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Abstract

Erbium oxide (Er2O3) films are well regarded as being suited for high-k replacement of SiO2 in endeavors to further miniaturize and
enhance the performance of microelectronics. Er2O3 films were deposited on Si (0 0 1) substrates by laser molecular beam epitaxy. The
structures and microstructures of the films and the interfacial layers were characterized by means of X-ray diffraction (XRD) and trans-
mission electron microscopy (TEM). The results from the XRD and selected area electron diffractions of Er2O3 films with thicknesses of
30 and 100 nm indicate that the films are polycrystalline, with dominant (1 1 1) textures of Er2O3 {1 1 1} // Si (0 0 1). Amorphous layers
dotted with small ordered islands were observed and confirmed to be located at the interfaces between the films and the Si substrates with
dark-field image and high-resolution TEM. High-resolution Z-contrast imaging, energy dispersive X-ray spectroscopy and energy-fil-
tered imaging were applied to identify the compositions of the interfacial layers. The salient feature is that the layers consist primarily
of Er and O, with a very small amount of Si. This kind of Er–O-based interface layer may play a very important role in the electrical and
optical properties of the films.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The continuing scaling of the dimensions of complemen-
tary metal oxide semiconductor devices has prompted
extensive research in rare earth metal oxide films as alterna-
tive dielectrics for SiO2 [1–5]. Of the rare earth metal oxide
films, Er2O3 thin films have attracted much attention
recently for their multi-functionality in various fields.
Due to the combination of a relatively high dielectric
constant (�10–14) [6–9], a wide band gap (7.6 eV), large
conduction band offset on Si (3.5 eV) [10], and less inter-
face reaction [11], Er2O3 is a promising candidate as a
high-k dielectric. In addition, there is increasing interest
for its optoelectronic applications. Compared to Er-doped
Si-based materials or Er-doped SiO2, Er2O3 films grown on
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Si have a high concentration of efficient light emitting cen-
ters and the advantage of the Er3+ ion exhibiting intense
photoluminescence [12–14]. Additionally, it can be used
as an antireflective and protective coating [15].

Up to now, various kinds of deposition methods have
been used to grow Er2O3 films, such as electron-beam-
gun deposition, molecular beam epitaxy (MBE), magne-
tron sputtering, reactive RF sputtering, and metal organic
chemical vapor deposition [8,9,13,16–18]. Most of these
methods are found to produce polycrystalline Er2O3 with
partial (1 1 1) preferential orientation, except for the films
grown by MBE, which have an epitaxial relationship with
Si and have two types of (1 1 0) oriented domains. The var-
iance of the microstructures or the stack sequences of the
films by different fabrication procedures induce differences
in electronic or optical properties of the films. It is gener-
ally accepted that a layer of only a few nanometers of
low dielectric constant silicon dioxide or metal silicide
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Fig. 1. X-ray diffraction patterns of 30 nm thick and 100 nm thick Er2O3

films grown on Si (0 0 1) substrates showing the high degree of texturing of
the Er2O3 films along {1 1 1}.
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can reduce the capacitance of the stack and significantly
degrade the electrical performance of the device [19].

Usually, it is difficult to control the structure and com-
position of the interface during the film growth process
due to the oxidation of Si. In high-k metal oxide films, such
as Ta2O5, Y2O3, Pr2O3, HfO2, and La2O3, a layer of amor-
phous SiO2 was found to form at the interface between
metal oxides and silicon during the deposition or post
deposition annealing [1–5]. In the case of Er2O3 films, an
amorphous SiO2 interfacial layer also existed, and the
interfacial layer was 2–3.5 nm thick depending on the
deposition methods [9,20,21]. An ErSi2 layer also formed
through the MBE deposition method when the growth con-
ditions were not properly selected [17,18]. However, as
mentioned above, it is very important to minimize the for-
mation of SiO2, silicate, and/or silicides because they
degrade the gate stack capacitance through their low-k
dielectric constant. In the present work, we report a two-
step approach to growing pure {1 1 1} oriented crystalline
Er2O3 thin films on Si by laser MBE. In contrast with the
previous reports, an amorphous Er–O-rich layer dotted
with ordered islands was identified at the interface instead
the formation of amorphous SiO2 or ErSi2.

Moreover, the investigations on Er2O3/Si systems have
been mainly concerned with the electrical and structural
properties of the films in the past few years. Few studies have
been focused on the microstructure and composition of the
Er2O3/Si interface in the real space. Although it was previ-
ously reported that the structures of Er2O3 films on Si were
characterized by X-ray diffraction (XRD) and X-ray photo-
electron spectroscopy [8,17], some uncertainties, like surface
roughness of Si or local chemical distributions at the inter-
face, still exist because these characterization methods only
collect averaged information of the samples. Transmission
electron microscopy (TEM) with a combination of real
space imaging and spectroscopy leads to a more precise
and reliable structure analysis, providing a direct interpreta-
tion of chemical and microstructural information of the
interface. Here we present an elaborate analysis of micro-
structures and compositions of the films and the interface
by taking full advantage of TEM imaging capabilities.

2. Experimental procedure

Er2O3 thin films with thicknesses of 30 and 100 nm were
deposited on Si (0 0 1) substrates by laser MBE technique.
An excimer laser with a wavelength of 308 nm was
employed together with in situ reflection high-energy elec-
tron diffraction (RHEED) to monitor the crystallization
of Er2O3. Prior to Er2O3 growth, the Si substrates were
wet-chemically cleaned and dipped in HF solution to
remove the native silicon oxide on the surface, leaving a
hydrogen-terminated surface. The Si substrates were then
immediately transferred into the chamber. Subsequently
the Er2O3 films were deposited in a two-step procedure.
In the first step, about 2–3 unit cells of Er2O3 were
deposited under the base pressure of 10�5 Pa at room
temperature. After that, the substrates were heated to
620 �C and kept at this temperature until sharp streak
RHEED patterns were observed. For the second step, the
Er2O3 films were continuously deposited to the desired
thickness under the oxygen pressure of 3 � 10�4 Pa at the
temperature of 620 �C. The energy density of the laser at
the target was 1 J cm�2 and the laser repetition rate was
2 Hz. The deposition rate was about 13 Å min�1.

XRD measurements with h–2h scan mode were carried
out on a Rigaku D/Max-2500PC diffractometer using Cu
Ka X-ray irradiation. TEM specimens for both cross-sec-
tional and plan view observations were prepared by con-
ventional method, i.e., by slicing, grinding, dimpling, and
finally ion-milling. A Gatan precision ion polishing system
with a liquid-nitrogen-cooled stage was used to prevent the
cross-sectional specimens from preferential thinning effects.
Plan view specimens were milled only from the substrate
side. A Tecnai G2 F30 transmission electron microscope,
equipped with a high-angle-annular-dark-field (HAADF)
detector, energy dispersive X-ray spectroscopy (EDS) sys-
tems and a post-column Gatan imaging filter, was used
for high-resolution TEM, Z-contrast imaging, composition
line-scanning analysis and elemental mapping. During the
EDS line-scan measurements, a sub-nanometer probe
(approximately 0.3 nm in diameter) with a step size of
0.5 nm was used. Elemental mapping analysis based on
energy-filtered transmission electron microscopy (EFTEM)
imaging was performed using the three-window method.

3. Results

3.1. The crystalline structure and microstructure of Er2O3

thin films

The h–2h XRD patterns for two Er2O3 films with thick-
nesses of 30 and 100 nm are shown at the top and bottom
of Fig. 1, respectively, and show the crystal structure and
the orientations with respect to the substrates. Besides the
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strong diffraction peaks from the Si substrates, the only
two diffraction peaks which can be distinctly observed are
at 29.2� and 60.4�. These two peaks correspond to (1 1 1)
and (2 2 2) reflections of the cubic phase Er2O3. This indi-
cates that both Er2O3 films are crystalline with preferential
orientations of Er2O3 {1 1 1} // Si (0 0 1), thus suggesting
that texturing occurs upon growth. No extra peaks can
be found, excluding the formation of any impurities.

To study the structures of the films in detail, both cross-
sectional and plan view samples were prepared for TEM
observation. Fig. 2a shows a cross-sectional bright-field
TEM image of the 30 nm thick Er2O3 film. The film has
a uniform thickness with a flat surface. Several vertical
lines in the film are proposed to be the grain boundaries,
which indicate that the Er2O3 film may consist of polycrys-
talline grains. In addition, a uniform interfacial layer can
be observed at the interface between the crystalline Er2O3

layer and the Si substrate, which is 2–3 nm in thickness.
Fig. 2b is a selected area electron diffraction (SAED) pat-
tern corresponding to Fig. 2a. The SAED pattern was
recorded in the direction of [1 1 0] of the Si substrate.
Besides the strong diffractions from the Si substrate, some
weak spots can be identified and indexed as a superposition
of ½1 10�, [1 1 0] and [1 2 1] zone axes of cubic Er2O3. To
clarify the diffraction pattern more clearly, it is necessary
to superimpose the calculated diffraction patterns of
Er2O3 ½110�, Er2O3 [1 1 0], and Er2O3 [1 2 1] in order to
simulate the observed one. The simulated results together
with Si [1 1 0] zone axes were shown and compared on
the right of Fig. 2b. The symbol � stands for the reflections
of Si substrate, which should not appear due to the
diamond glide plane. The simulated pattern is in good
Fig. 2. (a) Low-magnification cross-sectional bright-field TEM image
showing the morphology of the 30 nm thick Er2O3 film grown on Si
(0 0 1). The film is polycrystalline and an interfacial layer lies at the film/
substrate interface and (b) corresponding SAED pattern taken from the
area covering both the film and the Si substrate. The right is the simulated
pattern superposed by patterns of Er2O3 ½110�, Er2O3 [1 1 0], Er2O3 [1 2 1]
and Si [1 1 0] with all Er2O3 ð222Þ planes parallel to the Si (0 0 1).
agreement with the experimental one. It is worthy to point
out that the polycrystalline Er2O3 films grow in such a way
that all ð222Þ planes are parallel to Si (0 0 1) despite having
different zone axes, as denoted by the arrowheads in
Fig. 2b. The 100 nm thick film was investigated by the same
TEM methods and shows the same results. The SAED pat-
terns of both Er2O3 films generally show arcs, which are a
typical textured polycrystalline characteristic. The cross-
sectional BF images in combination with the correspond-
ing diffraction patterns indicate that the Er2O3 films grew
in the form of totally (1 1 1) oriented polycrystalline grains,
which is consistent with the XRD result of Fig. 1.

To get information on grain size and distribution, plan
view observations were performed. Fig. 3a–d show typical
plan view BF images and corresponding SAED patterns
for the films with 30 and 100 nm thickness, respectively.
A large number of Er2O3 grains were observed in both
BF images. The average grain size (30–40 nm) in the
30 nm film (Fig. 3a) is a little smaller than that (40–
50 nm) in the 100 nm film (Fig. 3c). For the 30 nm thick
film, some grains show Moiré fringe contrast at certain
incident conditions, while for the 100 nm thick films no
fringe contrast can be observed. The reason for this differ-
ence may lie in double diffraction effect, which is directly
responsible for the appearance of Moiré fringes, whereas
the effect here is influenced by the thicknesses of the two
crystal layers. To facilitate the determination of the struc-
tures of the films from the plan view direction, the SAED
patterns were recorded with the incident electron beam
parallel to the texture axis (i.e. Er2O3 ½111� or Si [0 0 1])
by tilting, and under this condition they display ring
patterns as shown in Fig. 3b and d. The inter-planar
Fig. 3. Plan view bright-field TEM image showing nano-sized grains in
the Er2O3 films and the corresponding SAED patterns recorded with the
incident electron beam parallel to the texture axis: (a and b) for 30 nm
thick film, (c and d) for 100 nm thick film. The numbered diffractions were
indexed as seen in Table 1.



Fig. 4. (a) Cross-sectional dark-field image of the 30 nm thick Er2O3 film
showing the amorphous interfacial layer with a certain degree of
crystallization; (b) the g2–22 vector of Er2O3 used to obtain the dark-
field image.

Fig. 5. Cross-sectional HRTEM images of the film/substrate interface
showing the amorphous interfacial layer with small ordered islands: (a) for
30 nm thick film; (b) for 100 nm thick film.
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d-spacings of the rings calculated from Fig. 3b and d were
summarized and compared to the bulk one (JCPDS No.
08-0050) as given in Table 1. From Table 1, it is noted that
the strong reflections reported in JCPDS, such as (2 2 2)
and (4 0 0) of Er2O3, were missing in Fig 3b and d. In addi-
tion, all present reflections can be indexed to the ½111� zone
axis of Er2O3, although some of the kinematically forbid-
den reflections such as {1 1 0} and {3 3 0} were also present
due to dynamical effects. The results from plan view obser-
vations give further evidence of the polycrystalline struc-
ture of the films textured with Er2O3 (1 1 1), in agreement
with the XRD and the cross-sectional results presented
above.

3.2. The interface of Er2O3/Si

To explore the structural nature of the interfacial layer,
dark-field (DF) TEM was used. Fig. 4a is a low-magnifica-
tion cross-sectional DF image of the 30 nm thick Er2O3

film using Er2O3 g ¼ ð222Þ. Fig. 4b shows the reflections.
Under this condition, only the film is diffracted and
appears bright. Besides the bright contrast areas, some dif-
fuse lines showing dark contrast can be observed. These
lines start from the bottom of the crystalline Er2O3 layer
and in some cases penetrate the whole film, and are
believed to be the grain boundaries. In addition to the crys-
talline Er2O3 layer, some weak bright contrast comes from
the area between the crystalline Er2O3 and the Si substrate,
indicating a certain degree of crystallization in the interfa-
cial layer.

Cross-sectional high-resolution TEM (HRTEM) images
of the two films show the details about the interfacial layers
as seen in Fig. 5. Crystalline Er2O3, the interfacial layer and
the Si substrate are clearly visible for both films. The inter-
facial layers are amorphous with some small ordered
islands, consistent with the DF results. The thicknesses of
the interfacial layers are 2.2 nm and 2.6 nm for the 30
and 100 nm thick films, respectively. The slight difference
is possibly due to the film thickness effect.
Table 1
Indexing of the rings in diffraction patterns from the plan view in Fig. 3b
and d. The measured inter-planar d-spacings and the calculated ones based
on bulk parameters are compared.

No. in
Fig. 3

d (Å) Indices of the
plane30 nm thick

film
100 nm thick
film

Bulka

1 7.35 7.43 7.46 {1 1 0}b

2 4.30 4.30 4.31 {2 1 1}
3 3.72 3.72 3.73 {2 2 0}
4 2.81 2.82 2.82 {3 2 1}
5 2.50 2.49 {3 3 0}b

6 2.06 2.07 2.07 {4 3 1}
7 1.86 1.87 1.86 {4 4 0}

a Calculated based on JCPDS (No. 08-0050).
b The kinematically forbidden reflections which were present due to

dynamical scattering events.
Fig. 6 shows a cross-sectional high-resolution HAADF
image of the 30 nm thick Er2O3 film on Si substrate. In
the image, only incoherent scattered electrons at high
angles are collected during the imaging and the contrast
can simply be interpreted by the atomic number differences,
namely, Z-contrast. It is evident that the uniform interfa-
cial layer is formed between the lattice of the crystalline
Er2O3 and that of the Si substrate. The amorphous interfa-
cial layer displays a much brighter contrast than Si and a
little darker contrast than crystalline Er2O3, indicating that
the concentration of the heavy element Er is high. Some
interdiffusion zone (of Si, diffusing into the amorphous
Er–O (Si) layer) is visible, for there is a transition from Si
substrate to the first amorphous layer as seen in Fig. 6.

To clarify the compositional variations of the films at
the interface, a sub-nanometer chemical analysis with
EDS in TEM was performed. Fig. 7a is a low magnification
HAADF image, in which the amorphous interfacial layer is



Fig. 6. Cross-sectional high-resolution HAADF image of the Er2O3 film
on Si substrate. The interfacial layer showing bright contrast implies the
layer is rich in heavy elements.

Fig. 7. (a) Cross-sectional HAADF image showing the crystalline Er2O3

film, the interfacial layer, and the Si substrate; (b) EDS line-scan profiles
scanned along the red line in (a). The interfacial layer is mainly composed
of Er and O. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 8. EFTEM images of Er2O3/Si layer structure demonstrating
composition variations of the interfacial layer. (a) BF image filtered with
zero loss peak; (b) Er–N4,5 elemental map; (c) O–K elemental map; (d) Si–
L2,3 elemental map. The film/substrate interface was marked by white
hollow arrows.
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marked by downward arrows. The EDS line-scan profile
shown in Fig. 7b was carried out along the route of the
red line in Fig. 7a. The plots at the left side result from
the scanning of the crystalline Er2O3 film and the right side
shows the results of the Si substrate. When the line scan
goes from the Si substrate to the interfacial layer, the
composition changes dramatically. Within the band, the
counts of Er and O increase distinctly, while the count of
Si decreases rapidly, implying that there is much less Si
in the interfacial layer than in the substrate. As a result,
the amorphous interfacial layer is mainly composed of Er
and O, with only a small amount of Si found primarily in
the area directly adjacent to the interface.

Elemental mapping with an EFTEM based on inelastic
electron scattering has the advantages of high efficiency
and high energy resolution at nanometer length scales,
which is appropriate for investigating the elemental distri-
bution of the film and the interface. Fig. 8a is a cross-sec-
tional BF image of the 30 nm thick Er2O3 film filtered
with zero loss peak (ZLP). The interface between the film
and the Si substrate is sharp and flat. The interface layer
shows bright contrast. The corresponding energy-filtered
erbium map was recorded and is shown in Fig. 8b. It
clearly demonstrates that the amorphous layer contains a
little less of the element Er than the main crystalline
Er2O3 layer does, as denoted by white hollow arrow. In
addition, the oxygen map in Fig. 8c indicates a little less
element O in the amorphous interfacial layer than that in
the main crystalline layer as well. Furthermore, the silicon
map was also recorded as seen in Fig. 8d. It displays subtle
contrast at the amorphous interfacial layer, indicating that
a small amount of the element Si has penetrated from the
substrate into the interfacial layer with some local
segregation. On the whole, the chemical composition of
the amorphous interfacial layer has been identified to be
high concentrations of Er and O, and a low concentration
of Si.
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4. Discussion

The structural character of our Er2O3 films grown on Si
(0 0 1) substrates was identified to be {1 1 1} orientation
polycrystalline with a 2–3 nm thick interfacial layer at the
film/substrate interface. The interfacial layer is amorphous
with a certain degree of crystallization, and is mainly com-
posed of Er and O, with a low concentration of Si. These
characteristics are the direct result of our two-step film
growth approach, and may be found to improve the electri-
cal or optical properties of the films.

4.1. Formation of crystalline Er2O3 films with {1 1 1}

orientation

The main reason for the formation of the Er2O3 films
with {1 1 1} preferential orientation is believed to be the
low surface energy of {1 1 1} planes in cubic phase Er2O3.
The cubic Er2O3 phase has a bixbyite Mn2O3 structure with
the space group symmetry Ia3. In general, the surface energy
is a result of the disruption of bonds that occur when a sur-
face is created. For the structure of Er2O3, the {1 1 1} plane
is the close-packed plane. The number of disrupting bonds
per unit area is the least when the {1 1 1} surface is created.
Excluding the contributions of surface relaxation and elec-
trical dipole, the {1 1 1} surface of Er2O3 has the lowest sur-
face energy. In fact, a unit cell of Er2O3 consists of eight unit
cells of an incomplete CaF2 structure with one quarter of the
oxygen sites vacant. Consulting the first principle studies of
CeO2 which has a CaF2 structure, the (1 1 1) surface has
lower energy than {1 0 0} and {1 1 0} [22,23]. Therefore,
the low surface energy is the driving force for the growth
of the {1 1 1} oriented Er2O3 films.

It was previously reported that the epitaxial growth of
Er2O3 films on Si (0 0 1) by molecular beam epitaxy is with
Er2O3 (1 1 0) // Si (0 0 1), Er2O3 [0 0 1] // Si [1 1 0] or Er2O3

[1 1 0] // Si [1 1 0] [7,17]. However, their crystalline Er2O3

had two variants of orientations with respect to Si (0 0 1),
which favors the formation of a potentially harmful micro-
structure, and there were ripples at the domain boundaries.
In contrast with the epitaxial films, our Er2O3 films grown
on Si (0 0 1) substrates are polycrystalline with full (1 1 1)
texturing out-of-plane and with random directions in-plane.
During the film growth, the constraint from the Si substrate,
like the interface bonding or lattice misfit strain, did not
work. Only the minimization of the surface energy con-
trolled the film growth to create this film orientation. With
a low surface energy plane {1 1 1} as the growth plane, the
films may exhibit a flatter surface, which matches well with
the results from Losurdo et al., who studied erbium oxides
prepared by metal organic chemical vapor deposition [9].

4.2. Formation mechanism of the amorphous interfacial layer

and its potential effect on electrical and optical properties of films

One important issue raising concerns about the suitabil-
ity of Er2O3 for high-k gate applications is the formation of
an amorphous layer at the interface. This has been mainly
attributed to SiO2, silicides, and/or silicates undergrowth
due to either the diffusion of both Si and oxygen atoms
or the reaction between Si and Er2O3 oxide during deposi-
tion. On the one hand, Si reacts easily with O. Also, the dif-
fusion reaction is thermally activated. Although the oxygen
pressure is purposely kept low during our growth process,
the oxygen diffusivity will be enhanced and oxygen atoms
will diffuse to the Si substrate during the film growth pro-
cess. As a result, the oxidation of Si is, to some extent,
unavoidable. On the other hand, despite the good thermo-
dynamic stability of Er2O3 predicted by Hubbard and Sch-
lom [24], the reaction between Si and Er2O3 films is possible
depending on the deposition methods and deposition
parameters. However, it is very important to minimize
the formation of SiO2, silicate and/or silicides interfacial
layers in order to maximize the gate stack capacitance. In
the present study, a thin Er2O3 layer with a 2–3 unit cell
thickness was initially grown at room temperature and
low oxygen pressure on clean Si substrate. This layer will
act to reduce the diffusion of Si from the substrate to the
films and suppress the formation of erbium silicide interfa-
cial phases during the growth of the films. Therefore, an
amorphous layer, primarily of Er and O content, is formed
on top of the Si substrate as evidenced by our structural
and compositional results. The substrates were then heated
to a high, constant temperature (620 �C) until the desired
crystal characteristic was detected with the RHEED mon-
itoring system. As a result, the amorphous layer was, to
some extent, crystallized at high temperature. During this
heating process a small amount of Si atoms might diffuse
from the substrate to the amorphous layer and form a con-
centration gradient in the amorphous layer.

It was reported that the surface roughness of the films
grown on a clean Si substrate surface was larger than that
of the films grown on an oxidized Si substrate surface,
which might be due to the poor crystallinity or the Er sili-
cide formation at the interface [17,25]. In our films, the
amorphous Er–O–Si layers grown at room temperature
depressed the formation of silicon dioxide and erbium sili-
cide at the film/substrate interfaces and improved the sur-
face roughness. Moreover, as stated previously, the Er-
containing interfacial layer shows a significantly higher
refractive index than that of SiO2 and the erbium oxides
demonstrate higher currents and lower breakdown fields
than for SiO2 [9]. It is inferred that high concentrations
of Er and O in the present interfacial layers may help
improve the performances in electrical and optical applica-
tions via increasing the capacitance or the light emission
efficiency.

5. Conclusions

A two-step approach was applied to our Er2O3 film
growth on Si (0 0 1) substrates by laser MBE. By an
elaborate transmission electron microscopy analysis, we
find that the Er2O3 films consist of {1 1 1} oriented
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nanocrystalline grains. This orientation follows from surface
energy minimization. At the interface between the crystalline
Er2O3 films and Si substrates, an interfacial layer forms. The
layer may primarily form at the initial stage of the film
growth when room temperature and low pressure conditions
were used. The layer is amorphous and acquires a certain
degree of crystallization during the heating after the first
step, which was demonstrated by dark-field and high-resolu-
tion TEM. According to the results of the energy dispersive
X-ray spectroscopy line-scan and the elemental mapping,
the layer contains high concentrations of Er and O, and
low concentrations of Si. The structural and compositional
characteristics of the Er2O3 films and the interface layer exhi-
bit a strong correlation with the film growth procedure, and
this unique structure may improve the electrical and optical
properties of the Er2O3 films.
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