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Interfacial reactions and electrical properties of HfO2 and HfAlO high-k gate dielectric films on
strained Si1−xGex �x=17% � fabricated by pulsed-laser deposition were investigated. The dielectric
films were characterized by x-ray photoelectron spectroscopy, transmission electron microscopy,
and electrical measurements. We found that alloying of HfO2 with alumina can reduce the GeOx

formation at the interfacial layer and thus reduce the Ge diffusion during the film post-thermal
annealing process. Such suppression effect significantly improved the electrical properties of the
dielectric films. © 2006 American Institute of Physics. �DOI: 10.1063/1.2201887�
In the semiconductor industry, there is an urgent demand
for suitable high-k dielectric materials to replace SiO2 as the
gate dielectric in the future advanced complementary metal-
oxide-semiconductor �CMOS� technology.1,2 Recent litera-
tures as well as our preliminary results have shown that
HfO2 is one promising high-k gate dielectric substitute for
SiO2 due to its thermodynamic stability and low leakage
current.1–8 However, the carrier mobility degradation due to
the high-k gate dielectric induced phonon and Coulomb scat-
tering effect limits the application of high-k gate dielectrics.2

It has been noticed recently that the use of a compressively
strained Si1−xGex surface channel may serve as a solution to
the carrier mobility degradation problem.2,5,9–11

The main issue in the HfO2–Si1−xGex system is the in-
terfacial reaction, in particular, the GeOx formation and Ge
diffusion that result in large amounts of interfacial traps and
charge traps in the dielectric.2,12–14 In addition, the relatively
low crystallization temperature �about 500 °C� and high
oxygen diffusivity of HfO2 result in a rough interfacial struc-
ture and a large leakage current. A good interface which is
thermodynamically stable and has low density of states is
therefore essential in reducing the scattering effect on the
charge carriers in the channel.9,15,16 It has been illustrated
that adding alumina into HfO2 on Si �forming HfAlO� in-
creases its crystallization temperature and reduces the oxy-
gen diffusivity.17 However, to the best of our knowledge,
there has not been any report demonstrating that HfAlO can
also improve the interfacial reaction and electrical property
when applied on the Si1−xGex surface channel MOS field
effect transistor. In this letter, we report on synthesis and
characterizations of HfAlO thin films, in comparison with
HfO2, on compressively strained Si1−xGex. The reactions at
the film-Si1−xGex interface and the corresponding electrical
properties of the MOS capacitors are investigated.

Si substrates with a layer of 15 nm compressively
strained p-type Si1−xGex �x=17% � on top were first cleaned
with dilute hydrofluoric acid solution to remove the native
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oxide from the surface. The dielectric films were then grown
by pulsed-laser deposition �PLD� on the strained Si1−xGex
layer with a base pressure of �2�10−4 Pa and an oxygen
partial pressure of 2 Pa at 550 °C using HfO2 and Al2O3
composite target �Hf:Al=1:1�. The postannealing was car-
ried out in a N2 ambient at 600 °C for 45 min. In order to
investigate the interfacial chemical structure, another set of
samples with very thin �about 1.5 nm� HfO2 and HfAlO
films were deposited on the same substrate for the x-ray pho-
toelectron spectroscopy �XPS� analysis. Such thickness al-
lows an XPS investigation of the film and the interface si-
multaneously, and thus information on interfacial reactions
can be obtained. The interfacial microstructure was observed
by transmission electron microscopy �TEM� using a JEOL
2010 electron microscope. For an electrical property charac-
terization, thicker films with thicknesses of about 5 nm were
deposited. The MOS capacitor structures on strained
Si1−xGex were fabricated by depositing Pt dot electrodes for
both as-grown and annealed samples. Both high-frequency
�1 MHz� capacitance-voltage �C-V� measurement using an
HP4194A impedance analyzer and current-voltage �J-V�
measurement were carried out.

Figure 1�a� shows XPS spectra of the Hf 4f binding
energies for the HfO2 and HfAlO thin films before and after
thermal annealing. The peak positions were calibrated using
C 1s lines as the reference. For the as-grown samples, the
two distinct peaks corresponding to the Hf 4f7/2 and 4f5/2 of
the Hf–O bond are identical, while they become broaden and
difficult to resolve for the annealed samples, especially the
HfO2 film. This peak broadening is due to the formation of
Hf silicate or germanate at the interface during the thermal
annealing.9 The convolution of Hf silicate and/or germanate
peaks with Hf 4f peaks results in the broadening of the Hf–O
peaks. In addition, very clear differences in the Hf 4f peaks
can be observed for the annealed HfO2 and HfAlO films. We
believe that the relatively less broadening effect for the an-
nealed HfAlO film compared to that for the annealed HfO2
film can be attributed to the fact that the presence of Al in the
film reduces oxygen diffusion in the film and thus reduces

the formation of Hf silicate and germanate at the interface.
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Figure 1�b� shows the XPS spectra of Ge 3d binding
energies for the HfO2 and HfAlO thin films before and after
thermal annealing. Curve fittings of the Ge 3d core level
spectra reveal two peaks corresponding to chemical bindings
of Ge in elemental Ge and GeOx, respectively. The main
peak at the binding energy of �29.3 eV originates from the
elemental form of Ge in the Si1−xGex substrate, and the peak
at the higher binding energy indicates the presence of GeOx
resulting from the Ge oxidation at the interfacial region. By
comparing the peak intensities between the as-grown and
annealed HfO2 samples, one can find the significant incre-
ment of the GeOx peak intensity which indicates a severe
oxidation of Ge at the HfO2–Si1−xGex interface after thermal
annealing. On the other hand, for the annealed HfAlO film,
there is only a small increment of the GeOx peak intensity,
and the Ge peak is still higher than the GeOx peak, suggest-
ing that adding alumina into HfO2 suppresses further oxida-
tion of Ge at the HfAlO–Si1−xGex interface. In addition, a
very careful examination of the binding energy of the GeOx
peak of the four samples reveals that there is a slightly higher
energy shift ��0.4 eV� for the annealed HfAlO film �Fig.
1�b��iv�� compared to the other three. The higher binding
energy of Ge can be attributed to the more fully oxidized
Ge,9 and thus more energy is needed to break the bond re-
sulting in a higher thermal stability and a lower diffusivity of
Ge compared to GeO.16 This Ge diffusion suppression effect
is also revealed by the absence of a hysteresis loop in the
following C-V result. It is interesting to note from Fig. 1�c�,
however, that this suppression effect is not that obvious for
the formation of SiOx at the interface, suggesting that HfAlO
may have some selectivity in suppressing the formation of
GeOx and SiOx at the interfacial layer.

TEM images revealing the interfacial structures and re-
actions of the thin HfO2 and HfAlO films on the strained
Si1−xGex layer are shown in Fig. 2. It can be seen that after
thermal annealing the interfacial layers formed at the HfO2
−Si1−xGex interface for both the thinner and thicker films are
relatively thicker and rougher compared to those at the
HfAlO–Si1−xGex interface. This illustrates that the presence
of alumina in the HfO2 films helps to improve the interfacial
structure during post thermal annealing. It is also worth not-
ing that after annealing at 600 °C, the HfO2 film is crystal-
lized, while the HfAlO film remains amorphous. The exis-
tence of grain boundaries in the crystallized HfO2 is believed

FIG. 1. XPS spectra of Hf 4f �a�, Ge 3d �b�, and Si 2p �c� binding energies
for the films of HfO2 as-grown �i�, HfO2 after annealed �ii�, HfAlO as-
grown �iii�, and HfAlO after annealed �iv�.
to be responsible for the formation of a rougher interface
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since the oxygen diffusion along the grain boundaries is
faster than that inside the grains.

Figure 3 shows the leakage current characteristics of the
as-grown and annealed HfO2 and HfAlO films on Si1−xGex.
In general, the leakage current densities of HfAlO films are
lower than those of HfO2 films. The large decrease of the
leakage current for the annealed films is attributed to the
increase of the interfacial layer thickness and the reduction
of oxygen deficiencies. The relatively larger leakage current
for the annealed HfO2 film compared to the annealed HfAlO
film can be attributed to the crystallization of the HfO2 oxide
layer.5,18,19

Figure 4 shows characteristic C-V curves of the as-
grown and annealed HfO2 and HfAlO films on Si1−xGex. A
significant change can be seen in Fig. 4�a� for the HfO2 film
after annealing. For the as-grown HfO2 film, there is a large
negative flat-band voltage shift �VFB� and a hysteresis loop
during forward and reversed bias sweeps. The large negative
shift indicates the existence of positive fixed charges in the
HfO2 film. The positive fixed charge in the HfO2 films has
been theoretically explained recently by Robertson20 and has

FIG. 2. �Color online� Cross-sectional TEM images showing the interfacial
structures for the annealed samples of thin HfO2 film �a�, thin HfAlO film
�b�, thick HfO2 film �c�, and thick HfAlO film �d� on the compressively
strained Si1−xGex.

FIG. 3. �Color online� J-V characteristics for the HfO2 and HfAlO films

before and after thermal annealing in a N2 ambient at 600 °C for 45 min.
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been attributed to oxygen vacancies. Therefore, the right
shift of the C-V curve after annealing can be explained as a
result of the reduction of the number of oxygen vacancies in
the HfO2 film. The large anticlockwise hysteresis loop pre-
sented in Fig. 4�a� indicates charge trapping in the oxide, and
the diffusion of Ge into the oxide is believed to be respon-
sible for the observed charge storages.4,19 The oxide trapped
charge density �Not� can be calculated from the C-V loop by
the following formula:19

Not =
Cacc�VFB

qA
,

where Cacc is the accumulation capacitance, �VFB is the hys-
teresis width, q is the electron charge, and A is the electrode
area. The density of the trapped charges is calculated to be
about 7�1012 cm−2. Although the hysteresis loop disappears
after thermal annealing, the C-V curve shows a large stretch-
out, indicating the formation of high densities of interface
traps. The significant decrease of the accumulation capaci-
tance for the annealed HfO2 film is due to the formation of
thick Si- and Ge-riched interfacial layers. In Fig. 4�b�, how-
ever, the C-V curve is normal with a very small flat-band
voltage shift. The change of the accumulation capacitance of
the HfAlO film after annealing is also very small, indicating
a very small reduction of the dielectric constant of the film
due to the relatively small increment of the HfAlO–Si1−xGex
interfacial layer thickness. The effective dielectric constants
�including the interfacial layer� of the as-grown and annealed
HfO2 films derived from Fig. 4 are about 16 and 5, respec-
tively, while they are 11 and 9, respectively, for the as-grown
and annealed HfAlO films. It is apparent that adding alumina
into HfO2 improves the interfacial property with a sacrificed
value of the dielectric constant.

The merit of adding alumina in HfO2 can be considered
in terms of the suppression of the interfacial reactions and Ge
diffusion. The XPS and C-V results suggest that the presence
of alumina in the HfO2 films reduces the interfacial reaction,
which is evidenced by the relatively lower Ge–O peak and
smaller interfacial layer thicknesses and roughnesses. Even
though TEM results do not show distinct differences in in-
terfacial layer thickness, the fact of having less GeOx pres-
ence in the XPS result and the disappearance of the hyster-

FIG. 4. �Color online� C-V characteristics for HfO2 �a� and HfAlO films
esis loop in the C-V measurement suggest that adding
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alumina in HfO2 may reduce the Ge diffusion into the dielec-
tric layer, as alumina serves as an effective diffusion barrier.

In conclusion, the suppression of the GeOx formation
and the Ge diffusion has been achieved by adding alumina
into the HfO2 gate dielectric film on the strained Si1−xGex.
The corresponding electrical performance has also been im-
proved, as evidenced by the decrease of the leakage current
and charge traps in the dielectric layer.
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