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Leakage current mechanisms of ultrathin high-κ Er2O3 gate dielectric film∗
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Abstract: A series of high dielectric material Er2O3 thin films with different thicknesses were deposited on p-type
Si (100) substrate by pulse laser deposition at different temperatures. Phase structures of the films were determined
by means of X-ray diffraction (XRD) and high resolution transmission electron microscopy (HRTEM). Leakage
current density was measured with an HP4142B semiconductor parameter analyzer. The XRD and HRTEM results
reveal that Er2O3 thin films deposited below 400 ◦C are amorphous, while films deposited from 400 to 840 ◦C are
well crystallized with (111)-preferential crystallographic orientation. I–V curves show that, for ultrathin crystalline
Er2O3 films, the leakage current density increases by almost one order of magnitude from 6.20 × 10−5 to 6.56 × 10−4

A/cm2, when the film thickness decreases by only 1.9 nm from 5.7 to 3.8 nm. However the leakage current density of
ultrathin amorphous Er2O3 films with a thickness of 3.8 nm is only 1.73 × 10−5 A/cm2. Finally, analysis of leakage
current density showed that leakage of ultrathin Er2O3 films at high field is mainly caused by Fowler–Nordheim
tunneling, and the large leakage of ultrathin crystalline Er2O3 films could arise from impurity defects at the grain
boundary.
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1. Introduction

Up to now, SiO2 has been the best choice for gate dielec-
tric material, since it has excellent physical and electrical prop-
erties in MOS capacitors. MOSFET feature size has been scal-
ing down in order to meet the low-power, high-performance
requirements of CMOS circuits. The scaling of conventional
gate dielectric SiO2 is approaching its predicted limit due to
large tunneling leakage current[1]. The gate oxide leakage in
SiO2 increases exponentially with reducing physical thickness
due to the tunneling effect[2]. High dielectric constant (high-κ)
materials would be potential candidates because a thicker film
is utilized to reduce the leakage current while maintaining the
same gate capacitance.

In order to seek suitable alternatives of SiO2, vari-
ous high-κ materials have been investigated, mainly includ-
ing the metal oxides of III and IVB, such as Al2O3

[3−5],
LaAlO3

[5], TiO2
[6], ZrO2

[7−9], HfO2
[10−12] and rare earth ox-

ides Y2O3
[13, 14], La2O3

[15], Pr2O3
[16]. Amorphous materials

are mostly selected as gate dielectrics because leakage cur-
rent can be formed at the grain boundary in polycrystalline
materials of high dielectric oxides. Furthermore, amorphous
gate dielectric materials possess the virtues of easy prepara-
tion, good reproducibility, and could be compatible with the
traditional production process. Thus, they have been widely

studied by researchers. Unfortunately, most amorphous mate-
rials of high dielectric oxides tend to re-crystallize after an-
nealing, causing high leakage current at the grain boundary.
Though single crystal materials of high dielectric oxides have
no grain boundary and little leakage current in theory, they are
difficult to prepare. So we hope to clarify the leakage current
mechanisms of high-κ gate dielectric films. High-κ material
Er2O3 is the only stable oxide of erbium on the earth with a
large conduction band offset (∼3.5 eV) and a wide band gap
(∼7.6 eV)[17]. Er2O3 has a complex bixbyite cubic structure
with a lattice constant of 1.054 nm, which is nearly twice the
lattice constant of Si. Er2O3 has become a potential high-κ gate
dielectric material because the lattice mismatch on Si is less
than 3%, and it is easy to form films with preferential crys-
tallographic orientation on Si; in addition, it possesses good
thermal stability on Si[18]. Polycrystalline high-κ gate dielec-
tric Er2O3 films have been deposited on Si by several groups in
recent years[19−22]. Epitaxial growth of Er2O3 films on Si (100)
has been realized through molecular beam epitaxy (MBE) by
Chen[23] and Xu[24]. However, leakage current mechanisms of
gate dielectric Er2O3 thin films have merely been reported.
In this work, we explore the preparation methods of ultrathin
amorphous/polycrystalline Er2O3 gate dielectric films on p-
type Si (100) by pulse laser deposition (PLD) through ablating
Er2O3 ceramic target under high-vacuum conditions.
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Table 1. Deposition conditions of Er2O3 thin films by PLD.

Parameter Value

Target Er2O3 ceramic target
Base vacuum pressure 2 × 10−6 Pa
Substrate p-type Si (001)
Substrate temperature 25, 200, 400, 500, 700, 750, 800, 840 ◦C
Gas pressure no
Repetition frequency 1 Hz
Power density 3.75 J/cm2

Target-substrate distance 8 cm

Fig. 1. XRD of Er2O3 thin films deposited at different temperatures.

Meanwhile, the effects of deposition temperature on the phase
structure and morphology of Er2O3 films, as well as the ef-
fects of film thickness and phase structure on leakage current
of ultrathin Er2O3 gate dielectric films have been investigated.

2. Experiments

P-type Si (100) with a resistivity of 8–12 Ω·cm was se-
lected as the substrate. After being pretreated by the standard
semiconductor cleaning process and dried with nitrogen, the
sample was immediately loaded into the deposition chamber
of the PLD equipment. A Lambda Physik KrF laser (248 nm
wavelength and 25 ns pulse duration) was focused on the target
at an angle of 45 degrees. Er2O3 with a purity of 99.95% was
used as the target. The target and the substrate were kept rotat-
ing in order to ensure the uniformity of Er2O3 films during de-
position. Er2O3 films were deposited at 25, 200, 400, 500, 700,
750, 800 and 840 ◦C respectively, as shown in Table 1. Cir-
cular aluminum pads with areas of 5.54 × 10−3 cm2 were de-
fined as the top electrodes for the MOS capacitor through stan-

dard photolithography, aluminum deposition, and wet chemi-
cal etching techniques. In addition, the back side of the silicon
wafer was cleaned, on which a 100-nm-thick aluminum film
was deposited to facilitate Ohmic contact for vertical measure-
ments. Phase structure characterization of the samples was car-
ried out by X-ray diffraction (XRD) and high-resolution trans-
mission electron microscopy (HRTEM), and the surface mor-
phology was determined by atomic force microscopy (AFM).
Furthermore, the current–voltage (I–V) characteristics of the
MOS capacitors were vertically measured by an HP 4142B
semiconductor parameter analyzer.

3. Results and discussion

XRD spectra of those films deposited at 700, 750, 800
and 840 ◦C are shown in Fig. 1. No peak is observed on the
curves of Er2O3 thin films deposited below 400 ◦C, and the
diffraction peaks of the film deposited at 400 ◦C are not obvi-
ous.

The peak of Er2O3 (222) is obvious on the curves of
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Fig. 2. XRD of Er2O3 thin film deposited at 400 ◦C.

Fig. 3. Surface morphology of the Er2O3/a-Ni-Al-O stack.

Er2O3 thin films deposited above 400 ◦C, and there is a weak
peak of Er2O3 (444) at 2θ = 60.8◦ on the curves of Er2O3 thin
films deposited from 700 to 840 ◦C. Based on the observed
results, it could be concluded that Er2O3 thin films deposited
from 400 to 840 ◦C have been well crystallized with (111)-
preferential crystallographic orientation, while the films de-
posited below 400 ◦C are amorphous.

It has been found that the peaks of Er2O3 (222) on the
curves of Er2O3 thin films deposited at 400, 750, 800 and
840 ◦C are strengthened after annealing in oxygen ambience
at 450 ◦C for 60 min, but the weak peaks of Er2O3 (444) still
exist. This indicates that annealing is propitious to preferential
crystallographic orientation. The weak peaks of Er2O3 (222)
on the curves of post-annealed Er2O3 thin films deposited at
400 ◦C can be clearly observed by using logarithmic coordi-
nates, as shown in Fig. 2. This shows that the films crystal-
lized with poor orientation due to low annealing temperature.
No peak has been observed on the curves of Er2O3 thin films
deposited below 400 ◦C, which indicates that depositing tem-
perature is not high enough for thin films to crystallize.

The electrical properties of MOS capacitor can be di-
rectly affected by the sample surface morphology. The surface
of Er2O3 thin film is atomically sharp with a root-mean-square
roughness (RMS) of 0.591 nm, as shown in Fig. 3.

Texture could be clearly observed on the HRTEM im-
age of ultrathin crystalline Er2O3 high-κ gate dielectric film,
as shown in Fig. 4. The inconsistent orientation of the stripe

Fig. 4. HRTEM image of ultrathin Er2O3 film deposited at 700 ◦C.

Fig. 5. I–V curves of crystalline/amorphous Er2O3 films with differ-
ent thicknesses.

Table 2. Leakage current density of Er2O3 film with various thick-
nesses measured at –1 V bias.

Er2O3 thin film Leakage current (A/cm2)

5.7 nm crystalline 6.20 × 10−5

3.8 nm crystalline 6.56 × 10−4

3.8 nm amorphous 1.73 × 10−5

texture indicates that the crystalline Er2O3 film is polycrys-
talline.

The leakage current density is not a serious problem for
relatively thick films[25] given that the leakage current density
is inversely proportional to the thickness of the high-κ dielec-
tric film, if the applied electric field is not too high. Never-
theless, there is a sharp increase when the thickness of the
film is less than 5 nm for crystalline Er2O3 films. Once the
thickness is below this value, a substantial increase of leakage
current density can be observed, as illustrated in Fig. 5. Ta-
ble 2 summarizes the leakage current density at –1 V bias for
these samples. It can be seen that the leakage current density
of crystalline Er2O3 film increases by one order of magnitude
from 6.20 × 10−5 to 6.56 × 10−4 A/cm2 for a decrease in the
film thickness of only 1.9 nm from 5.7 to 3.8 nm.

The leakage current not only varies with the thickness
of crystalline films, but also depends on the phase structure
of the films with similar thickness, as shown in Table 2 and
Fig. 5. For the 3.8 nm amorphous Er2O3 thin film, the leak-
age current density is as low as 1.73 × 10−5 A/cm2, almost 38
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Fig. 6. High field Fowler-Nordheim plot of 3.8 nm crystalline Er2O3

film.

Fig. 7. High field Fowler-Nordheim plot of 3.8 nm amorphous Er2O3

film.

times lower than that of 3.8 nm crystalline films. This contra-
dicts the result reported by Guha et al.[25] on aluminum oxide
films, since there were no leakage current density differences
between amorphous and crystalline phases. Considering the
interfacial layer of the 3.8 nm Er2O3 samples, the calculated
equivalent oxide thickness (EOT) of this sample is only ∼1.3
nm. Typical leakage current density for 1.3 nm silicon dioxide
is higher than 10 A/cm2 [26], six orders of magnitude higher
than the amorphous Er2O3 films with the same EOT in this
study. It is worth mentioning that the leakage current of the
3.8 nm ultrathin amorphous Er2O3 film is lower than that of
5.7 nm crystalline Er2O3 film.

There is a substantial difference of leakage current den-
sity between amorphous and crystalline Er2O3 film. Direct
tunneling is initially considered as the most likely mechanism
which could cause high leakage in ultrathin dielectric films.
The thickness of Er2O3 films being investigated is more than
3.5 nm. Considering the interfacial layer of 0.6 nm, the physi-
cal thickness of the whole thin film stacks is at least 4 nm. In
order to determine the possible causes of the substantial leak-
age current difference between ultrathin amorphous and crys-
talline Er2O3 films, the I–V curves from low field to high field
are plotted for 3.8 nm amorphous/crystalline Er2O3 films, as
shown in Figs. 6–9.

Tunneling either happens at high electric field (> 4
MV/cm) or occurs for films less than 3 nm at low field[27]. The
F–N plots (Figs. 6, 7) of both ultrathin crystalline and amor-

Fig. 8. Schottky emission plot of 3.8 nm crystalline Er2O3 film.

Fig. 9. Schottky emission plot of 3.8 nm amorphous Er2O3 film.

phous Er2O3 have revealed that the dominant leakage at high
field is from Fowler–Nordheim tunneling. F–N tunneling does
not coexist with direct tunneling, so the possibility of direct
tunneling in these films can be ruled out.

As the sample was not shielded during the test, the weak
signal at low electric field tends to wobble, which may be in-
duced by interference of the electromagnetic signal outside, so
Ohmic plots of the Er2O3 films could not be obtained.

The main difference between amorphous and polycrys-
talline Er2O3 film is that there are grain boundaries in crys-
talline Er2O3 films. Grain boundaries have been believed not
only to be a site where defects and impurities prefer to aggre-
gate, but also may act as a fast diffusion path for boron dopants
in the p-type substrate. It has been reported that oxygen diffu-
sion is 5–6 orders of magnitude faster along the grain bound-
ary of ZrO2 films than in the bulk[28]. The concentration of
boron at the grain boundaries of high-κ Er2O3 films will lead
to an increase in leakage current.

As mentioned above, the difference of leakage current
density between crystalline and amorphous Er2O3 films may
be caused by the grain boundaries. For crystalline Er2O3 films,
the distance which carriers travel is proportional to the to-
tal length of grain boundaries, while the total length of grain
boundaries is approximately equal to the thickness of ultra-
thin Er2O3 films. Therefore, the leakage current density should
be inversely proportional to the thickness, if the resistivity of
grain boundaries is uniform. In other words, leakage current
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Fig. 10. Sketch of a cross-sectional view of a capacitor[33]. The metal
tips are formed at the interface between the aluminum gate and Er2O3

film.

Fig. 11. Sketch of a cross-sectional view of a capacitor. The grain
boundaries of the crystalline Er2O3 film are represented by small
blocks with inclined lines of different directions[33].

density through crystalline films with different thicknesses, at
the same low electrical field, should be of the same order of
magnitude if other conduction mechanisms can be neglected.
Unfortunately, the above hypothesis is untenable, since an ob-
vious span of leakage current exists when the crystalline Er2O3

film thickness is about 5 nm.
In order to ascertain the reason for the obvious span of

leakage current when the crystalline Er2O3 film thickness is
about 5 nm, we review the cross-sectional morphology of crys-
talline Er2O3 ultrathin film, as shown in Fig. 4. Small crys-
tallites may be clearly identified on the HRTEM image, and
grains are randomly distributed. It can be imagined that elec-
trons will go straight across the film if it is very thin, while
electrons will go a roundabout way in a relative thick film.

Sketch maps are plotted, as shown in Figs. 10 and 11,
so as to further ascertain the morphology difference between
ultrathin and relatively thick Er2O3 films. The aluminum gate
electrode and silicon substrate are shown to demonstrate the
actual MOS structure as well as the leakage current path
through grain boundaries. As shown in Fig. 11, the grain
boundaries go straight through the layer in the thinner film.
However, they have a zigzag path through the thicker crys-
talline films, as shown in Fig. 10. Adjacent grains are con-
nected by a “line”, while three grains form a “Λ” type con-
nection. Both the “line” and the “Λ” type connection have
been reported to be responsible for leakage in crystalline high-
κ films[29]. The leakage current density has been considered
to be proportional to the total length of the grain boundary
in crystalline Ta2O5 films[30]. The “Λ” type connection is the

dominant factor in the high leakage in HfO2 films[31]. Given
that both types of boundaries are beneficial to large leakage
formation, electrons need to pass through several grain bound-
aries from the top electrode to the substrate in relatively thick
films. It is difficult for electrons to pass through certain di-
electric film if the grain boundaries have bulk properties. For
ultrathin crystalline films as illustrated in Fig.11, the grains
are distributed in two dimensions. The “Λ” type connections
form a path from the top aluminum electrode to the substrate.
To make matters worse, aluminum could adhere well to high-κ
film after post metal deposition annealing. Aluminum atoms
may subsequently diffuse along the “line” and the “Λ” type
connection, similar to boron penetration into high-κ films[32].
This could cause a sharp aluminum tip of a few angstroms at
the top electrode. When electrical field is applied, the electric
field at the sharp tip is enhanced; consequently, the metal tip
may emit electrons very efficiently, and the emitted electrons
may directly pass through the “Λ” type connection. Based on
the analysis of leakage current, it has been found that the dis-
tribution of the “Λ” type connection is uniform in the films
and each “Λ” type connection may contribute equally to the
leakage current.

Based on the understanding of the “Λ” type connection
and metal tip, we can explain the differences of Schottky plots
between amorphous and crystalline Er2O3 ultrathin films, as
shown in Figs. 8 and 9. For amorphous films, the interface be-
tween the film and electrode is flat, because there are no “Λ”
type connections or “line” grain boundaries. Thus, the contact
of these two materials will form an ideal energy barrier. How-
ever, under high field bias, it is not the same at those points
where “Λ” type connections exist in ultrathin crystalline films.
So the Schottky plot is non-linear in ultrathin crystalline films
as shown in Fig. 8.

4. Conclusion

Er2O3 thin films have been deposited on p-type Si (100)
by PLD. Er2O3 thin films deposited below 400 ◦C have been
found to be amorphous, while those deposited from 400 to
840 ◦C are well crystallized with (111)-preferential crystallo-
graphic orientation. The leakage current density shows a sharp
increase when the thickness of crystalline Er2O3 thin films
decreases below 5 nm. The leakage current density increases
from 6.20 × 10−5 to 6.56 × 10−4 A/cm2, when the thickness is
reduced from 5.7 to 3.8 nm. Nevertheless, the leakage current
density of amorphous Er2O3 thin films with thicknesses below
5 nm still remains small; it is only 1.73 × 10−5 A/cm2 for a
3.8-nm-thickness amorphous Er2O3 thin film, almost 38 times
lower than that of 3.8 nm crystalline Er2O3 thin films. Leak-
age of the ultrathin Er2O3 film at high field could be mainly
caused by Fowler–Nordheim tunneling, and the large leakage
of the ultrathin crystalline Er2O3 film is probably a result of
impurity defects at the grain boundaries. The leakage current
at high field is amplified due to the diffusion of metal-electrode
atoms along grain boundaries.
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