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The dielectric properties of noncrystalline hafnium silicon oxynitride �HfSiON� films with a variety of
atomic compositions were investigated. The films were deposited by reactive sputtering of Hf and Si in an O,
N, and Ar mixture ambient. The bonding states, band-gap energies, atomic compositions, and crystallinities
were confirmed by x-ray photoelectron spectroscopy �XPS�, reflection electron energy loss spectroscopy
�REELS�, Rutherford backscattering spectrometry �RBS�, and x-ray diffractometry �XRD�, respectively. The
optical �high-frequency� dielectric constants were optically determined by the square of the reflective indexes
measured by ellipsometry. The static dielectric constants were electrically estimated by the capacitance of
Au/HfSiON/Si�100� structures. It was observed that low N incorporation in the films led to the formation of
only Si-N bonds without Hf-N bonds. An abrupt decrease in band-gap energies was observed at atomic
compositions corresponding to the boundary where Hf-N bonds start to form. By combining the data for the
atomic concentrations and bonding states, we found that HfSiON can be regarded as a pseudo-quaternary alloy
consisting of four insulating components: SiO2, HfO2, Si3N4, and Hf3N4. The optical and static dielectric
constants for the films showed a nonlinear dependence on the N concentration, whose behavior can be under-
stood in terms of abrupt Hf-N bond formation.
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I. INTRODUCTION

Downsizing of electric devices has been aggressively pur-
sued to realize large-scale integrated circuits �LSIs� with sub-
50 nm technology nodes in the near future. During this pro-
cess, the gate insulator film, which is one of the key compo-
nents in LSIs, will become less than 2 nm thick,1 and SiO2,
which has been used for the gate insulator, will reach a fun-
damental physical limit.2 Such ultra-thin films required in the
future are unable to sufficiently suppress the leakage current,
resulting in high electric power consumption. This is due
mainly to the quantum tunneling effect of electrons through
the film. Since this effect is inevitable in principle, new in-
sulators to replace SiO2 will be needed to achieve further
reductions in thickness.

High-dielectric constant �high-k� materials have recently
attracted a great deal of attention as an alternative gate insu-
lator because the use of gate insulators with a higher dielec-
tric constant can reduce the electrical thickness without a
reduction in the physical thickness.3 On the other hand, the
insulator must have a wide band gap energy that corresponds
to the barrier height, the band off-set between the insulator
and the electrode, to reduce the tunneling currents from the
electrodes. Since materials with higher dielectric constants
tend to have a narrower band-gap energy �e.g., Ref. 4�, and
the tunneling current is strongly dependent on both the trav-
eling distance and the barrier height, materials with an ex-
cessively high dielectric constants such as TiO2 and Ta2O5
are not suitable for use as the gate insulator. Thus, an ideal
insulator should have a sufficiently high band-gap energy
and a moderately high dielectric constant. A large number of
high-k materials such as metal oxides tend to react with sili-
con substrates to generate an interfacial layer with a low
dielectric constant between the material and the substrate.5

Since the formation of such a layer with a low dielectric

constant leads to an increase in the effective thickness, a film
that is stable on silicon is required. In addition, it is desirable
that gate insulators manufactured by conventional processes
for LSIs remain in the noncrystalline phase even after an-
nealing at high temperature, typically 1000°C, to electrically
activate impurities such as B and As in polycrystalline sili-
con gate electrodes and source/drain regions in transistors.

Among many high-permittivity materials, HfSiON is a
possible alternative to SiO2 for the future generation of LSIs.
This material satisfies all of the above conditions, e.g., the
films are able to maintain the noncrystalline phase even at
1000°C.6 In addition, the dielectric properties of Hf- and Zr-
based high-k materials are a topic of growing interest in the
field of material science as well as semiconductor technol-
ogy. The dielectric constants of Hf and Zr silicates
and oxides have been studied theoretically8–10 and
experimentally.7,11,12 It has been found that the static dielec-
tric constant of Zr silicate �ZrSiO� shows a supralinear de-
pendence on the Zr concentration.7,11,12 On the other hand, a
nearly linear dependence on the concentration has also been
shown by calculation.8 Although there have been several re-
ports concerning the dielectric properties of Zr-based high-
permittivity materials, few studies, particularly experimental
studies, have investigated the dielectric characteristics of Hf-
based high-k materials such as HfSiON. In addition, there is
interest regarding how Hf-N bonds affect the properties of
HfSiON. However, this has yet to be fully clarified.

In the present study, we fabricated HfSiON films with
various atomic compositions and systematically investigated
their properties such as bonding states, band-gap energies,
atomic compositions, and basic dielectric constants. The re-
sults showed that HfSiON films behave as an insulator, even
though the films contain a large number of Hf-N bonds, that
the dielectric constants have a nonlinear dependence on the
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N concentration, and that these properties can be explained
by the bonding states and atomic compositions.

II. EXPERIMENTAL

We fabricated HfSiON with various atomic compositions
and relatively thick films ��100 nm�. These films were de-
posited on p-type Si�100� wafers with co-sputtering of Hf
and Si targets in an O2, N2, and Ar mixture ambient at room
temperature. The wafers were treated with HF to remove
native silicon oxide on the surface before deposition. During
deposition, the atomic compositions were precisely con-
trolled: The nitrogen atomic concentration CN was regulated
by adjusting the flow rates of Ar, O2, and N2. The ratio of the
hafnium atomic concentration to the total metal concentra-
tion, the CHf/ �CHf+CSi� ratio, was varied by changing the
power ratio imposed on Hf to Si targets. The atomic compo-
sitions were estimated by Rutherford backscattering spec-
trometry �RBS�. The film thicknesses were confirmed by
both ellipsometry and scanning electron microscopy �SEM�.
Ellipsometry analysis was also used to examine the reflective
index, n, of the films. It was found by x-ray diffractometry
�XRD� measurement using Cu K� radiation that all of the
HfSiON films except HfON remained in the noncrystalline
phase. The static dielectric constants were measured using
capacitors with Au electrode/HfSiON��100 nm� / p-Si�100�
substrate/Al back contact structures. Au and Al were depos-
ited by thermal vaporization. The Au gate electrode was
formed on the films through a metal shadow mask with
round holes that controlled the size and shape of the area.
The static dielectric constants of the films were measured by
the capacitance-voltage �C-V� method14 at 10 kHz, a fre-
quency that is sufficiently low to estimate the static dielectric
constant. The static dielectric constant, �S, was extracted
from the capacitance using the relation: C=�S�0A /Tphys,
where A is the area of the capacitor and Tphys is the physical
thickness. The optical dielectric constants, ��, were extracted
from the square of the reflective index, n. Since the fre-
quency of a laser in ellipsometry is on the order of 100 THz,
only electrons can follow the changing electric field at such
high frequencies. Reflection electron energy loss spectros-
copy �REELS� was used to determine the band gap energies
for the HfSiON films, although x-ray photoelectron spectros-
copy �XPS� is widely employed to estimate band-gap ener-
gies. This is because the fact that Hf 4s peaks exist very
close to the energy loss peak of O1s poses difficulties in
dealing with these films using XPS. The bonding states in
these films, especially Si 2p and Hf 4f spectra, were ana-
lyzed by XPS. Monochromatic Al K� was used as the x-ray
source. The photoelectrons were detected from the sample
normal. The spectra were corrected by the C 1s peak from C
absorption on the surface to eliminate the shift due to the
charging up of the films. XPS and REELS measurements
were carried out using a modified version of a commercially
available instrument �AXIS-ULTRA, Kratos Analytical
Ltd.�.

III. RESULTS AND DISCUSSION

A. Bonding states and band-gap energies

Figures 1�a� and 1�b� show typical examples of Si 2p and

Hf 4f peaks for the films, respectively. The CHf/ �CHf+CSi�
ratio is �80%, and the CN values are 0, �10, �20, and �35
atomic % �at. % �.

In the Si 2p spectra �Fig. 1�a��, we see a single peak
around 101–102 eV. The peak in this range of binding en-
ergies originates from Si-O and/or Si-N bonds, and the ratio
of the mixture of the two determines the position of the peak.
The peak of Si 2p for HfSiO appears at 102 eV, which is
lower than that for SiO2 ��104 eV�. This can be explained
by the difference in the next nearest neighbor �NNN� atom
between them;15,16 the nearest atoms of Si for both SiO2 and
HfSiO �i.e., CN=0 at. %� are O. On the other hand, the NNN
of Si in SiO2 is always Si whereas that in HfSiO is either Si
or Hf, depending on the ratio of Si to Hf. Since Hf has
electron-donating characteristics, the charge transferred to O
from NNN Hf is more than that from NNN Si. The increase
in charges transferred from NNN to O causes an increase in
the electron density of Si, thereby decreasing the binding
energy of Si 2p.

The peak moves to a lower binding energy as CN in-
creases from 0 to 35 at. %. This behavior indicates that
Si-O bonds decrease and Si-N bonds increase as CN in-
creases. The Hf 4f peak shows a doublet corresponding to
the spin-orbit coupling for Hf 4f5/2 and Hf 4f7/2 at lower and
higher binding energies, respectively. Like Si 2p spectra, Hf
4f peaks also shift to a lower binding energy as CN increases.
This general behavior in our HfSiON films is the same as
that in HfON films that were previously reported;17 however,
it should be noted that there is a specific difference in behav-
iors between Si 2p and Hf 4f peaks: In the case of Hf 4f
spectra, peaks stay at the same energy in the range of small
amounts of CN ��20 at. % �, and start to shift from 20 at. %
of CN. This suggests that N tends to bond to Si as compared
to Hf in HfSiON. From another point of view, we could say
that O tends to bond to Hf as compared to Si. It should be

FIG. 1. XPS spectra for �a� Si 2p and �b� Hf 4f of HfSiON films
with a CHf/ �CHf+CSi� ratio of 80% and CN values of 0, 10, 20, and
35 at. %. The Si 2p and Hf 4f peaks shift to lower binding energies
as CN increases, meaning that Si-O and Hf-O bonds decrease
whereas Si-N and Hf-N bonds increase. The Hf 4f peaks remain at
the same energy up to a CN of 10 at. % and start to move toward a
lower binding energy above 20 at. %. This suggests the preferential
formation of Si-N and Hf-O bonds rather than Hf-N and Si-O
bonds.
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noted that no peaks are visible around 99 eV in Si 2p or
around 14 eV in Hf 4f , meaning that there are no Si-Si,
Hf-Hf, or Hf-Si bonds in the films. In addition, we confirmed
that almost no peaks corresponding to N-O bonds appeared
in N 1s or O 1s spectra. These results indicate that the films
are composed almost entirely of bonds of pairs of cations
and anions, i.e., Si-O, Si-N, Hf-O, and Hf-N. Since SiO2,
Si3N4, and HfO2 are well-known as insulators, HfSiON films
composed of Si-O, Si-N, and Hf-O bonds should operate as
insulators, but films with Hf-N bonds as well should be con-
ductive because HfN is well-known as a metal with a rock
salt structure like NaCl.13 Therefore, we measured the band
gap energies using REELS to confirm the effects of the
bonding states, especially those of Hf-N bonds, on the elec-
tronic structures. Figure 2 shows the REELS for the films,
which were the same films as used for the XPS measure-
ments. These intensities are normalized at the largest peaks
around 0 eV, i.e., the elastic scattering peak. REELS is an
analytic technique for detecting the energy of reflected elec-
trons with a fixed primary energy. Electrons reflected from
the sample lose their energies by plasmon oscillation or tran-
sition from the valance band to the conduction band
�electron-hole interband excitation� or transition from the
core level to the conduction band at the sample surface.
Among these possible energy loss processes, we conclude
that these onsets are attributable to the electron-hole excita-
tion because the values for the samples without nitrogen
agreed with the optical band gap energies estimated
previously.18 As illustrated in Fig. 2, the band gap energies
tend to decrease as CN increases and show abrupt changes
between 10 and 20 at. %. This CN level corresponds to the
composition at which Hf-N bond formation starts �Fig. 1�. It
should be noted that HfSiON with a CN of more than
20 at. % shows �3 eV band gap energies even though a
large number of Hf-N bonds exist. Thus, HfSiON films con-
taining Hf-N bonds appear to exhibit insulating behavior.

B. Alloy compositions

Although the alloy structure of a crystalline substance is
usually determined by x-ray diffraction �XRD� or similar

techniques, it is impossible to directly determine the alloy
composition of materials such as HfSiON films by such stud-
ies because they are noncrystalline. We therefore determined
the alloy composition indirectly by the use of a combination
of data for the bonding states obtained by XPS and the
atomic compositions obtained by RBS. Figure 3 shows the
relationship between CO and CN of HfSiON with various
atomic compositions. We found that all data points fell close
to a single straight line that satisfies the following relation:

2CO + 3CN = 4�CSi + CHf� , �1�

where the total of the atomic compositions is normalized.
Relation �1� indicates the balance of the atomic concentra-
tions of anions �left-hand side� and cations �right-hand side�
and shows that the films satisfy charge neutrality. Before
moving on, it is useful to consider the relationship in the
special case of CHf=0, i.e.,

2CO + 3CN = 4CSi. �2�

The atomic compositions of stoichiometric SiON satisfy re-
lation �2�. This reflects the fact that SiON forms a pseudo-
binary alloy:19

�SiO2�x�Si3N4�1−x. �3�

Here, “pseudo” means that SiON consists of Si-O and Si-N
bonds that are randomly connected. O is twofold coordinated
and bonds to two Si, N is threefold coordinated and bonds to
three Si, and Si is fourfold coordinated and bonds to four
atoms of O and/or N. By analogy to the case of SiON, the
pseudo-alloy of HfSiON can be determined similarly. From
the combination of the bonding states obtained by XPS,
which demonstrate the existence of only anion-cation bonds,
and the atomic compositions obtained by RBS, which satisfy

FIG. 2. REELS spectra for HfSiON films with a CHf/ �CHf

+CSi� ratio of 80% and CN values of 0, 10, 20, and 35 at. %. The
distance between the center of a peak and the position of the rise in
the spectrum corresponds to the band-gap energy. The band-energy
tends to become narrower as CN in the film increases.

FIG. 3. Relationship between CN and CO in HfSiON films
with various atomic compositions. The atomic compositions were
obtained by RBS. All data fall close to a single line that satisfies the
relation: 2CO+3CN=4�CSi+CHf�. From this relation and the
bonding state obtained from XPS data, HfSiON can be
regarded as a pseudo-quaternary alloy: ��SiO2�x�HfO2�1−x�z

���Si3N4�y�Hf3N4�1−y�1−z, where “pseudo” means that the films are
noncrystalline and that four atoms randomly connect with each
other in this case. Since Hf3N4 is an insulator, it is probable that a
pseudo-alloy including a Hf3N4 component shows insulating char-
acteristics. This is consistent with the results for the band-gap
energies.
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relation �1�, HfSiON can be regarded as a pseudo-quaternary
alloy:

��SiO2�x�HfO2�1−x�z��Si3N4�y�Hf3N4�1−y�1−z. �4�

It should be noted that Hf and N form Hf3N4 in this pseudo-
alloy. Hf3N4 has a closed shell structure and is an insulating
material according to the calculation by Kroll.20,21 Therefore,
HfSiON alloy composed of four insulating units should be an
insulator. We can figure that CO and CN determine z in �4�,
while x and y in �4� can vary if they satisfy Eq. �1�. In other
words, HfSiON with an identical atomic composition could
assume different bonding states that should lead to different
band-gaps; however, XPS and REELS results always show
the same bonding states and band-gap energies, respectively,
for HfSiON with an atomic composition. We consider that
this is due to the tendency for Si-N bonds to form more
easily than Hf-N bonds, as discussed in Sec. III A. Thus, x
and y in �4� are uniquely determined by the atomic compo-
sition. As mentioned above, no Hf-N bonds in HfSiON films
with a CHf/ �CHf+CSi� ratio of 80% are observed at small CN

��10 at. % � and start to form when CN exceeds 20 at. %.
Let us assume that N always bonds to Si first even if Hf
exists, and bonds to Hf second after all Si has bonded to N.
In other words, we can say that O always bonds to Hf first
and to Si second. In this case, the concentration at which
Hf-N bonds start to form corresponds to x=0, y=1, and z
=12/13 in �4�, i.e., Hf12O24Si3N4. This simple calculation
shows that 4 /43, i.e., about 9.3 at. % is the CN level of the
starting point. This is consistent with the changes in the
bonding states �Fig. 1� and the band-gap energies �Fig. 2� in
films with a CN of around 10 at. %.

The electric structures of HfON and HfSiON have re-
cently been calculated,22 although only crystals were treated.
They assumed the same HfSiON alloy as �4� and HfON al-
loys of x=0 and y=0 in �4�, i.e., �HfO2�z�Hf3N4�1−z. Their
results showed that the conduction band minima of both
HfO2 and HfON originate in Hf5d, and that the valence band
maximum in HfO2 is O 2p while that in HfON is N 2p,
which is nearer the vacuum energy level. Although increas-
ing N reduced the band-gap energy due to Hf-N bond for-
mation, there was still a small band-gap in their calculation.
This supports our result that HfSiON films with a large num-
ber of Hf-N bonds continue to exhibit insulating behavior.

C. Optical and static dielectric constants

Figure 4�a� shows the relationship between the optical
dielectric constant and the band-gap energy. Almost all of the
data points fall very near the universal curve despite the
variations in atomic composition, and the optical dielectric
constants decrease with the band gap energy �Fig. 4�a��. This
is due to the fact that the optical dielectric constant originat-
ing from electronic polarizability is strongly dependent on
the width of the band gap energy,4 and is nearly independent
of the origin of the band gap, i.e., the atomic composition.
On the other hand, the data for the static dielectric constant is
different from that for the optical dielectric constant. The
dielectric constant at the same band-gap energy tends to in-
crease with the CHf/ �CHf+CSi� ratio. This is because while

the optical dielectric constant originates from only electronic
polarization,4 the static dielectric constant arises from both
ionic and electronic polarization. A frequency of 10 kHz in
C-V measurements is so slow that ionic atoms as well as
electrons can follow the change in the electric field. The
increase in the CHf/ �CHf+CSi� ratio makes the bonds in the
films less covalent and more ionic, thereby causing an in-
crease in the static dielectric constant even at the same band
gap energy.

Figures 5�a� and 5�b� show the optical and static dielectric
constants, respectively, for HfSiON with various atomic
compositions. Both of them have the same tendency to in-
crease with CN. Interestingly, both of the dielectric constants
fixed for the CHf/ �CHf+CSi� ratio increase nonlinearly with
CN. The shapes of the curves are concave.

We can understand this tendency as follows: Assuming
the HfSiON pseudo-alloy, the optical �static� dielectric con-

FIG. 4. Relationship between band-gap energy and dielectric
constant. �a� Optical and �b� static dielectric constants. The optical
dielectric constants were derived from the square of the refractive
indexes measured by ellipsometry. The static dielectric constants
were estimated by Capacitance-Voltage measurement at 10 kHz us-
ing capacitors with Au/HfSiON/ p-Si�100� structures.

FIG. 5. Relationship between atomic composition and dielectric
constant. �a� Optical and �b� static dielectric constants. The same
symbols �experimental data� as in Fig. 4 are used. The data were
fitted using the relation: �=z�x�SiO2

+ �1−x��HfO2
�+ �1−z��y�Si3N4

+ �1−y��Hf3N4
�, where �=�� ��=�S� for the optical �static� dielec-

tric constant. The nonlinearity of the dielectric constants for each
CHf/ �CHf+CSi� ratio can be explained by the formation of Hf-N
bonds.
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stant of films with various compositions, �� ��S�, are mod-
eled as a linear combination with the four optical �static�
dielectric constants of the components in the alloy:

� = z�x�SiO2
+ �1 − x��HfO2

� + �1 − z��y�Si3N4
+ �1 − y��Hf3N4

� .

�5�

where �=�� ��=�S� for the optical �static� dielectric con-
stant. This enables us to examine the behavior of the optical
and static dielectric constants of HfSiON with various
atomic compositions and bonding states if we know the di-
electric constants of SiO2, HfO2, Si3N4, and Hf3N4. As is
well known, the optical dielectric constants �� �=n2� values
for SiO2 and Si3N4 are �2.13 �=1.462� and �4.0 �=2.02�
while the static dielectric constants �S are 3.9 and 7.4, re-
spectively. The optical andstatic dielectric constants of HfO2,
which we can extract from our data �Fig. 5�a��, are 4.37
�=2.092� and 18, respectively. On the other hand, those of
Hf3N4 could not be estimated directly. This is due to the
difficulty in producing pure Hf3N4 in our experimental sys-
tem because a tiny amount of residual oxygen leads to the
oxidation of Hf atoms. We, therefore, estimated the dielectric
constant by extrapolation of the line on which the data for
HfON with CN values in the range 0–35 at. % are fitted by
the least squares method. This resulted in optical and static
dielectric constants of 9.5 and 35, respectively. A recent
study by Rugge et al. has shown the refractive index of 2.8.23

The optical dielectric constant is then estimated to be 7.84
�=2.82�. Also, the static dielectric constant has been reported
by Becker et al., giving the value of 30.24 These values, both
of which were obtained for atomic layer deposited
Hf3N4,23,24 are slightly smaller than the extrapolated values
for our sputtered films. In calculating the dielectric constant
using relation �5�, we took into account the fact that N tends
to bond to Si as compared to Hf. The results are shown in
Fig. 5 as solid lines that take the CHf/ �CHf+CSi� ratios as the
parameter. Also shown as a dotted line is the borderline that
was extracted from our XPS data and that separates the re-
gions with and without Hf-N bonds. The figure shows good
agreement between the experimental data and the estimated
lines. In this way, the nonlinearity of the dielectric constant
as a function of CN for each CHf/ �CHf+CSi� ratio can be
explained by the formation of Hf-N bonds.

The driving force for the preferential formation of Si-N
bonds compared to Hf-N bonds in HfSiON films has not yet

been clarified. The difference in cohesive energy among
SiO2, HfO2, Si3N4, and Hf3N4 is a possible explanation for
this phenomenon; however, data for Hf3N4 has, to our
knowledge, not yet been obtained. Further theoretical work
as well as experiment work is needed to resolve this issue.

IV. CONCLUSION

We studied noncrystalline HfSiON films with a variety of
atomic concentrations, and obtained the following results.
The bonding states from the XPS spectra indicated that
Si-N bonds form preferentially compared to Hf-N bonds and
that neither cation-cation nor anion-anion bonds are observed
in the films. It was found by REELS measurements that the
band gaps decrease as N and Hf concentrations increase and
that an abrupt decrease is observed in accordance with
Hf-N bond formation. Both optical and static dielectric con-
stants are enhanced as the N and Hf concentrations increase.
Whereas the optical dielectric constants relative to the band-
gap energies fall close to a single curve at any CHf/ �CHf

+CSi� ratio and CN, the static dielectric constants at the band-
gap energy increase with the CHf/ �CHf+CSi� ratio. The effect
of the preferential formation of Si-N bonds compared to
Hf-N bonds also appears in both dielectric properties; the
dielectric constant abruptly increases at the concentration
where Hf-N bond formation starts. We found that the atomic
compositions satisfy the relation, 2CO+3CN=4�CSi+CHf� in
units of atomic percent, indicating the charge neutrality of
the films consisting of two cations �Si and Hf� and two an-
ions �O and N�. This relation and the bonding states revealed
that this material is composed of a pseudo-quaternary alloy:
��SiO2�x�HfO2�1−x�z��Si3N4�y�Hf3N4�1−y�1−z. Since the
pseudo-alloy includes not metallic Hf1N1 but insulating
Hf3N4, HfSiON films that satisfy the alloy compositions con-
sist of four insulating components and therefore have insu-
lating properties. It was also found that the behavior of the
dielectric constant could be explained by a linear combina-
tion of those of each element taking into account the ten-
dency for bond formation.
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