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Sub-bandgap defect states in polycrystalline hafnium oxide
and their suppression by admixture of silicon
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The crystallinity of atomic layer deposition hafnium oxide was found to be thickness dependent,
with the thinnest films being amorphous and thick films being at least partially crystalline. Hafnium
oxide films fabricated by metalorganic chemical vapor deposition are mostly monoclinic. Formation
of hafnium silicate by admixture of 20% Si prevents crystallization. Electronic defects are reflected
by an absorption feature 0.2–0.3 eV below the optical bandgap. These defects arise in
polycrystalline, but not in amorphous, hafnium-based oxides. © 2005 American Institute of Physics.
�DOI: 10.1063/1.2126136�
Over the last several years, extensive research efforts
have been devoted to the development of high-permittivity
�“high-k”� dielectric materials to replace the SiO2 gate di-
electric in future generations of metal-oxide-semiconductor
�MOS� field-effect transistors.1 High-quality hafnium oxide
�HfO2� and hafnium silicate �denoted herein as HfSiO for
short, although the stoichiometry may vary� have been
singled out as promising materials with potentially good
electrical performance.2 However, to optimize these materi-
als, their quality must be well controlled. For example, it has
been shown that Frenkel–Poole hopping via trapping sites in
HfO2 may contribute to gate leakage in HfO2/SiO2 gate
stacks.3 These trapping sites are located a few tenths of an
eV below the HfO2 conduction-band edge. Herein, we report
optical absorption data that shows defect states at similar
energy, originating from polycrystalline, but not from amor-
phous, films.

Three sets of Hf-based films, each having four nominal
thicknesses of 5, 10, 20, and 40 nm, were used �see Table I�.
11 Å thick SiON films were first grown on 200 mm Si�100�
wafers �n type, �1 � cm, 800 �m thick� by an SC-1/SC-2/
HF-type surface clean, followed by thermal oxynitridation
using NO. Atomic layer deposition �ALD� and metalorganic
chemical vapor deposition �MOCVD�, the two most com-
monly employed deposition methods, were then used for
HfO2 and HfSiO �Hf:Si�80:20� growth on the SiON-
coated Si substrates. Atomic layer deposition was carried out
using alternating exposures of the common precursors HfCl4
and H2O in an N2 carrier gas. Metalorganic chemical vapor
deposition of HfO2 was performed using hafnium tetra-tert-
butoxide �HTB, Hf�OC�CH3�3�4� and O2;4 for HfSiO growth,
SiH4 was additionally used as the silicon source.5

Vacuum ultraviolet spectroscopic ellipsometry �VUV-
SE� measurements were performed on a J. A. Woollam™
ellipsometer.6 The dielectric functions �=�1+ i�2, where �1
and �2 are the real and imaginary part of �, respectively,
were determined from the analysis of ellipsometric data.7

Infrared �IR� measurements were performed at room tem-
perature in an evacuated Bomem DA-8 Fourier-transform in-
frared �FTIR� spectrometer.6 The absorbance measurement
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was enhanced by the use of a hemispherical Ge attenuation
total reflection �ATR� crystal. X-ray diffraction �XRD� spec-
tra were obtained on Bruker-AXS D8 general area detector
diffraction system with Cu K� radiation.6 Two-dimensional
2�−� patterns were collected in the 2� range from 15° to
48° and integrated in � to obtain the patterns.

First, we determine the degree of HfO2 and HfSiO crys-
tallinity using IR spectroscopy and XRD. Figure 1 displays
the IR spectra for all samples. Turning first to the MOCVD
HfO2 films, prominent phonon modes are observed at
�685 cm−1 and at �770–780 cm−1. The second peak is at-
tributed to a characteristic phonon mode of monoclinic
HfO2, as recently predicted in a theoretical study8

��779 cm−1� and as observed, e.g., for thick MOCVD HfO2

films grown from HTB ��750 cm−1� by Frank et al.9 and for
HfO2 films made by chemical solution deposition
�752 cm−1.10,11 A similar peak at �745 cm−1 was identified
with the crystalline phase in HfO2 films when annealed at
high temperature.12 This clearly shows that our MOCVD
HfO2 films contain a substantial fraction of polycrystalline
material. The first peak at �685 cm−1, by contrast, is consis-
tent with modes of both monoclinic and amorphous HfO2
and therefore does not allow clear phase identification.11

We now turn to ALD HfO2 and MOCVD HfSiO. Inter-
estingly, for ALD HfO2, a prominent peak at �760 cm−1 is
only seen for the thickest 40 nm film. This must be attributed
to a thickness-dependent crystallinity of ALD HfO2, the thin-
nest films beings amorphous and thick films being at least
partially crystalline. For MOCVD HfSiO, at all thicknesses,
no signal at 760–780 cm−1 is observed. We conclude that all
HfSiO films are amorphous, demonstrating that the incorpo-
ration of 20% Si in the Hf-based oxide prevents crystalliza-
tion in as-deposited films.

The presence of crystalline or amorphous phases as de-
termined from IR data was further confirmed by the XRD
measurements �Fig. 2�. XRD spectra for the MOCVD HfO2
series indicate that these films are monoclinic with preferred
�111� orientation �see Fig. 2�a� for 40 nm film�. The 40 nm
ALD HfO2 film similarly contains a �111�-textured mono-
clinic phase. In addition, a peak at 2�=30.4° corresponds to
the �211� reflection of orthorhombic or tetragonal HfO2 �Fig.
2�b��. This same peak has been also reported by others for

13,14
ALD HfO2 films. The 20 nm ALD HfO2 film is mostly
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amorphous with small amounts of monoclinic and ortho-
rhombic or tetragonal HfO2 present, while the thinnest ALD
HfO2 films are purely amorphous �spectra not shown here�.
XRD spectra for the MOCVD HfSiO series show that these
samples are amorphous �Fig. 3�c��.

We now turn to the VUV-SE measurements, which pro-
vide information both about film crystallinity and electronic
structure. Figure 3 displays the imaginary part �2 of the di-
electric function for the ALD HfO2 film series. At film thick-
nesses of 5–10 nm, a broad featureless spectrum is charac-
teristic of amorphous materials �Figs. 3�a� and 3�b��.15 At
thicknesses of 20–40 nm, a relatively sharp feature at
�7.3 eV indicates a transition to a polycrystalline phase,
consistent with the IR and XRD findings �Figs. 3�c� and
3�d��. A similar spectral and phase transformation with film
thickness was also observed for ALD ZrO2 films.16 For
MOCVD and ALD HfO2, VUV-SE crystallinity data is con-

TABLE I. Phase, defect state energy, optical band g
and ATR-FTIR.

Samples Phase

ALD - HfO2, 5 nm Amorphous
ALD - HfO2, 10 nm Amorphous
ALD - HfO2, 20 nm Slightly polycrystalline
ALD - HfO2, 40 nm Polycrystalline

MOCVD - HfO2, 5 nm Polycrystalline
MOCVD - HfO2, 10 nm Polycrystalline
MOCVD - HfO2, 20 nm Polycrystalline
MOCVD - HfO2, 40 nm Polycrystalline
MOCVD - HfSiO, 5 nm Amorphous
MOCVD - HfSiO, 10 nm Amorphous
MOCVD - HfSiO, 20 nm Amorphous
MOCVD - HfSiO, 40 nm Amorphous

FIG. 1. IR absorption measured by enhanced sensitivity ATR-FTIR. Excel-

lent signal-to-noise was obtained by using Germanium ATR.
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sistent with the FTIR and XRD results �not shown�. All ex-
perimental techniques therefore agree on the level of crystal-
linity of the films studied, as summarized in Table I.

Finally, we correlate film morphology to the band edge
density of states, in particular the bandgap energy �Eg� and
the appearance of defect states �herein, designated as Edef�
below the band edge. As shown in Fig. 3, 5–10 nm ALD
HfO2 films exhibit a relatively sharp onset of the conduction
band. In contrast, for 20–40 nm films, an additional feature
at �5.8 eV is observed �see the insets in Figs. 3�c� and 3�d��.
The dielectric functions of the amorphous HfO2 and HfSiO
samples also exhibit a small band tail below the gap �see the
insets of Fig. 3�a� and 3�b��. This weak absorption is attrib-
uted to the Urbach tail which exists below the bandgap of
amorphous materials due to the disorder of the amorphous
network.17 We determine Eg and Edef for all HfO2 and HfSiO
films from VUV-SE data by plotting the empirical expression
�n�h����h��h��1/2 versus h�, where n, �, and h� are the
index of refraction, the absorption coefficient, and the photon
energy, respectively.15,17 It was found that this expression
exhibits a linear relationship with h� near the band edge, and
therefore Eg and Edef can be accurately determined by ex-
trapolation to zero �see the insets of Fig. 3�. The extracted
values are listed in Table I. The average values of Eg, with an

d IR phonon frequency, as determined by VUV-SE

f �eV� Eg �eV� Mode A �cm−1� Mode B �cm−1�

5.61 702
5.62 692

.58 5.70 685 766

.60 5.80 685 758

.55 5.85 687 783

.60 5.90 683 781

.60 5.90 685 777

.60 5.85 687 768
5.80 702
5.75 700
5.75 694
5.72 692

FIG. 2. XRD spectra for �a� 40 nm MOCVD HfO2, �b� 40 nm ALD HfO2,
and �c� 40 nm MOCVD HfSiO. Spectra for 10 nm and 20 nm thick films are
similar to the respective 40 nm film spectra. 5 nm ALD HfO2 films are too
ap, an

Ede

5
5
5
5
5
5

thin to observe any reflections.
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estimated uncertainty of 0.05 eV, are 5.88 eV for MOCVD
polycrystalline HfO2, 5.76 eV for MOCVD amorphous Hf-
SiO, 5.75 eV for ALD polycrystalline HfO2, and 5.62 eV for
ALD amorphous HfO2. The bandgap of the amorphous phase
is slightly lower than that of polycrystalline phase. Our de-
termined Eg is generally in good agreement with values mea-
sured by others, e.g., 5.25 eV to 5.8 eV for HfO2.18–20 The
admixture of 20% Si, i.e., formation of hafnium silicate,
leaves the bandgap largely unaffected within the experimen-
tal uncertainty.

Band edge defect states Edef are located 0.2–0.3 eV be-
low the band-gap energy Eg. Interestingly, such states are
observed if and only if the dielectrics exhibit crystallinity as
detected by IR, XRD, and VUV-SE. This lends direct experi-
mental support to a recent claim by Lucovsky et al.21 They
suggested that localized states below the metal d-state de-
rived conduction-band edge in transition metal �and rare-
earth� oxide films �sometimes observed by optical and x-ray
absorption spectroscopy, and by photoconductivity measure-
ments� originate from crystalline, but not from amorphous,
material. Our data clearly support this assertion. However, it
was also claimed that even “nanocrystalline” HfO2 films,
with a grain size �3 nm, exhibit such band edge states, al-
though they appear amorphous in XRD.21 Experimentally,
we find that only “XRD crystalline” films exhibit band edge
states.

In summary, we compare hafnium-based high-k dielec-
tric films grown by MOCVD and ALD. MOCVD-grown
HfO2 films are mostly monoclinic, while HfSiO films are
amorphous. Thin ALD-grown HfO2 films are amorphous,
while thick films are monoclinic, with traces of orthorhombic

FIG. 3. The imaginary part of the dielectric function, determined from
VUV-SE data, for 5, 10, 20, and 40 nm thick ALD HfO2 films. All MOCVD
HfO2 spectra �not shown� are similar to that of the polycrystalline 40 nm
ALD HfO2 sample. All MOCVD HfSiO spectra �not shown� are similar to
that of the amorphous 5 nm ALD HfO2 sample.
or tetragonal phase present. Sub-bandgap absorption is ob-
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served in polycrystalline, but not in amorphous, films, lend-
ing direct experimental support to a recent claim by Lucov-
sky et al.21 Finally, we note that sub-bandgap states
discussed herein may be the underlying cause for gate leak-
age via Frenkel–Poole hopping. The addition of Si to HfO2
reduces the tendency for crystallization, mitigating such is-
sues. However, such sub-bandgap states will not likely be a
limiting factor in high-k-based complementary MOS tech-
nologies, since they line up close to the band edge and are
therefore not accessible at the low gate voltages employed.22

Two of the authors �N.V.N. and D.C.-H.� gratefully ac-
knowledge the NIST Office of Microelectronics Programs
for their support.
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