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Abstract

Gadolinium oxide thin films have been prepared on silicon (1 0 0) substrates with a low-energy dual ion-beam

epitaxial technique. Substrate temperature was an important factor to affect the crystal structures and textures in an ion

energy range of 100–500 eV. The films had a monoclinic Gd2O3 structure with preferred orientation ð%4 0 2Þ at low
substrate temperatures. When the substrate temperature was increased, the orientation turned to (2 0 2), and finally, the

cubic structure appeared at the substrate temperature of 700�C, which disagreed with the previous report because of the

ion energy. The AES studies found that Gadolinium oxide shared Gd2O3 structures, although there were a lot of oxygen

deficiencies in the films, and the XPS results confirmed this. AFM was also used to investigate the surface images of the

samples. Finally, the electrical properties were presented.
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1. Introduction

In the past decades, astounding progress has
been made in semiconductor technology, achieved
through continual scaling-down silicon devices.
The silicon technology is in the dominant status,
because of its reaction with oxygen in a controlled
d.
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manner to form superb insulators excellent me-
chanical, dielectric and electrical properties. The
dielectrics are used in the silicon semiconductor
industry as the transistor gate dielectric in metal–
oxide–semiconductor field-effect transistor (MOS-
FET) logic devices, which is the basic microelec-
tronics device in chips. Because the thickness of the
gate dielectric must reduce with the decrease of
the gate length, a major challenge that needs to be
overcome in scaling the MOS transistor is the
thickness of the silicon dioxide insulator. Tunnel-
ing-induced leakage currents and dielectric break-
down will lead to unacceptable device performance
for oxide thickness belowB1.5 nm [1]. Therefore, a
high dielectric-constant material is needed to
replace SiO2 as the gate dielectric. The substitute
meets some challenging requirements in order to
achieve performance comparable to silicon oxide.
These requirements include dielectric constant,
band gap, band alignment to silicon, low oxygen
diffusivity, lower leakage current than SiO2 at an
equivalent oxide thickness (teq defined as
ðkSiO2=koxideÞtphys) less than 1.5 nm, thermodynamic
stability in contact with silicon at temperature
exceeding 800�C, high-quality interface with silicon
with low interfacial state density [2]. Some binary
metal oxides are currently under consideration as
the potential replacements for SiO2 as the gate
dielectrics, such as Ta2O5 [3,4], TiO2 [5], ZrO2 [6].
The rare earth oxides are attractive candidates

based on thermodynamic energy considerations [7]
and a high conduction band offset over 2 eV [8].
Among several binary earth metal oxides under
consideration, Gadolinium sesquioxide, one of the
promising substitutes for SiO2 in ultra-large-scale
integration (ULSI), has attracted much attention
recently. It has a band gap of 5.3 eV [9,10], and a
high dielectric constant of 14–20 [11,12], meaning
that a 4.9 nm film can satisfy the requirement of a
1 nm equivalent oxide thickness. Another interest-
ing topic on studying Gadolinium oxide is its
structures. Gd2O3 is the only stable oxide reported
in gadolinium oxide [13]. It occurs in three crystal
forms A-, B-, and C-forms. The A-type is
hexagonal, the B-type is a monoclinic distortion
of the A-form while the C-form structure shares
an isomorphic cubic Mn2O3 structure [14]. The
A-form structure is stable at high temperature, and
the C-form is stable at room temperature while
B-form is stable in a temperature domain higher
than room temperature [15]. Additionally, the
cubic Gd2O3 has one of the closest lattice-matches
to silicon, resulting from the fact that the cubic
Gd2O3 lattice (10.812 (A) is nearly twice as that of
the silicon (5.43 (A). Its lattice mismatch with
Si(1 0 0) surface is within 0.5%. Thus, a cube-on-
cube epitaxy between a Gd2O3 (1 0 0)-oriented
crystal and the Si(1 0 0) surface is expected.
In this paper, we study the properties of

gadolinium oxide prepared by a low-energy dual
ion-beam deposition (DIBD) technique.
2. Experimental procedure

Gadolinium oxide thin films have been prepared
by a low-energy DIBD technique. The gadolinium
ions and oxygen ions were generated with a Bernas
and a Freeman ion source chamber, respectively.
Two independent mass-selected ion beams were
designed to select the interesting ion species, which
were alternately merged into the target to facilitate
compound formation. The ion energy can be set as
low as 50 eV to reduce self-sputtering and lattice
damage of the deposition film [16,17].
Phosphor-doped silicon (1 0 0) wafers were used

as substrates. The wafers were cleaned with
ethanol, acetone, HF and deionized water and
then delivered into the deposition chamber by a
mechanical hand. The vacuum in the chamber was
kept less than 1� 10�6 Pa all the while. Through
mass-selection in the magnetic field and accelera-
tion in the electric field, the ion beams were
alternately deposited on the substrate. The Gd+

and O+ ion current was around 30 and 150 mA,
respectively.
The samples were deposited at different condi-

tions as shown in Table 1.
The crystal structures of the as-deposited films

were analyzed by X-ray diffraction (XRD). The
surface properties were characterized by Ex situ
Atomic Force Microscopy (AFM). The PHI-610/
SAM AES (Auger Electron Spectroscopy) system
was employed for analyzing the composition of the
films and the MK II XPS (X-ray Photoelectron
Spectroscopy) for the chemical analysis.
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Table 1

The deposited conditions and characters of the samples

Sample A B C D E F

Ion energy 100 eV 300 eV 300 eV 500 eV 300 eV 100 eV

Substrate temperature 300�C 300�C 500�C 500�C 700�C 500�C, in situ

anneal at 800�C for

30min

Total dose of O+/Gd+ 4� 1017 cm�2/

1� 1017 cm�2
4� 1017 cm�2/

1� 1017 cm�2
4� 1017 cm�2/

1� 1017 cm�2
4� 1017 cm�2/

1� 1017 cm�2
5� 1017 cm�2/

1� 1017 cm�2
5� 1017 cm�2/

1� 1017 cm�2

Structures Monoclinic

ð%4 0 2Þ
Monoclinic

ð%4 0 2Þ
Monoclinic

(2 0 2)

Monoclinic

(2 0 2)

Monoclinic

(2 0 2) and

cubic (2 2 2)

Cubic (2 2 2) and

monoclinic ð%4 0 2Þ

Grain size (nm) 15.4 ðD%402Þ 10.8 ðD%402Þ 26 ðD202Þ 24 ðD202Þ 36 ðD202Þ 15.1 ðD202Þ
14.3 ðD%402Þ

Roughness 2.43 nm 3.487nm 5.19 nm 2.967 nm 0.976 nm 0.444nm
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Fig. 1. XRD patterns of Gd2O3 films for various preparing

conditions.
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3. Results and discussion

3.1. Structural analyses

XRD patterns for the samples have been
measured and were shown in Fig. 1. The typical
results were comparatively listed in Table 1. At
low substrate temperature of 300�C, sample A and
sample B share the same B-form structure with the
ð%4 0 2Þ preferred orientation although their depos-
ited ion energy is different. When the substrate
temperature is increased to 500�C, sample C and
sample D have the similar results but the preferred
orientation turn to (2 0 2). When the substrate
temperature is 700�C, cubic (2 2 2) peak appears.
This means the substrate temperature is an
important factor to affect the preferred orientation
of the film in comparison to the ion energy.
Sample F was designed to confirm this idea. The
sample was grown with ion energy of 100 eV at
temperature of 500�C, and then was in situ
annealed at temperature of 800�C for 30min into
the mixed phases of B-form structure with ð%4 0 2Þ
orientation and C-form structure with (2 2 2)
orientation. The substrate temperature can change
the structures and the preferred orientation. But
these disagree with the polymorphic transforma-
tion [14,15], where the cubic structure appears at
low temperature while the monoclinic structure
appears at high temperature. Other work groups
also obtained the cubic structure at a temperature
range of 200–550�C [18,19].
The fact that the B-form structure of gadolinium
oxide appears at low substrate temperature may be
owing to ion bombards. When a low-energy ion
beam bombards a solid, a series of complex
interactions occurs by which the primary ions
transfer a part of their energy to the solid. As a
result of this perturbation, the solid emits photons
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and electrons, as well as atomic and molecular ions
and neutrals. In the energy range considered here
(50–500 eV), the primary ions do not penetrate
deeply into the solid and they lose energy mainly
during discrete elastic collisions with the target
atomic nuclei. This results in the epitaxial growth
of the film. During the deposition, the ions have
much more energy than the thermal energy (the
ion energy with 1 eV is equivalent to the thermal
energy of its corresponding neutral particle at
about 104K), resulting in the high ion chemical
activity and heating up at a local area. Then it is
easy to understand that monoclinic structure
formed at a low substrate temperature. Sample E
has higher substrate temperature while preparing
and sample F has been annealed at 800�C in situ,
then both samples were cooled down at a low
speed in the vacuum chamber. Cubic structure
gadolinium oxide was formed in the two samples.
The low-energy dual ion-beam deposition can
prepared some anomalous structures that the
other common technology cannot achieve.
The grain size in the preferring direction was

obtained by Scherrer formula

bm ¼
Kl

D cos y
;

where bm=FWHM (full-width at half-maximum),
K ¼ 0:89 a constant and D is the grain size atHKL

direction, which was listed in Table 1. With the
substrate increasing, the grain size was growing
lager, but in sample F, the two phases impeded
grain growth each other, resulting in a smaller size.
The relative integrated intensity of the peaks can

be calculated by [20]

R ¼
1

V2

� �
Fhklj j2P

1þ cos2 2y

sin2 y cos y

� �� �
e�2M ; ð1Þ

where R is the theoretical integrated intensity,
V the volume of unit cell, F the structure factor,
P the multiplicity, ð1þ cos2 2y=sin2 y cos yÞ ¼
Lorentz-polarization factor; and e�2M is the tem-
perature factor.
This fomula was applicable when crystallites

were randomly oriented in the powder samples,
but in the films, the integrated intensity was
affected by the preferential orientation of the
crystal growth. It could eliminate the influence of
preferential orientation to determine the volume
fraction of different phases by normalizing the
experimental intensity [21,22].
In the process of powder analysis, the thickness

of the sample is commonly more than the X-ray
penetration depth, thus the volume of the part
sample tested is constant. But in films, the
thickness of the sample is often less than the depth
of X-ray penetration. The influence of thickness on
the integrated intensity of the peaks should be
considered.
When X-ray get to the surface of the film with

angle y as shown in Fig. 2, in which DF is the
thickness of the film while DP the depth of X-ray
penetration, the area in the surface of the film
exposed is S=sin y; where S is the cross-sectional
area of the light. Considering the thickness of the
film, the volume tested is written

V ¼
SDF

sin y
: ð2Þ

The physical process is very complex when X-
ray irradiates on the materials. Summing up the all
factors affecting the intensity of XRD, the
integrated intensity of peaks was written

I ¼ I0
l3

32pR

e2

mc2

� �2
Fhklj j2

V2
c

P
1þ cos2 2y

sin2 y cos y
AðyÞe�2M dV ; ð3Þ

where I0 is the intensity of incident X-ray, l the
incident wavelength, AðyÞ the absorption factor,
and dV ¼ ðS=sin yÞdx:
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The integral range of dx is 02DF: Then the
relative integrated intensity of peaks becomes

IB
Fhklj j2

V 2
c

P
1þ cos2 2y

sin2 y cos y

1

sin y
e�2M : ð4Þ

In comparison to Eq. (1), Eq. (4) has an added
factor ð1=sin yÞ: Then it is easy to understand the
experimental intensity ratio between a peak at low
angle and its parallel peaks at high angle, for
example, between (2 0 2) and (4 0 4), is more than
Fig. 3. 1� 1 mm AFM im
the corresponding ratio in Joint Committee for
Powder Diffraction Standards (JCPDS). But if the
sample size is less than the cross-sectional area of
X-ray beam, Eq. (4) is inapplicable.

3.2. Atomic force microscopy

The surface morphology of the gadolinium
oxide films was imaged by AFM. Fig. 3
shows the surface images of samples A–E. The
ages of the samples.
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root-mean-square (rms) surface roughness of the
films was measured and listed in Table 1. The
surface of sample A shows a clear pit in size about
250 nm. And on the other sample surfaces, the pits
are under 100 nm or even disappear. Sample D has
a most uniform surface with a grain size of about
60 nm. The substrate temperature and ion energy
are important to affect the surface morphology
and its roughness. High substrate temperature is
helpful to crystallize.

3.3. AES analyses

The AES system was employed for analyzing the
composition of the films. PHI-610/SAM instru-
ment was equipped with a 3 keV electron beam 30�

off normal and a cylindrical mirror analyzer in the
vacuum of 3.9� 10�9 Torr. Depth spectra were
obtained while sputtering through the films with
Ar+ ions. Fig. 4 shows the Auger differential
spectra at the different depth of sample C. There
are gadolinium, silicon, carbon and oxygen at the
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Fig. 4. Auger differential spectra of sample C: (a) at the surface of the

sputtered for 2.4min; (d) sputtered for 3.2min.
surface of the film, and carbon disappears inside
the film.
The concentration ratio of gadolinium and

oxide was calculated by the spectra together with
the sensitivity factors. To our astonishment, the
results show that the ratio of gadolinium and
oxygen is not 2:3 but 1:1 at the sample surface and
2:1 inside the film, although the films share Gd2O3
structures. This means there are a lot of oxygen
deficiencies in the film, to which the luminescent
phenomenon was contributed [23]. Sample A, B
and D share the similar characters.

3.4. XPS analyses

It is amazed that gadolinium oxides with Gd2O3
structures do not have the stoichiometric 2:3. We
used the XPS for a more study. The electron
spectroscopy for chemical analysis (ESCA) is
useful to investigate the changing characterization
in the chemical environment of an element in
structures. The measurements were performed on
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sample; (b) at the depth of the sample sputtered for 1.8min; (c)
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an MK II photoelectron spectrometer using Mg
Ka radiation (1254 eV) in the vacuum of
2� 10�9 Torr. Soft sputtering with argon ions
was used to obtain a clean surface.
Fig. 5 shows the Gd 4d spectra of the binding

energy vs. the intensity for some samples. Their
wide spread multiplet structure, caused by the
electrostatic interaction between the 4d and 4f
shells have been described using an atomic many-
particle description by van der Laan [24,25].
Another method of describing core–hole photo-
emission is the one-electron model with a spin-
dependent field [26]. Both methods match the first
five peaks with the sublevels of the 5

2
level very well.

The spin-orbit interaction splits the terms into
levels with J ¼ 6; 5, 4, 3, 2 for 9D as peak I. The
other peaks are assigned differently though they
share similar experimental characteristics with the
four peaks. In our data, Si 2s spectra appear
besides Gd 4d spectra. This is caused by the thin
thickness of the films. The binding energy of Gd
4d5/2 is in the range of 143.3–144.9 eV.
Fig. 6 shows the O 1s spectra of the binding

energy vs. the intensity for the corresponding
samples. The peaks of binding are in the range of
531–533.7 eV. This is a little larger than the
standard binding energy in the metal oxide. On
the other hand, this is maybe caused by the shifts
of the system. Then we calculated the difference
between O 1s and Gd 4d. They are in the range of
387.6–389.8 eV, also a little larger than the
difference in the standard spectra [27]. The higher
binding energy of O 1s indicates its low electro-
negativity caused by oxygen deficiencies in the
films. This agrees with the AES results.
We increased the dose ratio between the O+ and

Gd+ ions while preparing samples E and F
because of the oxygen deficiencies in the previous
films. The two samples were analyzed by XPS and
some Gd2O3 powder (cubic structure) was ana-
lyzed for comparison. Fig. 7 shows the XPS
spectra of samples E and F together with the
Gd2O3 powder. The binding energy of Gd 4d and
O 1s decreases in sample E and F in comparison to
samples A–D, but the difference between O 1s and
Gd 4d increases a little, indicating a higher
electronegativity and lower oxygen deficiencies.
The Gd 4d spectra of samples and powder share
the same shape as the previous samples. However,
the binding energy of O 1s in the samples and the
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powder splits into two distinctive peaks because of
the different oxygen position in the crystal cell.
The relative intensity of the two splitting peaks is
different between the samples and powder, which
maybe caused by the deficiencies in the two
samples or the different crystal structure between
the samples and powder.

3.5. Electrical properties

Under consideration of structures, surfaces and
thickness, the sample D was selected to investigate
the electrical properties. Firstly, the sample was
annealed in an atmosphere of flowing nitrogen
automatically temperature-conditioned annealing
furnace at 800�C for 30min. AuGeNi/Au dots
300 mm in diameter were evaporated onto the
oxide surface as electrodes. The other probe was
placed on the back of Si substrate evaporated with
Al for 600 nm thickness. C2V measurements were
performed using a Keithley model-82win simulta-
neous C2V measurement system.
The capacitance vs. voltage curves for a MOS

diode made of a 25.5 nm thick Gd2O3 film are
shown in Fig. 8. The dielectric constant e is about
20, which suggest a teq as low as 5 nm. The flat
band capacitance and flat band voltage were
4.1� 10�7 F/cm2 and 9.0V, respectively, which
indicate there are high charge density in the oxide,
caused by oxygen deficiencies.
4. Conclusion

In summary, we have shown in this work that
gadolinium oxide thin films had different crystal
structures and textures at different experimental
conditions. With the substrate temperature in-
creasing, the monoclinic structure with preferred
orientation ð%4 0 2Þ turned to (2 0 2) orientation, and
finally the mixed phases of monoclinic structure
with ð%4 0 2Þ orientation and cubic structure with
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(4 0 0) orientation were formed. This does not
agree with the previous report because of the
heating by the ion energy. AES and XPS showed
that there are a lot of oxygen deficiencies in the
thin films although the samples shared Gd2O3
structures. The flat band voltage is too big for the
high charge density caused by the oxygen defi-
ciencies in the oxide. And the dielectric constant of
the film is about 20.
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