O3 ﬁlms grown on Si (100) as a function of nitridation
temperature under an NH3 ambient and the incorporation of Zr into the ﬁlm. The formation of a silicide layer
at the interfacial region was suppressed in cases of Zr-incorporated or NH3-nitried Gd2O3 ﬁlms. The
crystalline structure was affected when zirconium, with a relatively small ionic radius, was substituted with
gadolinium. When the concentration of Zr atoms in a Gd2O3 ﬁlm reaches a speciﬁc level (Gd0.6Zr1.9O4.3),
phase transition occurred from cubic Gd2O3 to monoclinic ZrO2. However, the monoclinic phase disappeared
after nitridation at 900 °C in an NH3 ambient. The majority of the nitrogen atoms accumulated near the
interface in the ﬁlms and the concentration of incorporated N increased with increasing Zr content and NH3
annealing temperature. Moreover, nitrogen atoms bonded to Zr-silicate at the interface, in preference to ZrO2
in the ﬁlm. These incorporation characteristics of nitrogen into Zr-incorporated Gd2O3 ﬁlm have an effect on
the thermal stability and crystalline structure of a ﬁlm.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
As device size continues to be scaled down, the gate dielectric layer
in complementary metal-oxide-semiconductors has nearly
approached its thickness limit because of excess gate leakage current
and poor reliability issues. In particular, direct-tunneling current is
closely dependent on the oxide thickness, an important variable in
terms of the reliability of transistors. Because high-k oxides allow a
physically thicker layer to be produced with the same capacitance that
is required for the conventional gate dielectric layer of SiO2, a high
dielectric constant (k) oxide is generally thought to be an alternative
gate dielectric material. To replace conventional SiO2, which has a high
dielectric oxide, various requirements need to be satisﬁed; permittivity, band gap, thermodynamic stability, interface quality and reliability
etc [1]. Among the possible high dielectric materials, HfO2, ZrO2, and
their silicates are currently viewed as attractive candidates, because
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their dielectric constants are appropriate for effectively reducing
leakage current [2,3]. Rare-earth materials with a high dielectric
constant are also considered to be promising candidates. Among the
rare-earth materials, Gd2O3 has a sufﬁciently high dielectric constant
(k ∼ 16), which is a reasonable value for it to be used as an alternative
gate dielectric [4,5]. Moreover, the lattice constant of cubic Gd2O3
(a = 10.812 Å) nearly matches twice the silicon lattice constant
(2a = 10.862 Å), which is an advantageous feature that could reduce
interfacial strain between an oxide ﬁlm and a silicon substrate. The
Gd2O3 ﬁlm as a gate oxide, among the various high-k materials, is
the ﬁrst insulating material to be successfully fabricated into GaAs
MOSFETs [6].
Gadolinium readily reacts with oxygen and forms an oxide layer,
due to a low Gibbs free energy (ΔG ∼ − 1539 kJ/mol) at ∼ 730 °C [7].
However, since the reaction temperature between gadolinium and
silicon is lower than that of gadolinium and oxygen, the formation of a
Gd-silicide layer is inevitable on a Si substrate. The formation of a Gdsilicide layer degrades certain oxide qualities, such as stoichiometry
and crystallinity, which can result in a leakage source or a leakage
current path into the gate oxide of MOS devices. This leads to
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undesirable results related to the degradation of structure stability
and deterioration of device performance at high temperatures.
On the other hand, when ZrO2 is incorporated into a Gd2O3 ﬁlm, the
ﬁlm becomes thermodynamically stable when in contact with Si, and
has a wide band gap (5.1–7.8 eV) [8]. Such ZrO2–Si band offsets would
be predicted to be favorable for blocking both holes and electrons [9].
Our previous studies also reported that, in the case of the incorporation
of Zr into Gd2O3 ﬁlms deposited on Si (111), interfacial layer formation
was suppressed and crystal quality was enhanced, compared with
that of as-grown Gd2O3 ﬁlms; i.e., the incorporated ZrO2 can control
the interfacial layer of Gd2O3 [10,11]. We describe herein our attempts
to improve the enhanced Gd2O3/Si(100) interfacial quality by
incorporating ZrO2 into the Gd2O3 ﬁlms and to better understand
interfacial interactions between an oxide ﬁlm and a Si substrate, so as
to control the interfacial layer and ﬁlm quality.
The focus of this work was on the characteristics of NH3-nitridied
Gd2O3 ﬁlms in the case of both as-grown ﬁlms and Zr-incorporated
ﬁlms. It is well known that theNH3-nitridation treatment has some
advantages; interfacial reactions are suppressed, thermal stability is
improved, dopant diffusion is decreased, and the electrical characteristics of the ﬁlm are enhanced [12,13]. Moreover, NH3-nitridation results
in an increased dielectric constant and resistance impurity while it
introduces a large number of traps in the ﬁlm [14,15]. Studies on the
complementary properties of nitrided Gd2O3 and ZrO2 could offer the
potential for applications devices. We focused on the investigation
of physical properties such as crystalline structure, chemical bonding
at the interface and electronic structure because it is important to
understand the reactions between an oxide ﬁlm and a silicon substrate
in more detail.
2. Experiments
P-type (100) oriented Si wafers are cleaned using the Standard Radio
Corporation of America (RCA) method [16]. The solution consists of a
1:1:5 mixture of NH4OH, H2O2 and H2O at 80 °C and is an effective
decontaminant with an acceptable level of damage to the surface of the
bulk silicon. A 1:1:6 solution of HCl:H2O2:H2O heated to 80 °C was used
to remove extraneous metal ions. The RCA cleaning resulted in 4–6
layers of SiO2 while removing organic and metallic residues from the
surface. After removing the growing SiO2 layers on cleaned Si wafer by
treatment with a dilute solution of HF, the sample was transferred
to a growth chamber with a base pressure 5 × 10− 9 Torr. Gd2O3 was
deposited by means of a k-cell effusion method and zirconium was
evaporated by electron beam evaporation in order to incorporate
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zirconium into the Gd2O3 ﬁlm. The deposition rate for Gd2O3 and ZrO2
was controlled from ∼0.03 Å/s to 0.4 Å/s and from 0.00 Å/s to 0.1 Å/s,
respectively. The partial pressure of oxygen and substrate temperature
was maintained at 2.0× 10− 6 Torr and 700 °C, respectively, during the
deposition of the ﬁlms on Si(100). A NH3-nitridation treatment was
performed on the grown ﬁlms at annealing temperatures of 700 °C,
800 °C and 900 °C for 1 min using a rapid thermal processing system.
Electronic and crystalline structures of the samples with various
thicknesses of 2 nm, 4 nm and 30 nm were characterized using X-ray
photoelectron spectroscopy (XPS), near edge X-ray absorption spectroscopy (NEXAFS), and X-ray diffraction (XRD). The chemical
composition and the binding states of the Zr-incorporated Gd2O3 ﬁlms
treated by nitridation annealing were characterized by XPS. The binding
energy was calibrated with reference to the bulk Si peak at 99.2 eV.
NEXAFS experiments provided the change in the electronic structure,
which was related to the change in the crystalline structure of the ﬁlm
depending on the quantity of the Zr content incorporated into the ﬁlm.
O K-edge of photon-absorption spectra were collected at normal
incidence with a photodiode using the synchrotron U7 beam line at
the Pohang light source. XRD spectra were obtained using a Philips
diffractometer with CuKα radiation (wavelength: 1.5406 ) to determine the crystal structure of the Gd2O3 ﬁlms as a function of the
incorporated Zr content.
3. Results and discussion
Fig. 1 shows the change in XRD patterns of as-grown Gd2O3 ﬁlms and
corresponding nitrided ﬁlms grown on Si (100) as a function of
incorporated Zr content. The composition of the Zr-incorporated Gd2O3
ﬁlms was determined by RBS measurements: i.e., the stoichiometry of
these ﬁlms was determined to be Gd2O3.2, Gd2Zr0.3O3.5, Gd2Zr1.3O4.5, and
Gd0.6Zr1.9O4.5 by RUMP simulation of the random RBS spectrum. The
measured lattice parameter of the Gd2O3 (10.82 Å), obtained using XRD,
is in agreement with that of bulk (10.812 Å) from the calculated value of
the lattice parameter. The crystalline structure of the grown ﬁlm shows
a poly crystalline structure with growth directions of Gd2O3 (222),
Gd2O3 (440), and GdSi2 (004). The preferred growth direction of Gd2O3
(440) and the formation of a Gd-silicide layer has already been reported
[17,18]. In Fig. 1(a) an as-grown Gd2O3 ﬁlm grown on Si (100) exhibits
preferred (440), (400) peaks and an imperceptible (222) peak. Gd2O3
belonging to space group Ia3 is an isomorphic structure of Mn2O3, which
prefers a (110) direction growth on the (100) surface [18]. The peak
observed at 33° is caused by the structure of Si (200) and cubic Gd2O3
(400), which is indicative of a cube-on-cube growth on Si (100)

Fig. 1. XRD patterns (θ–2θ scan) of Gd2O3 and Zr-incorporated Gd2O3 ﬁlms (30 nm) grown on Si(100) as a function of zirconium content (a) without any nitridation process and
(b) with NH3 nitridation at 900 °C. (c: cubic, m: monoclinic, h: hexagonal, and o: orthorhombic phase).
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substrate. Moreover, orthorhombic GdSi2 (l00) silicide peaks indicate
that interfacial reactions are occurring easily between gadolinium and
the silicon substrate [19,20]. However, as the Zr concentration
incorporated into the Gd2O3 ﬁlm increases, these XRD patterns
gradually changed: i.e., both the GdSi2 (l00) and weak cubic Gd2O3
(222) peaks are suppressed, while the cubic Gd2O3 (440) peak shifted
toward higher 2θ. When Zr atoms in a Gd2O3 ﬁlm reach a speciﬁc level
(Gd0.6Zr1.9O4.3), the crystalline structure of the Gd2O3 ﬁlm undergoes a
drastic change: i.e., at this composition, the Gd-silicide peaks completely
disappear, while cubic Gd2Zr2O7 (222), (400) appears for the ﬁrst time.
Moreover, a phase transition, from cubic Gd2O3 (440) to monoclinic
ZrO2 (220), occurred. The emerging hexagonal Zr3O1−x (111) and
monoclinic ZrO2 peaks at 36.2° and 49.4°, respectively, indicate that a
ZrO2 phase was partially formed in the ﬁlms. Based on reported data, the
growth of a metal oxide such as Gd2O3 starts with nucleation at many
different sites across the substrate surface. When Zr atoms are
introduced into the ﬁlm, they occupy reaction sites in preference to
Gd, due to their rapid diffusivity and subsequently form networks with
Si at the interface during the initial stage [20]. Therefore, the results
indicate that competition for the growth direction and phase transition
along with the quantity of Zr incorporated into Gd2O3 ﬁlms occurred
during the initial phase of growth. The effect on the process at the
interface may be gradually increased as the quantity of incorporated Zr
increases. Thus, Zr incorporation into a Gd2O3 ﬁlm impedes the growth
of the Gd-silicide layer at the interface as they substitute for Gd sites in

the unit cell. Moreover, an increased level of Zr atoms in the ﬁlms can
cause shrinkage of the lattice constant because the ionic radius of Zr is
smaller than that of Gd [21]. In particular, when the composition of the
ﬁlm is Zr-rich (Gd0.6Zr1.9O4.3), monoclinic-ZrO2, hexagonal-Zr3O1−x
peaks, and cubic-Gd2Zr2O7 peaks appear. From the structural point of
view, the ﬁndings suggest that a speciﬁc stoichiometry exists, where
both phases of ZrO2 and Gd2O3 are able to coexist in the ﬁlms.
Furthermore, the low intensity of the Gd2Zr2O7 peaks indicate the
existence of Gd-Zr-O networking in the ﬁlm and the hexagonal Zr3O1−x
peak is thought to be the result of an oxygen deﬁciency at the interface
region. Fig. 1(b) shows XRD spectra of the annealed ﬁlms at 900 °C in an
NH3 ambient. Similar tendency was also observed in the nitride ﬁlm at
700 °C and 800 °C. Compared with Fig. 1(a), the Gd-silicide peaks of an
as-grown Gd2O3 ﬁlm were rapidly impeded in the nitride ﬁlm, while the
c-Gd2O3 (400) and (440) peaks were still maintained in Fig. 1(b). As the
level of Zr incorporated into the Gd2O3 ﬁlms increased, c-Gd2O3 (222)
disappears and the intensity of c-Gd2O3 (440) is gradually lowered. An
interesting ﬁnding related to these changes is that when the quantity of
Zr reaches Gd0.6Zr1.9O4.3, the m-ZrO2 and h-Zr3O1−x peaks disappeared,
and only the Gd2Zr2O7 (222) peak was present, indicating that the
crystalline structure was altered as the result of the NH3-nitridation at a
high temperature at 900 °C. In general, bulk ZrO2 has three crystal
structures—monoclinic (b1170 °C), tetragonal (1170 °C–2300 °C) and
cubic phases (2300 °C–2680 °C), while the phase of a ZrO2 ﬁlm depends
on thickness and temperature [22]. In our system, the high Zr

Fig. 2. XRD patterns (θ–2θ scan) of as-grown Gd0.6Zr1.9O4.3 ﬁlm (30 nm) as a function of annealing temperature of 700 °C, 800 °C, and 900 °C (a) in ambient of N2, (c) and NH3. For the
Gd0.6Zr1.9O4.3 ﬁlm (30 nm), the intensity of c-Gd2Zr2O7(400) and c-Gd2Zr2O7(222) at annealing temperatures of 700 °C, 800 °C, and 900 °C (b) in ambient of N2, (d) and NH3. (c-Gd2Zr2O7(400):
circle shape, c-Gd2Zr2O7(222): rectangular shape).
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incorporation into the Gd2O3 ﬁlm assisted in the growth of monoclinic
ZrO2 while NH3-nitridation inhibited the formation of monoclinic ZrO2.
Since a Gd0.6Zr1.9O4.3 ﬁlm that contains large amounts of Zr has a
different crystalline structure from that of the other ﬁlms that contain
relatively lower quantities of Zr, we examined changes in their XRD
peaks within the range from 25° to 40° in detail, as a function of both N2
and NH3 annealing temperature, as shown in Fig. 2. We observed that
the c-Gd2O3 (400) peak was retained in Gd2O3 ﬁlms that contained
incorporated Zr, as well as samples that had been annealed at a high
temperature, which is due to a high solubility of solid ZrO2 in Gd2O3 at
temperatures in excess of ∼730 °C [23]. This phenomenon also can be
attributed to epitaxially growing rare-earth oxides on Si, because the
direction of growth is determined by the underlying surface state of the
Si substrate, the relationship for which has been reported to be as
follows; Gd2O3(111)/Si(111) and Gd2O3[110]/Si[110] [10,11]. Furthermore, the emerging hexagonal Zr3O1−x(111) peak in the as-grown
Gd0.6Zr1.9O4.3 ﬁlm disappeared during both the N2 and NH3 annealing
processes, indicating that Zr3O1−x is in an unstable state at high
temperatures. We can thus conclude that the (100) growth direction
becomes predominant for the Si (100) substrate, resulting in the
formation of c-Gd2O3 (400) and c-Gd2Zr2O7 (400). When Zr is properly
incorporated into a Gd2O3 ﬁlm, it plays an important role in enhancing
the crystalline structure by the lowering oxygen activation barrier,
while an excessive supply of Zr atoms induces Gd2Zr2O7 bonding in the
ﬁlms. In the phase diagram of Gd2O3–ZrO2, Gd2Zr2O7 is present as
a cubic pyrochlore phase at temperatures of about 1000 °C. In our
experiments, the Gd2Zr2O7 structure with two growth directions (222)
and (400) at 29.480° and 34.224°, respectively, emerged when the
stoichiometry was speciﬁcally Gd0.6Zr1.9O4.3. When the annealing
temperature was increased, we observed that their peak intensities
were dependent on the annealing ambient; i.e., the change in the peak
intensity is slight under the N2 ambient, as shown in Fig. 2(a), while it
clearly increases with increasing annealing temperature increased
under the NH3 ambient in Fig. 2(c). The difference in the peak change
under both N2 and NH3 ambient can be represented more clearly by
normalization of XRD pattern as a function of annealing temperature
from Fig. 2(a) and (c) when expressed as the symbol shown in Fig. 2(b)
and (d). From these data, we conclude that growth in the (111)
direction dominates the crystalline structure for the case of a composition of Gd0.6Zr1.9O4.3 as the annealing temperature increases under
both N2 and NH3 ambient, while the (100) direction is suppressed
under an NH3 ambient. Thus, the ﬁlm becomes a single phase when it is
grown depending on the NH3 annealing temperature, which permits the
incorporation of N into the Gd0.6Zr1.9O4.3 ﬁlm.
Angle-resolved X-ray photoemission spectroscopy (ARXPS) was
employed to determine the distribution of incorporated nitrogen
within the Gd2O3 and in the Zr-incorporated Gd2O3 ﬁlm as shown in
Fig. 3(a)–(c). The data show that N is incorporated to a high degree at
the interface during the nitridation process in the NH3 ambient.
During the nitridation process at high temperature, NH3 molecules
generally decompose into nitrogen and hydrogen at temperatures
over 450 °C and hydrogen atoms are then desorbed from the ﬁlm at
temperatures of about 500 °C [24]. The decomposed nitrogen atoms
are inter-diffused into the ﬁlm and react with the Si substrate,
resulting in the formation of silicon nitride near the interface region.
The XPS data for N 1s clearly shows that Gd2O3 without any Zr content
possesses a low level of nitrogen, while the Zr-incorporated Gd2O3
ﬁlm contains signiﬁcantly high nitrogen content with nitridation
temperature, as shown in Fig. 3. Moreover, the dependence of the
take-off angle on the intensity of the nitrogen peak indicates that
nitrogen primarily accumulates near the interface between the oxide
ﬁlm and substrate, rather than near the surface. Many interesting
conclusions can be arrived at, from detailed examinations of XPS data,
as follows. First, Zr atoms, when added to Gd2O3 ﬁlms, play an
important role in attracting nitrogen to the oxide ﬁlms, compared to
the amount of N in ﬁlms that contain no incorporated Zr. Second,
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Fig. 3. N 1s ARXPS spectra taken at various take-off angles (75°, 45°, and 30°) for various
compositions of (a) as-grown Gd2O3, (b) Gd2Zr1.3O4.5, and (c) Gd0.6Zr1.9O4.3 ﬁlms as a
function of nitridation temperature in an ambient of NH3 at 700 °C and 800 °C,
respectively. (Thickness of each ﬁlm: 4 nm).

molecular N2 is adsorbed near the interface at a binding energy of
404 eV. The role of Zr can be explained by replacing Gd with Zr, which
suppresses Gd-silicide formation. Thus, the suppression of interfacial
reactions indicates that the interfacial state is signiﬁcantly different
between a ﬁlm with and without Zr. During the nitridation process,
residual oxygen reacts with the interfacial layer, resulting in the
formation of a silicate layer, as shown in Fig. 4. The Si 2p peak consists
of three peaks that can be assigned to bulk Si (99.2 eV), silicate
(∼102 eV), and dioxide (∼103 eV). In cases of as-grown oxide ﬁlms,
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Fig. 4. Si 2p XPS spectra of (a) as-grown and nitrided Gd2O3 ﬁlm (2 nm) in an ambient of NH3 at 700 °C, 800 °C, and (b) as-grown and nitrided Gd2Zr1.3O4.5 ﬁlm (2 nm) in an ambient
of NH3 at 700 °C and 800 °C, respectively.

the peak intensity of the near 102 eV in a Zr-incorporated ﬁlm is
relatively small, compared to that without any Zr content, clearly
indicating that the formation of the interfacial layer is suppressed in a
ﬁlm that contains Zr. After the nitridation process, the silicate peak
and the dioxide peak become shifted toward lower binding energy
due to the effect of N incorporation, and these peaks can be assigned
to Si–N bonding and Si–O–N bonding, respectively [25]. Moreover, the
increment of the silicate peak intensity with Zr content is also
relatively small, while the peak at ∼103 eV is much higher than that of
the ﬁlm without any Zr content. From these results, we can conclude
that the crystalline structure is inﬂuenced by the interface state in

close proximity to the substrate, as shown in Fig. 1(b) XRD spectra in
the case of Gd0.6Zr1.9O4.3. In comparing the molecular N2 peaks, it
appears that the generation of molecular N2 was in proportion to the
amount of N atoms that penetrated into the oxide ﬁlm during the
nitridation process. Some nitrogen atoms prefer to be bonded to Si,
while others, which do not contribute to the reaction, easily form
molecular N2, due to the stable state of N2. The peak position near
404 eV in Fig. 3 of the N1s XPS data indicates that molecular N2
adsorbs weakly to Si near the interface, because the adsorbed peak
position of N2 is drastically shifted to a lower position, compared to
that of N2 in the gas phase [26].

Fig. 5. N 1s XPS spectra (as shown in Fig 3 take-off angles 75°) of a Gd2Zr1.3O4.5 ﬁlm nitrided in an ambient of NH3 at 700 °C (a), 800 °C (b), and a Gd0.6Zr1.9O4.3 ﬁlm nitrided in an
ambient of NH3 at 700 °C (c) and 800 °C (d), respectively.
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To investigate the chemical states of nitrogen in Zr-incorporated
Gd2O3 ﬁlms in more detail, the XPS peak measured at a take-off angle
of 75° was analyzed because of the nitrogen atoms that are primarily
distributed at the interface between the oxide ﬁlm and substrate.
Fig. 5 shows N 1s spectra ﬁtted to 4 peaks after a Shirley background
subtraction for Gd2Zr1.3O4.5 and Gd0.6Zr1.9O4.3 ﬁlms as a function of
nitridation temperature. The positions of the N1, N2, N3, and N4 peaks
are located at 397.5, 398.5, 401, and 404 eV. Each component can be
assigned to a conﬁguration as follows: N1 corresponds to N Si3 with
three Si nearest neighbors, N2 can be assigned to N–(SiOx)3, and N3 to
NSiO2 [27–29]. No Zr–N peak was observed in the N 1s spectrum,
which is consistent with the Zr3d spectrum (not shown here). Thus, it
can be concluded that most of the nitrogen is bonded directly to Si,
which is consistent with the XPS data for Si 2p.
A similar tendency in peak intensity of N1 and N2 was found,
regardless of the amount of Zr incorporated into Gd2O3; N1 increases
relatively, while N2 decreases as the nitridation temperature
increases from 700 °C to 800 °C. N atoms migrate more deeply into
the interface when sufﬁcient thermal energy is available to permit
atomic rearrangement, resulting in an increase in the amount of N
incorporated into the Si substrate for the formation of Si–N bonds at
high temperature: i.e., N1 becomes increased with increasing
annealing temperature [30]. The reported data show that the N4
state at 404 eV can be assigned to gaseous molecular [26]. The state
was obviously increased at a high temperature of 800 °C in both the
Gd2Zr1.3O4.5 and Gd0.6Zr1.9O4.3 ﬁlms, indicating that as the amount
of N atoms that diffuse into the ﬁlm increases, the formation of
molecular N2 also increases. Thus, some N atoms are non-contributors
to the formation of Si–N bonding with Si and contribute to the
formation of molecular N2. In addition, we observed that the molecular
peaks disappear after thermal annealing at temperatures over 500 °C
or after a few months of storage (not shown here). However, nitrogen
atoms that are trapped at the internal interface retain their bonding
because the Zr-silicate layer attracts nitrogen atoms. Therefore, the
formation of a Zr-silicate layer at the interfacial region functions as a
barrier layer in the ﬁlm and enhances the thermal stability of the oxide
ﬁlm.
We measured O K-edge absorption spectra for Gd2O3 and
Gd0.6Zr1.9O4.3 ﬁlms using NEXAFS because the O K-edge spectrum is
very sensitive to the local structure of transition metal oxides. NEXAFS
O K-edge data, as shown in Fig. 6, contains a resonance peak resulting
from absorption by the lowest unoccupied molecular orbital which
is correlated with π*anti-bonding. There are distinct separate sets
of orbitals conventionally denoted by t2g and eg according their
symmetry behavior in the absorption spectra (dotted line in Fig. 6(a)).
The t2g and eg combinations of 2p oxygen can combine with metal d
orbitals. Thus, the features of the two peaks are directly related to Gd
5d (Zr 4d) + O 2pπ and Gd 5d (Zr 4d) + O 2pσ, which appear as
unoccupied hybridized orbitals [26,31]. Both as-grown Gd2O3 and the
nitride-Gd2O3 ﬁlm show a distorted peak that deviates from
octahedral symmetry, which is caused by the formation of Gd-silicate
at the interface. The Gd-silicate can be examined by XPS analysis of O 1s
spectra (data not shown here). During the nitridation process, nitrogen
atoms typically break oxygen bonds and substitute oxygen sites, which
change the features of the absorption spectrum. On the other hand, a
clear distinction between the peaks in the Zr-incorporated Gd2O3 ﬁlm
(Gd0.6Zr1.9O4.3) is shown in Fig. 6(b). The energy separation between the
lower t2g and the higher eg orbital indicates ligand–ﬁeld splitting (△) in
an octahedral symmetry, and their peak intensity ratio should represent
a 3:2 in stoichiometry Gd2O3 and ZrO2 [31]. In general, the mixing of eg
orbitals is larger than t2g, because overlaps of the σ type are stronger
than those of the π type. Thus, a d metal forms an anti-bonding state
more strongly, resulting in eg orbitals: i.e., a greater overlap interaction
of these can increase octahedral ligand–ﬁeld splitting. We observed this
phenomenon in our spectra; the intensity of the eg state and ligand–ﬁeld
splitting tends to increase gradually in proportion to the nitridation
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Fig. 6. Oxygen K-edge NEXAFS spectra for (a) as-grown and nitrided Gd2O3 ﬁlms
(30 nm) at 700 °C, 800 °C and (b) as-grown and nitrided Gd0.6Zr1.9O4.3 ﬁlms (30 nm) at
700 °C and 800 °C.

temperature used. Moreover, two peaks at higher energy are clearly
apparent, corresponding to a1g (Gd 6s (Zr 5s)+ O 2p) and t1u (Gd 6p
(Zr 5p) + O 2p), respectively [26,31].
Pure Gd2O3 ﬁlms without any Zr are not thermodynamically
stable, while a Zr-incorporated Gd2O3 ﬁlm forms a Zr-silicate and is
very stable when in direct contact with Si. After the nitridation
treatment, the Zr-incorporated Gd2O3 ﬁlm largely maintains its
symmetry and also maintains its crystal structure compared with a
Gd2O3 ﬁlm. A Gd2O3 ﬁlm that contains incorporated Zr also attracts
nitrogen atoms and nitridation at the interface creates a barrier layer
that can suppress interfacial reactions between the ﬁlm and the
silicon substrate; i.e., this result is consistent with the XPS analysis in
Fig. 4.
4. Conclusions
We investigated the physical properties of as-grown Gd2O3 and
Zr-incorporated Gd2O3 ﬁlms. Changes in the chemical bonding state
during the nitridation process were investigated. An as-grown Gd2O3
ﬁlm grown on Si (100) exhibits polycrystalline structure. The lattice
constant of the ﬁlm decreases with increasing amounts of incorporated
Zr atoms, which has a signiﬁcant effect, leading to changes in the
crystalline structure of the ﬁlm. In the case of a Gd2O3 ﬁlm that contains
large amounts of incorporated Zr, the phase of the Gd0.6Zr1.9O4.3 changes
from a cubic Gd2O3 to a monoclinic ZrO2. Gd atoms react with silicon,
resulting in the formation of a Gd-silicide layer at the interface between
the Gd2O3 and Si substrate. However, the formation of the interfacial
layer in the ﬁlm can be controlled by the incorporation of Zr atoms and
NH3-nitridation. At high annealing temperatures, up to 800 °C, nitrogen
atoms are largely distributed near the interface of a Zr-incorporated
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Gd2O3 ﬁlm: i.e., the incorporation of nitrogen into the interface is
signiﬁcantly dependent on the interfacial state. Silicon oxide terminals
at the interface can attract nitrogen atoms. Moreover, nitrogen
molecules are generated after the NH3-nitridation process, the amounts
of which are likely to be proportional to the content of Zr in the ﬁlm and
the annealing temperature used. Zr-incorporated Gd2O3 ﬁlms exhibit
good thermal stability and crystal quality.
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