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High-resolution electron microscopy, electron energy-loss spectroscopy, and first-principles theory
are used to investigate the composition and electronic structure of HfO2 dielectric layers deposited
directly onto Si. A thin, nonstoichiometric, but Hf-free SiO2 layer forms between the HfO2 dielectric
and the substrate, consistent with one-dimensional spinodal decomposition. Rapid thermal annealing
crystallizes the HfO2, and the resulting grain boundaries within the HfO2 are found to be
O-depleted, with localized states within the bandgap. These localized states are thought to act as
significant leakage pathways, and may be responsible for Fermi-level pinning at the dielectric/
contact interface. ©2004 American Institute of Physics. [DOI: 10.1063/1.1772855]

HfO2 dielectrics have been studied extensively for future
gate oxides and capacitors due to their high dielectric con-
stant, relatively large bandgap, and good thermal stability
with Si.1,2 The formation of silicates is generally thought to
be kinetically suppressed. Amorphous Hf-Si-O separates into
HfO2- and SiO2-like regions via spinodal decomposition or
by nucleation and growth of HfO2 precipitates, depending on
whether the composition lies outside the miscibility gap or
not.3–7 Generally, the device structure involves a compromise
between maintaining sufficientlylow Hf concentration that
the dielectric remains amorphous during processing, and is
therefore of high electrical quality, and achieving a suffi-
ciently high Hf content to give a low SiO2 equivalent thick-
ness. Numerous studies have addressed these issues, but the
conclusions are often conflicting.8–16

In this letter, we combine high-resolution transmission
electron microscopy(HRTEM), scanning transmission elec-
tron microscopy(STEM), electron energy-loss spectroscopy
(EELS), and calculations based on density functional theory
to explore the nature and properties of these interfaces. A
number of dielectric and interface structures were fabricated,
and a thin, Hf-free, SiO2 layer was found to have formed at
the Si interface. As reported for Zr-silicate films, such an
interface may allow good interface passivation to be
achieved and high gate channel mobilities.17 Our samples
were fabricated using pure HfO2 films deposited directly
onto Si, and as expected, were crystallized on rapid thermal
annealing(RTA). The resulting grain boundaries were found
to be oxygen deficient with localized states within the band-
gap. We believe these states may be responsible for the high
leakage currents in these devices and may also represent the
traps responsible for Fermi-level pinning.

Four different TiNs100 Åd /HfO2 s50 Åd /Si types of
films were prepared for this study. In all cases, Si substrates
were first cleaned with a NH4OH/H2O2 solution, and HfO2

films were then deposited by the atomic layer deposition
(ALD ) method using tetrakis(ethylmethylamido)hafnium
with 48 cycles at 300 °C. Next, a 100 Å TiN electrode was
deposited either by ALD or by chemical vapor deposition
(CVD) using a TiCl4/NH4 precursor in both cases. The TiN
deposition temperature for ALD was 450 °C and for CVD
was 600 °C. In both cases, the HfO2 crystallized during the
deposition. We will refer to these samples as ALD and CVD,
respectively. Another two sets of samples were prepared in
the same way, except that the HfO2 layers were first given a
RTA for 120 s at 750 °C in a N2 atmosphere. The dielectric
films crystallized during the RTA. We will refer to these
samples as CVD RTA and ALD RTA.

HRTEM images of the four samples are shown in Fig. 1,
obtained using a FEI F30 UT equipped with a Gatan
ENFINA system at Samsung(point resolution 1.4 Å, STEM
probe,3 Å). Table I compares the thickness of the interfa-
cial layer and the dielectric film in each case. In the ALD
sample, the interfacial layer between the Si substrate and
HfO2 film increased by 3 Å during the RTA and the HfO2

layer thickness increased by the same amount. These obser-
vations suggest that the oxygen responsible for the increased
thickness did not originate from the specimen, but from the
ambient atmosphere during the RTA. A similar effect has
been noted by Stemmeret al.18 during the N2 processing of
hafnium aluminate dielectrics. The higher processing tem-
perature during CVD resulted in a thicker initial interfacial
layer, which again increased by 3 Å during the RTA. The
thickness of the as-deposited CVD dielectric layer appears to
be significantly smaller than the ALD layer.a)Electronic mail: pennycooksj@ornl.gov
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A Z-contrast image of one of the four samples is shown
in Fig. 2, obtained with a VG Microscopes HB603 STEM
equipped with Nion aberration corrector. The probe size on
the instrument is below 1 Å.19 Since the intensity in
Z-contrast images is roughly proportional to atomic number
sZd squared, they are dominated by the presence of HfsZ
=72d. All samples showed similar features. The intensity
trace clearly delineates the Hf concentration profile and al-
lows the widths of the interfacial and dielectric layers to be
accurately determined, as given in Table I. They differ quite
significantly from the values obtained from the phase con-
trast images, which highlights the fact that the phase contrast
andZ-contrast images exhibit different sensitivities to struc-
ture and composition, as discussed recently by Dieboldet
al.20 The phase contrast image is primarily sensitive to crys-
tallinity; sensitivity to Hf is based on absorptive contrast,
which is secondary. The estimated dielectric thickness of the
CVD sample from Fig. 1(c) is smaller than that obtained
from theZ-contrast image in Fig. 2 because of some etching
of the HfO2 during CVD deposition of TiN. The strong TiN
lattice fringes tend to mask the dark band of the Hf layer
leading to an underestimate of the Hf layer thickness. In the
Z-contrast image, the Hf dominates and the actual layer
thickness is clear.

Similarly, the interfacial layer thicknesses estimated
from the two techniques also differ. With theZ-contrast im-
age, the thickness was obtained using a number of profiles
each averaged over a 4 nm length of interface, and was de-
fined as the separation between the two points showing in-

tensity midway between that of Si and that of the SiO2 layer.
The increase in thickness of the interfacial layer in the CVD
case is less than estimated from the phase contrast image.
Z-contrast images also provide a reliable measure of inter-
face roughness.20 In all samples, the interfacial roughness
between the Si and the interfacial layer is,4 Å.

The right-hand side of the intensity profile in Fig. 2 cov-
ers the first few Si atomic columns of the substrate and
shows the 0.54 nm periodicity along the[100] direction. The
traces confirm that there is minimal Hf at the Si/SiO2 inter-
face. This observation is consistent with the one-dimensional
spinodal decomposition predicted by Kimet al.14 It may
therefore be possible to passivate this interface to achieve
high gate mobilities.

The lack of significant Hf in the interfacial layer is con-
firmed by the low loss EELS data shown in Fig. 3(a), con-
taining the Hf O23 edge. Data was obtained using a VG Mi-
croscopes HB501UX dedicated(STEM at ORNL probe
,1.3 Å) equipped with Nion aberration corrector and a
PEELS system. The Hf peak is clearly absent from the SiO2
interfacial layer. To investigate the electronic properties of
the interfacial SiO2 layer. O K EELS profiles were also col-
lected. Figure 3(b) shows results for several locations be-
tween the Si/SiO2 interface to the center of the dielectric
layer for the case of the CVD-RTA sample. The O K edge
within the dielectric layer shows the characteristic double
peak structure of HfO2.

18 As also noted by Stemmeret al.,18

this double peak structure was present in both the RTA and
the uncrystallized samples. Moving into the interfacial layer,
there is a progressive decrease in the initial peak until it
disappears in the amorphous interfacial layer. Within the

FIG. 2. High-resolutionZ-contrast image of TiN grown by CVD on as-
deposited HfO2 with intensity trace along the[100] direction, marked in
white, showing the HfO2 layer (high intensity), the SiO2 layer and the first
few dumbbells of the Si lattice.

FIG. 1. HRTEM images of the samples(a) TiN grown by ALD on as-
deposited HfO2, (b) TiN grown by ALD on RTA HfO2, (c) TiN grown by
CVD on as-deposited HfO2, (d) TiN grown by CVD on RTA HfO2.

TABLE I. Thickness of interfacial and dielectric layers by TEM and STEM.
Error estimates are for statistical errors only.

Interfacial
layer

(TEM) (Å)

Interfacial
layer

(STEM) (Å)

Dielectric
layer

(TEM) (Å)

Dielectric
layer

(STEM) (Å)

ALD as-deposited 10s±1d 8 s±1d 34 s±2d 30 s±1d
ALD after RTA 14 s±1d 10 s±1d 38 s±3d 31 s±1d

CVD as-deposited 15s±1d 13 s±1d 21 s±1d 33 s±1d
CVD after RTA 20s±1d 15 s±1d 33 s±2d 34 s±2d

FIG. 3. (a) Low loss EELS results using a 1.3 Å probe for the CVD RTA
sample. The Hf O2,3 edge at 31 eV is marked with an arrow.(b) O-K EELS
results for the CVD sample.
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SiO2 layer we find a small shoulder in the near edge struc-
ture, which is indicative of states in the bandgap. As Hf is
absent from this region, this indicates that the oxide is non-
stoichiometric. The prepeak increases further at the Si/SiO2
interface, as typically found for such interfaces due to the
presence of suboxide bonding.21,22

Capacitors were prepared using a poly-Si bottom elec-
trode, nitridation by RTA in NH3, depositing a HfO2 dielec-
tric layer by ALD, followed by a TiN top electrode and
poly-Si cap. Unfortunately, these samples had a leakage cur-
rent too high for electrical characteristics to be collected.
Presumably this is due to the polycrystalline nature of the
HfO2 dielectric. Prior work in SrTiO3 grain boundaries23 has
already shown the presence of grain boundary states due to
nonstoichiometry. Therefore, we examined the EEL spectra
from a grain boundary in the dielectric layer to investigate
the possibility of additional states that might act as leakage
pathways. Spectra from the boundary indeed show a prepeak
in the near edge fine structure, suggesting the presence of
interface states, as shown in Fig. 4.

To test whether the origin of this prepeak is due to non-
stoichiometry effects, such as the presence of oxygen vacan-
cies, first-principles calculations were performed using
density-functional theory in the generalized-gradient ap-
proximation. An O vacancy was introduced in a large, 96-
atom HfO2 supercell (monoclinic phase), and the atoms
around the vacancy were allowed to relax. The O vacancy
gives rise to localized electronic states near the conduction-
band edge, which have significant weight only on the Hf and
O atoms directly surrounding the vacancy. The O K spectrum
was calculated using theZ+1 approximation.24 The presence
of O vacancies resulted in a shoulder in the K edge of neigh-
boring O atoms(arrowed in Fig. 4), in the same position as
the prepeak seen in the EEL spectrum from the grain bound-
ary. Our results therefore indicate that oxygen vacancies at
the grain boundaries introduce interface states, possibly ex-
plaining the Fermi-level pinning effects reported recently16

and the high leakage. Other workers, however, have reported
that crystallization of the HfO2 does not increase leakage
current.14 Further work is required to investigate the nature
of grain boundaries in HfO2.
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FIG. 4. EELS from a grain boundary(solid line) showing a prepeak at
,527 eV (upward arrow). The splitting of the two HfO2 peaks is also re-
duced compared to the bulk(Fig. 3 spectrum 4). The calculated EELS spec-
trum (dotted line) from an O atom in HfO2 next to an O vacancy also has a
shoulder at,527 eV.
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