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Changes in the structure of an atomic-layer-deposited HfO2 film on a GaAs
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The effects of postannealing temperature on the crystal structure and energy band gap 共Eg兲 values
of atomic-layer-deposited HfO2 films grown on a GaAs 共100兲 substrate were investigated. In
postannealed HfO2 films prepared using a rapid thermal annealing 共RTA兲 process in a N2 ambient
at temperatures over 600 ° C, the initially produced, partially crystallized HfO2 film changed into a
well-ordered crystalline structure with no detectable interfacial layer between the film and the GaAs
substrate. In the case of a RTA prepared at 700 ° C, the thickness of the film was relatively increased
compared to that of an as-grown film. Changes in the depth profile data related to stoichiometry and
electronic structure after the annealing treatment indicated that Ga oxide is formed within the HfO2
film during the RTA. The formation of Ga oxide in the film significantly affected the Eg values, i.e.,
the Eg changed from 5.5 for an as-grown film to 4.7 eV for a film annealed at 700 ° C. © 2009
American Institute of Physics. 关DOI: 10.1063/1.3182702兴
The employment of high carrier transport semiconductors such as strained SiGe, Ge, and III-V based semiconductors has been a subject of considerable interest from researchers in the device industries as well as in academia.1–3
In order to develop a strategy for preparing a high performance MOS device, the combination of HfO2 and GaAs as a
high carrier transport substrate has been seriously considered
because hafnium oxide 共HfO2兲 as a gate dielectric material
has a suitable dielectric constant, a wide band gap, and acceptable thermal stability.4 Kim et al.5 estimated the electrical performance of HfO2 as gate dielectric material on GaAs
in a MOS field effect transistor. Hinkle et al.6 reported on the
utility of an atomic-layer deposition 共ALD兲 process in the
growth of HfO2 on a GaAs substrate, which provides information concerning the selection of appropriate surface treatments and ALD precursors. In order to enhance the performance of HfO2 / GaAs-based MOS applications, a more
detailed understanding of the structural characteristics related
to the gate leakage current and energy band gap is needed
共Eg兲.7 Such structural characteristics of the metal oxide are
closely related to thermodynamic properties such as the reactivity of the interface between high- metal oxides/high
mobility substrates.
In this study, we focused on changes in the structural
characteristics and energy band gap 共Eg兲 values in an ALD
HfO2 / GaAs film as a function of postannealing temperature.
Partially crystallized HfO2 films were found to be converted
into a well-ordered crystalline structure after an postannealing process in a N2 ambient at 600 ° C. For the case of a film
postannealed at 700 ° C, the formation of Ga oxide within
the HfO2 film was observed, although the well-ordered crystalline structure continues to be maintained. Moreover, the
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Eg value was significantly decreased from 5.5 eV for an asgrown film to 4.7 eV for a film annealed at 700 ° C. These
results show that interfacial reactions between HfO2 and
GaAs have a substantial influence on the change in crystalline structure as well as the Eg values.
A Si-doped n-type GaAs 共100兲 substrate with a doping
concentration of 1 ⫻ 10−18 cm−3 was cleaned using the
chemical etching method. Prior to the deposition of HfO2,
the cleaned GaAs surface was subjected to a wet chemical
etch with a buffed oxide etching 共BOE兲 共NH4F : Hf= 6 : 1兲
solution for 20 min. 3.5-nm-thick HfO2 films were immediately grown on the GaAs surface at a temperature of 290 ° C
using an ALD system. This rapid thermal annealing 共RTA兲 of
HfO2 / GaAs films was carried out for 1 min in a N2 ambient
at 600 and 700 ° C, respectively. The structural characteristics and electronic structure of the HfO2 films on GaAs were
investigated by high resolution transmission electron microscopy 共HRTEM兲 and the near-edge x-ray adsorption fine
structure 共NEXAFS兲 examined using a synchrotron x-ray
source at the Pohang accelerator laboratory on beam-line
7B1. Elemental composition was determined by medium energy ion spectroscopy 共MEIS兲. The value of the energy band
gaps in the HfO2 / GaAs was determined by reflection electron energy loss spectroscopy 共REELS兲.
Figure 1 shows cross-sectional HRTEM images of a 3.5nm-thick ALD HfO2 film grown on cleaned GaAs substrates.
The HRTEM images show relatively sharp interfaces below
an approximately 1-nm-thick interface between HfO2 and
GaAs, compared to previously reported data for ALD
HfO2 / GaAs films that were produced by removing native
oxides using a surface treatment with BOE and a selfcleaning ALD process.8 The most interesting finding is that
the partially crystallized HfO2 film on GaAs was converted
into a well-ordered crystal structure after the RTA at 600 ° C.
The abrupt interface without any detectable interface layer
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FIG. 1. 共Color online兲 HRTEM images of HfO2 films on a BOE treated
GaAs 共100兲 surface are shown along the GaAs 关110兴 direction. The image
shows changes in the crystal structure from an amorphous to a crystalline
phase during postannealing processes at 600 ° C. The arrows represent the
lattice mismatch for interfacial atoms between the HfO2 film and the GaAs
substrate.

continues to be maintained. This observation indicates that a
suitable annealing temperature constitutes a key parameter in
constructing a crystalline HfO2 film on a GaAs substrate, i.e.,
the energy barrier for crystallization can be overcome by
supplying sufficient kinetic energy, resulting in a wellordered crystalline HfO2 film on GaAs, which is similar to
that obtained by solid-phase epitaxy induced by an annealing
process. The atomic arrangement between the HfO2 film and
the GaAs adopts a periodic iteration via a solid phase epitaxial reaction, thus minimizing interfacial lattice mismatch,
i.e., 12 atoms in the HfO2 film on 11 atoms in the GaAs
substrate, a periodic iteration. In this system, the HfO2 film
adopts a monoclinic rather than a tetragonal phase because
changing the phase transformation to a tetragonal phase requires a higher annealing temperature. Considering the lattice constant of 5.175 Å for the b-axis in monoclinic HfO2
and that of 5.653 Å in zincblende GaAs, this arrangement
shows that the lattice mismatch can be minimized to 0.133%,
resulting in minimal interfacial strain.7 After the RTA at
700 ° C, however, no critical change in the crystalline structure of the HfO2 film is observed and the abrupt interface
between the HfO2 / GaAs continues to be maintained. However, the thickness of the film became thicker, reaching 4.5
nm. We analyzed elemental composition and depth profiles
for samples in detail. MEIS measurements were employed to
verify the increased thickness and the characteristics of the
crystallized HfO2 films as a function of postannealing temperature.
Figure 2 shows the measured MEIS spectra for the Hf,
Ga–As, and O peaks and compositional depth profiles for an
as-grown film and for the RTA at 700 ° C, respectively. The
most interesting finding is that there are significant differences in the shape of the spectra, the peak width, and the
position of the Hf, Ga–As, and O peaks between two films,
as shown in Fig. 2共a兲. After the RTA treatment, the increase
in the intensity of the Hf peak width is associated with the
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FIG. 2. 共Color online兲 共a兲 Hf, Ga–As, and O peaks of measured MEIS
spectra and 共b兲 compositional depth profiles for 4-nm-thick HfO2 / GaAs
films as a function of postannealing temperature. The Ga and As peaks were
observed as one peak, in which the Ga and As peaks are overlapped, due to
the similarity of each atomic mass.

increased thickness of the HfO2 film. The leading edge of the
Ga–As peak in the RTA sample is shifted to a greater extent
toward the lower scattering energy than that of the as-grown
sample due to beam energy losses, as the result of the increase in the thickness of the HfO2 film during the MEIS
process. This result is in good agreement and consistent with
the HRTEM results. In particular, the shoulder of the Hf peak
at 96.5 keV is generated and the leading edge of the Hf peak
near a scattering energy of 99 keV after the RTA treatment
was shifted toward a lower scattering energy of about
0.5 keV, compared to that of the as-grown film. This result is
closely related to the formation of the surface layer, i.e., the
compositional depth profile of Fig. 2共b兲 indicates that Ga
oxide is formed by out-diffusion from an interfacial region to
the surface region of the HfO2 film. The distinct shoulder at
the lower energy edge of Hf peak and fitted data are clearly
consistent with the formation of surface Ga oxide 关inset of
Fig. 2共a兲兴. Considering the thermodynamic data for the Ga
oxide, 3O2 + GaAs→ Ga2O3 共−1089 J / k mol兲 + 4As, it is
possible to form a Ga oxide layer at the HfO2 / GaAs interface. In the crystallization process of HfO2 during the RTA
process, Ga2O3 can diffuse to the surface region of the HfO2
and some of the resulting Ga2O3 is incorporated into the
HfO2 film, which leads to the increased thickness of the
film.9,10
In order to investigate changes in the molecular structure
that are related to crystallization and the electronic structure
in the HfO2 film, NEXAFS and x-ray photoelectron spectroscopy 共XPS兲 were conducted. Figure 3 shows O K-edge data
for NEXAFS and the Hf 4f core-level energy state in XPS as
a function of postannealing temperature. In Fig. 3共a兲, the O
K-edge absorption spectra of the HfO2 film are deconvoluted
into two absorption peaks at ⬃533 eV 共eg兲 and ⬃537 eV
共t2g兲, respectively.11 The next three unoccupied orbital states
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FIG. 4. 共Color online兲 REELS spectra for HfO2 / GaAs films as function of
postannealing temperature, using an incident electron energy of 1.0 keV. The
Eg values were defined as the threshold energy of band-to-band excitation.
The arrows represent the HfO2 surface plasmon peak near 9 eV and the bulk
plasmon peak near 16 eV, respectively.
FIG. 3. 共Color online兲 共a兲 NEXAFS spectra of the O K edge features for
HfO2/GaAs films. The O K-edge features of the NEXAFS spectra in the
HfO2 films were changed after the postannealing treatments. 共b兲 Hf 4f corelevel spectra for HfO2/GaAs films were measured by XPS as a function of
postannealing temperature.

clearly appeared at the higher energy region of 540 共a1g兲 and
542 eV 共t1u兲, which are associated with hybridization between the O 2p and Hf 6s and 6p states in the molecular
structure of crystallized HfO2.11 To investigate this issue
more closely, we prepared crystalline HfO2 / Si as an alternate
sample to confirm the NEXAFS spectra of crystallized HfO2.
An interesting observation is that the NEXAFS spectra of
HfO2 / GaAs after RTA are very different from that for
HfO2 / Si, as shown by the HRTEM results in Fig. 1. As the
annealing temperature is increased from 600 to 700 ° C, the
t2g and eg components in the absorption spectra gradually
became broadened. The spectrum of Ga2O3 has a double
band caused by hybridized O p states with Ga 4sp states.
Thus, the relatively high peak intensity of t2g and eg in the
film grown on GaAs is caused by the formation Ga2O3 during the annealing treatment. Moreover, the peak change indicates that the formation of Ga2O3 in HfO2 increases with
increasing annealing temperature. Another important finding
is shown in the XPS spectra of Hf 4f, as shown in Fig. 3共b兲,
i.e., the change in the Hf 4f peak shows that two peaks are
present and are due to the presence of Ga from GaAs and Ga
oxide in the peak. The peak change for Ga is caused by the
increased formation of Ga2O3, while the width of the Hf 4f
peak gradually decreases with increasing annealing temperature, indicating that no chemical interactions occur between
HfO2 and Ga2O3. Finally, the increase in the thickness of the
HfO2 film after annealing treatment at 700 ° C can be attributed to the incorporation of Ga2O3 into HfO2.
The values of the energy band gaps 共Eg兲 for HfO2 / GaAs
as a function of postannealing temperature, as shown in Fig.
4, were determined by REELS.12 In order to obtain Eg values
for the HfO2 films grown on GaAs in the depth direction, the
incident electron energy was controlled from 0.5 to 1.0 keV.
The most interesting finding is the decrease in Eg values after
the postannealing processes, i.e., the Eg value for the asgrown film was determined to be 5.5 eV, while the Eg values

for the film that had been post-treated at 700 ° C was decreased up to 4.7 eV. The Eg value of 4.7 eV is consistent
with the reported Eg value for Ga oxide.13 This decrease in
Eg can be understood by considering the formation of Ga
oxides within and/or on the HfO2 films, as indicated by the
MEIS and NEXAFS results.
In conclusion, well-ordered crystalline HfO2 films on
GaAs were produced when a postannealing temperature of
over 600 ° C was used. During the annealing process, interfacial Ga oxide diffuses to the film surface. The Eg value of
5.5 eV for as-grown HfO2 film gradually decreases to 4.72
eV as the annealing temperature increases to 700 ° C. The
changes in film thickness and the reduction in Eg values are
closely dependent on the formation of Ga oxides within the
HfO2 film.
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