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Medium energy ion scattering and high-resolution transmission electron microscopy are used to
investigate the depth of the interfacial reaction of Hf-silicate film. The interfacial reaction is
critically affected by the film thickness and the mole fraction of HfO2 in silicate film. The interfacial
compressive strain generated at the surface of the Si substrate is dependent on the film thickness
during the postannealing process in film with a thickness of ⬃4 nm. Finally, the phase separation
phenomenon demonstrates critically different behaviors at different film thicknesses and
stoichiometries because the diffusion of Si from interface to surface is dependent on these factors.
Moreover, the oxidation by oxygen impurity in the inert ambient causes SiO2 top formation. © 2008
American Institute of Physics. 关DOI: 10.1063/1.2955461兴
Hf-based high-dielectric oxides are the leading candidates for replacement of SiO2 / SiON as the gate dielectric of
choice in complementary metal-oxide-semiconductor
共CMOS兲 devices for nodes beyond 45 nm. Particular attention has recently been given to 共HfO2兲x共SiO2兲1−x films that
demonstrate a variety of attractive properties for alternate
gate dielectric applications, such as a relatively highdielectric constant, thermal stability that is better than HfO2,
and no interdiffusion with the Si substrate.1–3
However, some studies have recently predicted that there
are two limiting mechanisms by which phase-separated microstructures in Hf- and Zr-silicate films evolve, depending
on the film composition and annealing temperature. The observed metastable miscibility gap causes an amorphous film
to lower its free energy by separating into two phases with
compositions. Recently, Kim et al. reported that spinodal decomposition can occur through diffusional phase separation.
This finding was confirmed for a ZrO2 – SiO2 system.4 Neumayer et al. showed that phase separation and crystallization
occur after annealing at a temperature of 800 ° C in
HfO2 – SiO2 systems with HfO2 concentrations higher than
50% and less than 25% at 1000 ° C.5 Moreover, in practice,
the phase separation of binary mixtures often proceeds under
the presence of an external field. In particular, in ultrathin
film the interfacial effect can critically affect the phase separation kinetics.6
Our group noted that these studies are based on metastable phase diagrams in thin film with a specific thickness.
Some studies have reported that the temperature for phase
separation is changed by the thickness and stoichiometry of
the silicate films.6–9 However, these studies have not considered the interfacial reactions between the film and the Si
a兲
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substrate during phase separation, although reactions in thin
films with a thickness in the approximately nanometer range
can critically affect the phase separation phenomenon, depending on the HfO2 and SiO2 contents in the silicate film.
In this study, our group experimentally showed that the
interfacial reaction is closely related to the film thickness and
stoichiometry in HfO2 – SiO2 binary oxide mixtures, which
affect the diffusional phase separation in a depth direction.
The diffusion process is critically influenced by the interfacial reaction, which is caused by the relaxation process of the
interfacial strain. At a critical film thickness, phase separation occurs vertically during the postannealing process, while
vertical separation is not observed in a relatively thick film.
The metal oxides used in this study were grown using an
atomic layer deposition 共ALD兲 system, which has a vertical
warm-wall reactor with a showerhead and a heated susceptor.
SiO2 and HfO2 films were grown at temperatures below
280 ° C using tris共dimethylamido兲silane 共tDMAS兲 and tetrakis共ethylmethylamido兲 hafnium 共TEMAH兲, respectively, as
precursors. O3 vapor 关flow rate= 450 SCCM 共SCCM denotes
cubic centimeter per minute at STP兲兴 served as the oxygen
source, and N2 共flow rate= 450 SCCM兲 was supplied as the
purge and carrier gas. The SiO2-incorporated Hf–Si–O were
grown by the alternate ALD process, repeating the number of
cycles for HfO2 and SiO2 to mix the SiO2 content in a controlled
manner.
The
ALD
process
deposited
2-nm– 7-nm-thick 共HfO2兲x共SiO2兲1−x films on Si with two different compositions: 25 mol % HfO2 – 75 mol % SiO2 共x
= 0.25兲 and 65 mol % HfO2 – 35 mol % SiO2 共x = 0.65兲. The
films were annealed using a rapid thermal process system in
a N2 ambient atmosphere at a temperature of from
800 to 900 ° C.
The stoichiometry and strain in the depth direction was
assessed by medium-energy ion scattering 共MEIS兲 using a
H+ beam with an incident energy of 100 keV. The data pro-
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FIG. 1. Concentration in the depth direction of the 2-nm-thick HfSiO film
共1.4 nm thickness in HRTEM image兲 with the mole fractions of HfO2
共x = 0.25, 0.65兲 is calculated from the MEIS spectra. The change in the concentration after annealing treatment at 800 and 900 ° C is also obtained. No
crystallization and increment of the interfacial layer are observed in the
HRTEM image of HfSiO even with HfO2 fraction of 65%.

vided critical proof that the diffusion of Si from the substrate
was generated, resulting in a phase separation that started at
the surface with SiO2 extraction. The change in the blocking
dip also showed that a strain was generated at the interface,
which was dependent on the film thickness and the quantity
of SiO2 in the film. After the thermal annealing process, the
relaxation of interfacial strain and the behavior of phase
separation were also dependent on the film thickness. Phase
separation in a depth direction was confirmed by highresolution transmission electron microscopy 共HRTEM兲. A
MEIS analysis was conducted in a double-alignment mode to
reduce contributions from the crystalline Si substrate, allowing the deconvolution of the spectra into contributions from
the SiO2 layer and Si signals. The incident ions were located
along the 共111兲 plane, and the scattered ions were located
along the 共001兲 plane with a scattering angle of 125° in order
to obtain quantitative depth profiles. The blocking dips
around the 具111典 direction in the 共110兲 plane were measured
in a single alignment to improve counting statistics. The angular resolution, determined mainly by an incident ion beam
divergence and a position sensitive detector, was estimated at
an angle better than 0.1°.10
Figure 1 shows an atomic image of the films with a
calculated concentration of 2-nm-thick Hf-silicate films with
a high 共x = 0.65兲 and low HfO2 mole fractions 共x = 0.25兲 using HRTEM and MEIS energy spectra, respectively. In particular, our group did not observe any crystallization in the
HRTEM image of the films with high HfO2 content after an
annealing treatment of as high as 900 ° C, although the Hfsilicate layer shrunk. Our group found stoichiometric change
in the interfacial layer after the annealing treatment, which
could have been caused by the interfacial reaction from residual oxygen during the annealing process. Moreover, the
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FIG. 2. Concentrations in the depth direction of the 4-nm-thick HfSiO film
共3.6 nm thickness in HRTEM image兲 with the mole fractions of HfO2
共x = 0.25, 0.65兲 are calculated from the MEIS spectra. The MEIS data and
HRTEM image show the significant increase in the interfacial layer and the
shrinkage of the film after the annealing treatment at 900 ° C.

concentration of SiO2 in the film increased after the annealing treatment, as shown in the MEIS data. This indicated that
Si was diffused from the interface to the film. These results
showed, therefore, that a high content of SiO2 in a very thin
layer disturbed the crystallization of the silicate film.
The change in the quantity of Hf and Si can be more
clearly observed in the thick 共4 nm兲 Hf-silicate film, as
shown in Fig. 2. The energy position and shape of the Hf
peak at the leading edge in MEIS energy spectra showed that
the stoichiometry at the surface region of the as-grown silicate film is changed through the extraction of SiO2 from the
film even after annealing at 800 ° C. As the annealing temperature increased to 900 ° C, the depth profile of the stoichiometry from the MEIS data indicated that a very thick interfacial SiO2 layer was formed, resulting from a high
interfacial reaction. Moreover, a thin SiO2 layer, with a
thickness of less than 2 nm, was completely segregated over
the film surface. The quantity of extracted SiO2 over the film
surface exceeded the incorporated mole fraction of SiO2 in
the as-grown film. The diffused SiO2 content contained in
the silicate film was totally dependent on the mole fraction of
SiO2 in the as-grown film. The Hf peak change in width and
intensity indicated that no movement of Hf occurred, confirming that Si generated at the interface between the film
and the Si substrate had diffused to the film surface. The
extraction of SiO2 from the film and the diffusion of newly
generated SiO2 from the interface to the film surface were
observed in all samples, although the extraction quantity was
dependent on the level of SiO2. This result is not consistent
with the theoretically predicted data, which show that phase
separation begins at the interface because of a large local
gradient in SiO2 chemical potential.4 Our group’s data
showed that the phase separation begins at the surface. Comparing the interfacial layer thickness with that of a 2-nm-film
thickness, the interfacial layer was significantly increased in
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FIG. 3. Change in the concentration of the 7-nm-thick HfSiO 共6.6 nm thickness in HRTEM image兲 with the 65% and 25% fractions of HfO2 are obtained using MEIS energy spectra. Change in the interfacial layer is slightly
occurred as the annealing temperature increases, while shrinkage of the film
is observed as shown in the 2-nm- and 4-nm-thick films. The HRTEM
image shows random local phase separation after the annealing treatment at
900 ° C.

a 4-nm-thick silicate film. Thus, the interfacial reaction can
be related to the diffused quantity of SiO2 from the interfacial region to the film surface, which affected the phase separation phenomena in a depth direction. The crystallization of
the film with high SiO2 content 共x = 0.25兲 was localized, indicating that the phase separation occurred dominantly
through spinodal decomposition. Thus, the high quantity of
SiO2 content diffused from the interface to the film can contribute to the dominant spinodal decomposition.
The tendency of the interfacial reaction and the diffusion
of Si from the interface with a relatively thick film 共7 nm兲
are shown in Fig. 3. Any significant change in stoichiometry
in the depth direction of the 7-nm-thick Hf-silicate film was
not observed even in different HfO2 mole fractions, i.e., the
minute increase in the SiO2 content at the film surface was
observed only in the film with a high HfO2 fraction. The
HRTEM image also supports the lack of change in stoichiometry in the depth direction. Of more importance to the
MEIS spectra and the TEM image is the fact that the formation of a thick interfacial layer and crystallization were not
observed during the annealing treatment with temperatures
as high as 900 ° C, compared with the changes in the
4-nm-thick film. Thus, the interfacial reaction in the
7-nm-thick films is more suppressed than that with
4-nm-thick films. The oxidation after postannealing treatment indicates that the formation of the top SiO2 layer is
caused by the oxidation process at the interface. The oxygen
impurity contained in the inert ambient conditions during the
oxidation process causes the interfacial oxidation, resulting
in the top SiO2 formation through the diffusion of Si from
the interface of SiO2 / Si. The difference in the interfacial
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FIG. 4. The schematic diagram of measurement of blocking dip using
MEIS: the direction of incident and scattered beam and atomic arrangement
is described. The angular shift of the Si blocking dip from the Si substrate is
dependent on the film thickness 共left side兲. The angular shift is also obtained
from the films after the annealing treatment at 900 ° C 共right side兲. The inset
is the blocking dips of Si bulk and Si surface contacting the film. After the
annealing treatment, the shift of the blocking on Si surface is not observed.

layer thickness after postannealing treatment strongly suggests that the diffusion of Si from the interface of SiO2 / Si is
related to the relaxation of stress that is induced by
oxidation.11,12 Thus, accumulated stress, which is inevitable
in Si oxidation, can be a main factor of Si diffusion. Moreover, our data showed that interfacial stress is related to the
phase separation of the film because the effect is dependent
on the stoichiometry and the thickness of the films.
The stoichiometric change in the depth direction attributed to diffusion indicates that the high interfacial strain can
be a main factor in changing the atomic transportation because the evolution of strain in the depth direction can easily
change the stoichiometry in the depth direction.13 To investigate the cause of the interfacial reaction resulting in the
diffusion of Si from the interface, our group investigated the
stress change in different thicknesses of films using MEIS, as
shown in Fig. 4. The scattered ion beam in a specific direction 共in this experiment, the direction is 关111兴兲 is blocked at
the surface atoms, resulting in blocking dips. Thus, the position of the blocking dip reflects the position of atoms at the
direction. This also revealed short-range information such as
the elastic strain and the registry of the overlayer. As shown
in Fig. 4, if there is no strain at the interface, the atomic
arrangement at the interface is not changed. When the interfacial strain is applied to the interfacial region, the atomic
position is changed at the interface; i.e., a different strain
direction can be measured by the change in the blocking dip
position. Moreover, the change in the atomic position in the
depth directions can be detected using an electrostatic energy
analyzer. The strain distribution was analyzed through
changes in the blocking dips at various energies that corresponded to the depth of the Si surface under the film. Figure
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4 shows the angular shift of the Si blocking as a function of
the scattering energy in investigating the strain distribution in
depth direction. Although the angular position agrees with
the bulk 关111兴 axis at deeper regions, the dip shifts toward
larger incident angles when approaching the interface. The
local compressive strain at the top surface of the Si can be
estimated from the observed angular shift ⌬ by 
= 2⌬ / sin 2. The observed strain was about 1% at the
2-nm-thick Hf-silicate film interface, and it rapidly increased
over 2.2% at the 4-nm-thick film interface. The distribution
of the strain indicates that the maximum compressive strain
is located at the top surface of the Si that contacts the film;
the blocking dip is shifted to a higher angle at the interface.
This was because the high stress at the amorphous film transfers to the substrate, resulting in a regular change in the
ordering of the Si atoms at the surface of the Si substrate.
The maximized tetragonal distortion of the Si atom at the Si
surface gradually decreased to expand beneath the surface.
The strain value is very high compared to that of the strained
Si film for mobility enhancement in CMOS technology; the
reported compressive strain is less than 1%.14,15 Moreover,
the strain in the metal-oxide-semiconductor field effect transistor device is enhanced because the lateral strained region
is limited in the device size. However, in infinite films such
as our samples, the high strain implies the presence of defects: i.e., the deep blocking dips in the bulk Si changes to
shallow dips in the transition layer, as shown in the inset of
Fig. 4, which means that the crystallinity in the transition
layer is smaller than in the substrate crystalline Si. In the
MEIS data, we find that the strain in the transition layer of
the Si surface is gradually increased in the direction of the Si
surface and the maximum value is localized at the thinner
surface region. Thus, the high strain can be generated because of this gradual change in the strain in the transition
region. This study’s most important finding is that the shift of
the angular position caused by local strain is critically dependent on the film thickness, i.e., in the 4-nm-thick silicate
film, the strain is relatively high compared with that in the
2-nm-thick film. The angle shift indicates that the Si lattice
in the as-grown films is compressed in the in-plane direction
around the interface region, although the compressed lattice
is completely relaxed after the annealing treatment at
900 ° C. Consequently, these strain distributions and their relaxation indicate that the formation of the interfacial layer
and the diffusion of SiO2 in the depth direction can be related to the strain changes because the diffusion of SiO2 can
be caused by the interfacial strain through the strain relaxation process. Thus, when a relatively small strain is generated in thin film of 2 nm, the change in the interfacial layer
and Si quantity at the film surface caused by Si diffusion
occurs slightly. In the case of the 4-nm-thick film with very
high strain, the occurrence of the formation of the interfacial
layer and the diffusion of the Si atom from the interface is

significant. However, it is peculiar that the film with 7 nm
thickness contained no strain in the depth direction. There
also was no difference in strain between the as-grown film
and the annealed film. No change in the Si content in the
depth direction of the 7-nm-thick silicate film, even after the
annealing treatment 共as shown in the MEIS energy spectra of
Figure 4兲, can provide the relationship of interfacial reaction
with interfacial strain. Previous studies of the highly nonideal mixing thermodynamics of the binary system with a
high molar volume difference suggest that internal strain will
develop in the amorphous films.4,7 Thus, phase separation in
the binary systems can be influenced by the effects of local
stress.
In conclusion, the interfacial reaction and diffusion of
SiO2 from the interface to the surface is dependent on the
film thickness of the Hf-silicate film. The generated strain is
dependent on the film thickness, resulting in the differing
phase separation phenomenon during the relaxation of the
accumulated strain. Moreover, interfacial oxidation by oxygen impurities in inert ambient conditions results in the diffusion of Si from the interface to the surface after the postannealing process, which causes the SiO2 top formation.
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