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Characterization of the interface between the Hf-based high-k thin film and the
Si using spatially resolved electron energy-loss spectroscopy
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A B S T R A C T

The interfacial structures of HfO2 and HfAlO thin films on Si have been investigated using spatially

resolved electron energy-loss spectroscopy. We have found that interfaces are not atomically sharp, and

variation in the symmetry of the local atomic coordination lasts for a couple of monolayers for both the

as-deposited HfO2 and the HfAlO samples. Annealing of the HfO2 film in the oxygen environment leads to

the formation of a thick SiO2/SiOx stack layer in-between the original HfO2 and the Si substrate. As a

comparison, the interfacial stability is significantly improved by Al incorporation into the HfO2 film

(forming HfAlO), which effectively reduced/eliminated the interfacial silicon oxide formation during the

oxygen annealing process. The mechanism of the high-k film/substrate stabilization by Al incorporation

is discussed based on the experimental results.
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1. Introduction

High-k materials have been widely studied as the gate dielectric
to replace SiO2 in the future complementary metal-oxide-
semiconductor (CMOS) integrated circuit technology (Wilk et al.,
2001; Wallace and Wilk, 2003). Among various candidates, HfO2-
based materials are considered to be the most promising ones due
to their large dielectric constants, which ensure the improved
device electrical performance at larger dielectric thickness
compared to that of SiO2. In 2007, using an undisclosed thick
hafnium-based material as the gate dielectric, Intel released a
45 nm high-k silicon technology, in which reduced transistor
leakage by more than 10 times over the current silicon dioxide
technology was claimed, making the future of this family of
materials more promising.

The major concern of using HfO2 as the gate dielectric layer is its
interfacial quality with the Si substrate, which determines the
ultimate performance of the device (Robertson, 2004). Chemical
reactions occurring at the film/substrate interface during the film
growth and/or post-deposition treatment have been discussed in the
literatures, in which two possible interfacial configurations have
been suggested. Cho et al. (2002) have reported an interfacial layer of
hafnium silicate was grown at an initial growth stage and changed
into silicide layer when annealed at 700 8C under ultrahigh vacuum
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condition. Such a metallic silicide layer is highly undesirable as it
would result in a large channel leakage between the source and
drain. On the other hand, SiO2 formation in-between the HfO2 and
the Si has also been observed both during deposition with high O
partial pressure and after the post-deposition oxygen annealing
process (Lu et al., 2006; Ferrari and Scarel, 2004). Although the
oxidation mechanisms are still debated, the formed low-k SiO2 layer
will increase the overall equivalent oxide thickness (EOT) and
degrade the device performance. Several strategies have been
proposed to improve the interfacial stability of the high-k hafnium-
based films on Si. For example, better stability against annealing at
1000 8C has been observed for HfO2/SiOxNy film stack on Si (Bastos
et al., 2002), in which direct incorporation of a third element (such
Al, Si or N) in HfO2 has also been attempted for this purpose (Visokay
et al., 2002; Bae et al., 2003). Nevertheless, a detailed understanding
on the interfacial structure of the HfO2/Si, and the effect of a third
element addition on the interfacial structure before and after the
oxygen annealing remain unclear.

In this paper, we have carried out a systematic investigation on
the interface between the HfO2 film and the Si substrate before and
after oxygen annealing. The effect of Al incorporation on the film/
substrate interface has also been evaluated. In particular, we have
employed electron energy-loss spectroscopy performed in a
scanning transmission electron microscope (STEM) to acquire
information on their local structure across the film/substrate
interface. The subtle differences of the interfacial profiles obtained
from these samples provide abundant information on their
interface structural quality.
ll rights reserved.
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Fig. 2. O K-edge energy-loss spectra recorded across the as-deposited HfO2/Si

interface.

X.F. Wang et al. / Micron 41 (2010) 15–1916
2. Experimental

HfO2-based thin films with thickness of about 20 nm were
deposited by pulsed laser deposition (PLD) on p-type (1 0 0) Si
substrates, using high-purity targets of HfO2 and hafnium
aluminate (Hf/Al ratio 1:1). The silicon substrate were treated
by an HF etch before the thin film deposition, to leave the silicon
surface terminated by hydrogen. The substrate temperature was
maintained at 550 8C during the deposition, and the post-
deposition annealing was performed in O2 at 750 8C for 45 min.

The high resolution STEM images were taken using a high angle
annular dark field (HAADF) detector in a STEM (Tecnai G2, FEG).
The electron energy-loss spectroscopy (EELS) was performed in the
STEM line scan mode, using a Gatan imaging filtering (GIF) system
attached to the same microscope. The electron probe size was
maintained at 0.3 nm during the line scan. After subtraction of the
background with a power-law method, the energy-loss spectra
were fitted using Gaussian multi-peak fitting.

3. Results and discussion

HAADF image taken at the as-deposited HfO2 dielectric and the
Si substrate shows a sharp interface—the Si crystalline fringes
extends to the boundary of the bright/dark contrast (Fig. 1(a)).
After oxygen annealing, an amorphous interfacial layer of �3 nm
thickness is found to develop in-between the bright contrast
(corresponding to the high-k film) and the crystalline fringes of Si
(Fig. 1(b)). Similar to the interface between the as-deposited pure
HfO2 and Si, the one between the as-deposited HfAlO and the
substrate appears to be sharp (Fig. 1(c)) as well. Although an
amorphous interfacial layer also appears after the O2 annealing of
HfAlO (Fig. 1(d)), the thickness of such a layer has been reduced to
91 nm, being much smaller than that of the annealed HfO2 on Si.

More detailed information on the interfacial structures of these
samples are obtained from the O K-edge energy-loss spectra taken
in the STEM line scan mode across the interface between the high-k

films and the Si substrate. Fig. 2 shows such spectra recorded from
the as-deposited HfO2. The open circle markers on the HAADF
image illustrate the positions of the electron probes, and
Fig. 1. HAADF image of the HfO2 (HfAlO)/Si interface before and after annealing.
consequently from which location each spectrum was taken.
Away from the HfO2/Si interface, the oxygen K-edge gives a
double-peak feature (line 1), which is slowly broadened as the
electron probe approaches the interface (lines 2 and 3). A single
broad peak is observed for the oxygen K-edge (line 4), which
intensity rapidly falls off as the electron probe moves into the Si
(line 5).

A significantly different interfacial profile (Fig. 3) has been
observed for the oxygen K-edge recorded across the interface of the
annealed HfO2 thin film and the Si. The double-peak feature (lines
1 and 2) is still observed at regions away from the interface when
bright contrast is observed in the corresponding HAADF image,
although the relative intensity of the two peaks has changed
Fig. 3. O K-edge energy-loss spectra recorded across the HfO2/Si interface after

oxygen annealing.



Fig. 4. O K-edge energy-loss spectra recorded across the as-deposited HfAlO/Si

interface.
Fig. 5. O K-edge energy-loss spectra recorded across the HfAlO/Si interface after

oxygen annealing.
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compared to the as-deposited sample. The double-peak feature
quickly evolves to single peak (lines 3–5), with line shape being
characteristic of that of the oxygen in the SiO2 (Wilk and Muller,
2003). Such a feature persists for a number of monolayers, before it
slowly broadens together with an intensity decrease (line 6). The
signal of the oxygen K-edge eventually falls off, when the
crystalline fringes of Si start to show in the corresponding high
resolution HAADF image.

Fig. 4 shows the oxygen K-edge EELS spectra recorded across
the interface between the as-deposited HfAlO and the Si substrate.
In the HfAlO film away form the interface, the oxygen K-edge
presents a major peak with a shoulder occurring at low energy loss
(line 1). The major peak broadens with a decrease in intensity as
the electron probe approaches the interface (lines 2 and 3), making
the shoulder peak less obvious. A single peak with low intensity is
also observed for the oxygen K-edge (line 4) recorded at the
interface, and its signal falls off as the electron probe move into the
Si (line 5).

Being different than that of pure HfO2, only a slightly different
interfacial profile (Fig. 5) has been observed for the oxygen K-edge
recorded across the interface after the oxygen annealing of the
HfAlO film. Little change in the O K-edge energy-loss spectra is
observed at regions away from the interface (lines 1 and 2). As the
electron probe scans towards the interface, a broad single peak is
observed, which feature lasts for a couple of monolayers with its
intensity decreasing (lines 3 and 4) and eventually becomes non-
detectable (line 5) when crystalline fringes of Si start to show in the
corresponding HAADF image.

The seemingly sharp interfaces observed in both the as-
deposited HfO2 and HfAlO thin films on Si in the HAADF image not
necessarily suggest a chemically/structurally sharp interface of the
high-k film and the Si substrate. On the other hand, the interfacial
amorphous layers observed in both films after oxygen annealing
indeed indicate a change at the interface, likely being related to the
annealing atmosphere–oxygen, although more evidence is needed
to support such an argument (as discussed in later sections). More
importantly, the different thickness of the observed interfacial
layer suggests a different interfacial property of the HfO2 and the
HfAlO films after annealing.
We now discuss the O K-edge EELS results taken from the four
samples. The double-peak feature of the oxygen K-edge was
commonly interpreted as resulting from the crystal-field splitting,
which requires an eight-fold coordination of the Hf by the O atom
in the cubic HfO2 (McComb, 1996). In the monoclinic HfO2 (such as
in the present case), Hf coordination would be reduced to seven.
Although the double-peak feature would remain, the lower
symmetry (compared to that of cubic HfO2) leads to slightly
broadening of the peaks. In this sense, the less resolved double-
peak features recorded near the HfO2/Si interface suggest a further
degradation on the local symmetry of the Hf atoms. On the other
hand, the characteristic of the single broad peak recorded at the
interface agrees with neither the O K-edge of HfO2, nor that of
silicon oxide. The low intensity of the peak and lack of information
of the interfacial atomic structure make the exact identification of
its origin difficult, but one may assign it to a monolayer of
interfacial oxide of mixed nature (when Hf, Si and O co-exist). The
rapid decrease in the peak intensity in the last curve (line 5 in
Fig. 2) suggests a fast disappearance of the O signal, being
consistent with the observation of Si lattice fringe from the
corresponding location in the HAADF image.

The 750 8C annealing temperature is not expected to cause any
phase change in the as-deposited HfO2, when considering the high
transition temperature from the monoclinic to tetragonal
(1720 8C) and cubic (2600 8C) phase (Wang et al., 1992). Therefore,
the slight modification in the line shape of the double-peak feature
in the O K-edge profile of HfO2 after annealing should not result
from the change in its crystalline structure, but likely the change in
the film defect structure. In fact, theoretical simulation has
suggested that the O K-edge line shape is sensitive to the presence
of various point defects, in particular, O related defects (Ostanin
et al., 2000). The single peak feature and its line shape
characteristic observed in the O K-edge EELS (from line 3 to 5 in
Fig. 3) suggest the formation of SiO2 layer directly underneath the
HfO2 film after annealing. In addition, no Hf signal is detected in
such a region, excluding the possibility of hafnium silicide
formation. Below the SiO2 layer, not only the intensity of the O
K-edge signal decreases, but also its line shape evolves to that
characteristic of SiOx (with x < 2) (Muller and Wilk, 2001).
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The formation of SiO2/SiOx stack at the interface of the
annealed HfO2 and Si substrate suggest interfacial oxidation
during the annealing process. Although an intuitive idea of the
oxygen supply would be the annealing atmosphere—O2 molecules
could diffuse through the high-k thin film and reach the film/
substrate interface, where chemical reaction occurs, the details of
such diffusion deserves some elaboration. In fact, the diffusion
mechanism of O2 in HfO2 has been discussed by Liu (2002), who
have reported oxygen penetrating a 40 Å HfO2 film via grain
boundary diffusion. Theoretically, Foster et al. (2002) have
calculated oxygen incorporation and diffusion in monoclinic
HfO2 for a range of oxygen species of both charged and neutral
states, and suggested that the diffusion of singly charged oxygen
interstitials serve as the most favorable route for the passage of
oxygen in the HfO2 (and to the interface). It has also been argued
that the O in the HfO2 has greater affinity to Si, and is likely to
diffuse from the film interior to the interface to react with Si
during the annealing process even in the absence of O2 atmo-
sphere (Hakala et al., 2006). When thicker SiO2 layer is formed,
further diffusion of O to the Si substrate becomes difficult, and that
explain the formation of the non-stoichiometry silicon oxide
(SiOx) closer to the Si substrate.

Incorporation of Al to HfO2 has been reported to increase its
crystallization temperature to above 900 8C (Zhu et al., 2002). This
is consistent with the observation that the as-deposited HfAlO film
is amorphous (film deposition temperature 550 8C). In such a case,
the specific line shape of the O K-edge as observed in line 1 of Fig. 4
should reflect the local symmetry of the Hf atom in the absence of
long-range order. Comparing to the pure HfO2, the added Al atoms
and possible point defects induced by the Al incorporation would
contribute to the degradation of the local symmetry of the Hf
atoms, which explains the difference of the O K-edge line shape
characteristics in the two films. Similar to the as-deposited HfO2

film on Si, the broadening of the peaks when getting closer to the
HfAlO/Si interface suggests that such local symmetry is further
destroyed. At the interface, the single peak with a distinctly
different line shape (as compared to that of HfAlO in the film
interior) may result from the coexistence of Hf, Al, Si and O with
monolayer thickness. The EELS results indicate that both the as-
deposited HfO2/Si and the HfAlO/Si interfaces are not atomically
sharp, although the Si crystalline fringes extend to the boundary of
the dark/light contrast in both HAADF images. A slow evolution in
the local atomic symmetry (likely induced by the interfacial
chemical composition change) with a couple of monolayer
thickness exists in both samples.

No change in the crystallinity of HfAlO film is expected before
and after annealing, as the 750 8C annealing temperature is not
high enough for the crystallization of HfAlO. Consequently, the
similar O K-edge energy-loss spectra taken in the interior of HfAlO
before and after annealing (line 1 in Fig. 4 vs. 5) suggest little
change in the local symmetry of the amorphous films. Compared to
the as-deposited HfAlO sample, the single peak feature (lines 3 and
4 in Fig. 5) is very similar to that observed in line 4 of Fig. 4, but lasts
to a larger thickness (�1 nm in the annealed vs. �0.3 nm in as-
deposited HfAlO). It is interesting to note the line shape of such a
peak is consistent with that of neither SiO2 (line 3 in Fig. 3) nor SiOx

(line 6 in Fig. 3), suggesting little SiO2 (SiOx) formation directly
underneath the HfAlO after annealing, and the composition of such
an interfacial layer could be similar to that of the as-deposited
HfAlO, i.e., Hf, Al, Si and O.

The experimental results suggest that oxidation of Si at the
high-k film/substrate interface is effectively suppressed when Al is
incorporated into the HfO2. Although it is intuitive to assume such
a difference could be caused by the formation of Al2O3 in the HfO2

(oxygen is difficult to diffuse through alumina), this assumption is
lack of scientific evidence. As a matter of fact, our early study on the
structure of amorphous HfAlO has shown that it is a single phase
without any phase separation of HfO2 and Al2O3 (Wang et al.,
2007). On the other hand, Yu et al. (2002) have argued that the
amorphous nature of HfAlO makes it impossible for O2 diffusion
through the grain boundaries, which are abundant in pure HfO2. As
suggested by Foster et al. (2002), singly charged oxygen interstitial
serves as the most possible route for oxygen diffusion through the
HfO2 and eventually reaches the high-k film/Si interface. We have
take a step forward to compare the activation barriers energy for
different charged states of oxygen interstitial defects in HfO2 with
and without Al substitution, and found that the Al incorporation
indeed resists the diffusion of neutral and singly charged oxygen
interstitial defects in HfO2 by increasing the corresponding barrier
energies (Hou et al., 2008).

4. Conclusions

We have examined the interface between the HfO2 film and
the Si substrate before and after the oxygen annealing. Although
the HAADF image seems to suggest a sharp interface between as-
deposited HfO2 film and the Si substrate, the oxygen K-edge
energy-loss spectra discloses the evolution of the local atomic
coordination in the vicinity of the film/substrate interface.
Significantly different interfacial configuration is observed when
such a film is annealed in the O2—a SiO2/SiOx stack layer is
observed to develop in-between the original HfO2 and the Si.
Although Al incorporation into the HfO2 film does not improve
the interfacial sharpness of the as-deposited sample, it effec-
tively suppresses the oxygen diffusion to the interface during the
annealing process, which contributes to the absence of the
silicon oxide layer in-between the HfAlO film and the Si
substrate.
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