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Hf-silicate films were grown by using atomic layer deposition with Hf[N(CH3 )(C2 H5 )]4 and
SiH[N(CH3 )2 ]3 precursors. The composition of the Hf-silicate films was excellently well controlled
by using the ratio of the deposition cycles of HfO2 and SiO2 (Hf/Si). The physical and the electrical
characteristics of the Hf-silicate films were compared for Hf/Si = 3/1, Hf/Si = 1/1, and Hf/Si = 1/3.
The relative Hf/(Hf+Si) compositions were 58 %, 41 %, and 25 % for Hf/Si = 3/1, Hf/Si = 1/1, and
Hf/Si = 1/3, respectively. The binding characteristics of the Hf-silicate films were shifted in the direction of higher binding energy with increasing of SiO2 portion, resulting in electric charging. The
molecular structure of the Hf-silicate films was changed by the relative compositions of HfO2 and
SiO2 . In addition, the dielectric characteristics of the Hf-silicate films were directly proportional to
the HfO2 portion.
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cial reactions and structural changes after post-annealing
treatment under the integration process. Unfortunately,
most high dielectric oxide films do not have sufficient
thermal stability because they easily undergo structural
changes into poly-crystalline structures and can thermodynamically react with the Si substrate [7, 8]. In order
to enhance thermal stability, a number of studies have
attempted to create silicate films or aluminate films by
incorporating of SiO2 and Al2 O3 [5, 9, 10]. Among the
many candidates, Hf-silicate films show superior interfacial stability in contact with Si and universal channel
mobility [11]. Thus, the fabrication of compositionally
controlled Hf-silicate films is very important to obtain
optimized process conditions, which have the excellent
characteristics in point of physical and electrical stability.
Atomic layer deposition (ALD) is a desirable technique for precise control of the composition, film thickness, conformality, and uniformity [12]. Hafnium tetrachloride (HfCl4 ) was widely used as a Hf precursor for
ALD Hf-based oxide film growth [13]. Recently, there

I. INTRODUCTION

As the sizes of silicon-based devices have been scaled
down and lower power consumption has been required,
the conventional SiO2 gate dielectric thickness has been
´ for sub-micon complementary metalpushed below 15 Å
oxide semiconductor (CMOS) transistors [1]. However,
the shrinkage of gate dielectric thickness causes an increase in the leakage current through direct tunnelling
across the gate dielectric [2]. For reducing the leakage
current due to direct tunnelling, high dielectric constant
(high-k) materials allow for an increase in the physical
thickness while maintaining a low equivalent oxide thickness [3]. Various high-k materials, such as ZrO2 , HfO2
and silicates of either Hf or Zr, have been considered
as promising candidates to replace Si-based oxides [4–6].
Such materials should have high dielectric constants and
satisfy thermal stability requirements, excluding interfa∗ E-mail:
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have been many reports using Hf-amide-type precursors such as Hf[N(CH3 )(C2 H5 )]4 to solve the problem
of particles or residual Cl obtained when using HfCl4
[14]. Various Si precursors, such as Si(OC2 H5 )4 and
NH2 (CH2 )3 Si(OC2 H5 )3 , have been used to grow the Hfsilicate films [15, 16]. However, it is difficult to obtain
SiO2 -rich Hf-silicate films because the deposition of SiO2
is a very slow process. Furthermore, another additional
process using Al(CH3 )3 and H2 O prior to film deposition has been applied to accelerate SiO2 deposition [16].
Therefore, the selection and combination of proper precursors are very important to deposit well-defined Hfsilicate films. Of many precursors, Hf[N(CH3 )(C2 H5 )]4
is a good precursor because its melting point is very
low (<–70 ◦ C) and its vapor pressure is medium (0.5
Torr at 85 ◦ C). Among the Si-amide-type precursors,
SiH[N(CH3 )2 ]3 has very low melting point (<–90 ◦ C),
but a very high vapor pressure (25.4 Torr at 50 ◦ C)
[18]. Kim et al. reported electrical data for atomiclayer-deposited Hf silicate using Hf[N(CH3 )(C2 H5 )]4 and
new Si precursors for gate dielectric applications [17].
Kamiyama et al. fabricated Hf-silicate films using
Hf[N(CH3 )(C2 H5 )]4 , SiH[N(CH3 )2 ]3 precursors and O3
as the oxidant [18]. However, these reports focused on
the fabrication of Hf-silicate films and a comparison of
the dependences of the device characteristics on the Si
precursors without a detailed study of the physical properties in relation to the composition of the Hf-silicate
films.
In this study, we fabricated compositionally defined
Hf-silicate films by controlling the number of alternate
depositions in HfO2 and SiO2 with liquid precursors of
Hf[N(CH3 )(C2 H5 )]4 and SiH[N(CH3 )2 ]3 . The physical
and the electrical characteristics of the compositionally
controlled Hf-silicate films were investigated by using
several measurements. The properties of the Hf-silicate
films were strongly affected by the compositions of HfO2
and SiO2 in the Hf-silicate films.

II. EXPERIMENT
Hf-silicate films were grown on (100)-orientated p-type
Si wafers that had been cleaned chemically by using the
standard Radio Corporation of America (RCA) method
to remove organic and metallic residues [19]. After cleaning, the Si wafers were pre-processed to grow an interfacial layer of SiO2 with a thickness of approximately 1.5
nm by using rapid thermal oxidation (RTO). The Hfsilicate films were deposited by means of an atomic layer
deposition (ALD) system, which has a vertical warmwall reactor with a shower head and a heated susceptor.
The Hf-silicate films composed of HfO2 and SiO2 with
3 nm thicknesses were grown at a temperature of 280
◦
C by using Tetrakis(ethylmethylamino)Hf (TEMAHf:
Hf[N(CH3 )(C2 H5 )]4 ) and Tris(deimethylamino)silane
(tDMAS: SiH[N(CH3 )2 ]3 ), as liquid precursors. Hf[N

Fig. 1. A schematic diagram of ALD Hf-silicate deposition
cycle. Hf/Si = m/n is one cycle of Hf-silicate films, composed
m cycles of HfO2 and n cycles of SiO2 .

(CH3 )(C2 H5 )]4 and SiH[N(CH3 )2 ]3 were introduced to
the ALD reactor using a liquid flow meter and liquid
mass flow systems and were vaporized at 85 ◦ C and
50 ◦ C, respectively. Water vapor served as the oxygen
agent, and nitrogen was supplied as the purge and carrier
gas. In order to control the composition of the Hf-silicate
films, we used a procedure in which one deposition cycle of Hf-silicate films (m+n) is composed of m cycles of
HfO2 and n cycles of SiO2 , as shown in the schematic diagram of Fig. 1. The growth rates of Hf-silicate films are
0.9 Å/cycle, 0.89 Å/cycle, and 2.52 Å/cycle for Hf/Si =
1/3, Hf/Si = 1/1, and Hf/Si = 3/1, respectively. A comparison of the physical and the electrical characteristics
was performed with the Hf-silicate films whose relative
ratios of deposition cycles, between HfO2 and SiO2 , corresponded to Hf/Si = 3/1, Hf/Si = 1/1, and Hf/Si =
1/3, respectively.
The interfacial and the structural characteristics of
compositionally controlled Hf-silicate films were investigated using medium energy ion scattering (MEIS). The
kinematic scattering energy analysis gives elemental and
quantified information in the depth direction. The MEIS
analysis was accomplished with a 100-keV proton beam
in the double-alignment condition, which reduced contributions from the crystalline Si substrates [20]. The
electronic energy loss of 100-keV protons was precisely
measured with an electrostatic energy analyzer. The incident ions were along the [111] direction, and the scattered ions were along the [001] direction, giving a scattering angle of 125◦ . Quantitative analysis of the different
species was carried out with a depth resolution of 3 ∼
´ in the near surface. During the MEIS experiments,
5 Å
the sample was exposed to a minimum H+ beam dose in
order to avoid damage caused by the beam.
In order to examine the dependence of the electronic
structure of Hf-silicate films on the relative ratio of the
deposition cycles between HfO2 and SiO2 , we carried
out the high-resolution X-ray photoelectron spectroscopy
(HR-XPS) and near-edge X-ray absorption fine structure
(NEXAFS) measurements at the Pohang accelerator lab-
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Fig. 2. MEIS energy spectra as a function of deposition
cycle between HfO2 and SiO2 (Hf/Si). The solid dots are
raw spectrum data and the solid lines are the fitted data.
The inset shows the enlargement of the Si and O region. The
arrow in the Si region indicates the increase of deposited Si
in Hf silicate films.

oratory (PAL) on beamline 8A1, which is connected to an
undulator and uses a third-generation synchrotron radiation source. Photoelectrons were detected with a pass
energy of 15 eV (energy resolution less than 0.15 eV).
The binding energy was calibrated with reference to the
position of bulk Si 2p3/2 levels at Eb = 99.2 eV for the energy of each photon. The energy of the incident photons
was fixed at 650 eV, thus providing a high photoionization cross-section of Hf 4f , Si 2p, and O 1s. GaussianLorentzian line shapes were used for deconvolution after
standard Shirley background subtraction. The dielectric characteristics related to the compositional variations were measured by using metal-oxide-semiconductor
(MOS) capacitors with Pt electrodes produced by using
a sputtering method with a shadow mask. The average
size of the Pt electrodes was ∼3.5 × 10−4 cm2 , as shown
by microscope measurements. Capacitance-voltage (CV) measurements were performed using the HP4284A
instrument at high frequency (1 MHz).

III. RESULTS AND DISCUSSION
Fig. 2 shows the backscattering energy spectra of Hfsilicate films, measured by using MEIS, as a function of
the deposition cycles between HfO2 and SiO2 (Hf/Si). As
the portion of HfO2 deposition cycles of the Hf-silicate
films increases, the intensity and the area of the Hf peak
(∼99 keV), which indicate the quantity of deposited Hf,
increases linearly. The quantity of deposited Si near ∼90
keV similarly increases as the portion of SiO2 deposition
cycles of the Hf-silicate films increases, as shown in the
inset of Fig. 2. On the other hand, the O peaks have the
same shapes and widths, regardless of the ratio of de-

Fig. 3. Compositional depth profiles as a function of deposition cycle between HfO2 and SiO2 (Hf/Si).

position cycles between HfO2 and SiO2 , resulting in the
same total thickness. The thickness of the Hf-silicate
films for all combinations of the deposition cycles between HfO2 and SiO2 is approximately ∼4.5 nm, which
was calculated from the energy deviation of the O peak.
Thus, these tendencies of the MEIS spectra show that the
composition of Hf-silicate films is excellently controlled
by using the ratio of alternate depositions of HfO2 and
SiO2 .
For further information on the relative concentrations
in the depth direction, MEIS spectra were simulated using the Kido program [21]. Fig. 3 shows the compositional depth profile as a function of deposition cycles
between HfO2 and SiO2 (Hf/Si). The total thickness of
Hf-silicate films, including an ∼1.7 nm thick interfacial
layer, is 4.6 nm ∼ 4.7 nm for all samples, which coincided
with the calculated value (∼4.5 nm) from the MEIS energy spectra shown in Fig. 2. Fig. 4 shows the changes
of Hf coverage and Si coverage on the Hf/(Hf+Si) ratio.
The coverages of Hf, which indicates the amounts of Hf
in the Hf-silicate films, linearly increased: 1.4 × 1015 ,
2.4 × 1015 , and 3.3 × 1015 Hf atom/cm2 for Hf/Si =
1/3, Hf/Si = 1/1, and Hf/Si = 3/1, respectively. With
the amount of Si in the Hf-silicate films, except the Si of
the interfacial layer (∼1.7 nm) on the Si substrate, the
Hf coverages linearly decreased: 4.3 × 1015 , 3.4 × 1015 ,
and 2.4 × 1015 Si atom/cm2 for Hf/Si = 1/3, Hf/Si =
1/1, and Hf/Si = 3/1, respectively. Fig. 5 shows the
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Fig. 4. The changes of Hf coverage and Si coverage in
ALD Hf-silicate films on the number of Hf/(Hf+Si) ratios.

Fig. 5. The Hf/(Hf+Si) compositions in ALD Hf-silicate
films on the number of Hf/(Hf+Si) ratio.

Fig. 6. XPS spectra of (a) Hf 4f , (b) Si 2p, and (c) O 1s as a function of deposition cycle between HfO2 and SiO2 (Hf/Si).
O1 , O2 , and O3 in (c) indicate SiO2 , silicates, and HfO2 , respectively.

dependence of the Hf/(Hf+Si) compositions of the Hfsilicate films on the number of Hf/(Hf+Si) ratio. The
relative Hf/(Hf+Si) compositions for the Hf-silicate films
are 58 %, 41 %, and 25 % for Hf/Si = 3/1, Hf/Si = 1/1,
and Hf/Si = 1/3, respectively. This suggests that the
Hf/(Hf+Si) composition can be easily controlled by using the Hf/Si deposition-cycle ratio.
Fig. 6 shows Hf 4f , Si 2p, and O 1s core level spectra
of 2-nm-thick Hf-silicate films as a function of the deposition cycles between HfO2 and SiO2 (Hf/Si). In the Hf
spectra in Fig. 6 (a), although the binding-energy shifts
are different to some degree, the binding energies for all
Hf-silicate films are shifted to higher energy compared
to the binding energy in pure HfO2 (∼17 eV). As the
portion of SiO2 deposition cycles increases, the intensity
of the Si peak related to SiO2 and silicates increases in

comparison with the intensity of the main peak of the
bulk, Si 2p3/2 , as shown in Fig. 6 (b). The spectra of O
have a similar tendency to the spectra of Si. The O1 , 2 ,
and O3 peaks indexed in Fig. 6 (c) could be carefully assigned to SiO2 , silicates, and HfO2 by deconvoluting the
O peak, excluding the higher binding shift of the O peak
with the portion of SiO2 deposition cycles [22]. The intensity of the O3 peak indicates HfO2 increases with the
portion of HfO2 deposition cycles. On the other hand,
the intensity of the O2 peak indicates silicates increase
with the portion of SiO2 deposition cycles. The compositional characteristics of Hf-silicate films as a function
of ratio of deposition cycles between HfO2 and SiO2 was
also confirmed through the XPS spectra of various elements. Another important finding is that the core-level
spectra of all elements are shifted to higher binding en-
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Fig. 7. NEXAFS spectra of the O K edge as a function
of deposition cycle between HfO2 and SiO2 (Hf/Si). Dotted
lines indicate P1: eg (Hf 5d + O 2pσ) and P2: t2g (Hf 5d +
O 2pπ), respectively.

ergy with increasing portion of SiO2 deposition cycles.
Previous research has been reported that the formation
of a Hf-silicate layer at the interfacial region causes a
higher binding-energy shift in the Hf peak and a lower
binding-energy shift in the Si peak. The reason for the
peak shift in the Hf-silicate layer is thought to be due
to the contributions of charge transfer and electrostatic
effects; i.e., considering the mixing of HfO2 and SiO2
to form a complex mixed oxides such as Hf-silicate films,
more ionic HfO2 would be expected to become even more
ionic after the formation of the complex oxides whereas,
neglecting Madelung and relaxation effects, the Si of the
more covalent oxide should experience a corresponding
covalence [23,24]. Thus, from the charge transfer model,
the Hf peak is shifted to higher binding energy while the
Si peak is shifted in the opposite direction. However, no
difference in shift direction between Hf and Si is observed
from our results as a function of the portion of deposition
cycles between HfO2 and SiO2 . All elemental peaks shift
in the direction of higher binding energy as the portion
of SiO2 deposition cycles increases. The consistent shift
to higher binding energy with increasing portion of SiO2
deposition cycles is very similar to the energy shift in the
case of the SiO2 films depending on the SiO2 film thickness [25]. A considerable chemical shift can be produced
by electric charging due to X-ray irradiation, contributing to the dependence on the portion of SiO2 , as in our
previous report [26]. In addition, the insulating properties depend on the portion of SiO2 because the band gap

Fig. 8. (a) C-V curves as as a function of deposition cycle
between HfO2 and SiO2 (Hf/Si). (b) Dielectric constant and
capacitance equivalent oxide thickness (CET) depending on
the relative Hf/(Hf+Si) composition.

for SiO2 (∼8.9 eV) is much larger than that for HfO2
(∼5.6 eV). Therefore, the difference in insulating properties with the ratio of deposition cycles between HfO2
and SiO2 affects electric charging, resulting in a peak
shift.
NEXAFS analysis is a sensitive method to detect
changes in molecular structure with relation to the compositions of HfO2 and SiO2 in Hf-silicate films. The O
K-edge of Hf-silicate films can be represented as a superposition of both features due to a complex mixing of
HfO2 and SiO2 [27, 28]. Fig. 7 presents the O K-edge
spectra as a function of the portion of deposition cycles
between HfO2 and SiO2 (Hf/Si). The distinct finding
that depends on the ratio of HfO2 and SiO2 deposition
cycles is the changes in representative peaks, such as P1
and P2, indexed in Fig. 7. As the portion of HfO2 deposition cycles increases, the intensity of the P1 peak increases whereas that of the P2 peak relatively decreases.
On the contrary, as the portion of SiO2 deposition cycles increases, the intensity of the P1 peak decreases and
that of P2 peak increases. These tendencies have the
following explanations. The O K-edge of HfO2 is related
to the oxygen p-projected density of states, which consists of four representative unoccupied hybridized states
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under an assumption of octahedral symmetry: P1: eg
(Hf 5d + O 2pσ), P2: t2g (Hf 5d + O 2pπ), and (a1g
+ t1u )(Hf 6sp + O 2p) [27, 29]. The incorporation of
SiO2 in the unoccupied hybridized orbitals of HfO2 may
be caused by a modification of the O K-edge spectrum
for HfO2 due to the overlap of the O K-edge spectrum
for SiO2 with a double band caused by O p-states hybridized with Si 3sp states, which is coincident with the
energy position of the P2 peak.27 Therefore, the molecular structures of Hf-silicate films are also modified by
the compositions of HfO2 and SiO2 .
Finally, the electrical characteristics of Hf-silicate films
as a function of the portion of the deposition cycles between HfO2 and SiO2 (Hf/Si) were measured in a MOS
cap with a Pt electrode, as shown in Fig. 8 (a). As the
portion of HfO2 deposition cycles increases, the accumulation capacitance increases. This is caused by the difference in dielectric constants between HfO2 (∼20) and
SiO2 (∼3.9). Fig. 8 (b) shows the changes in dielectric constant and capacitance equivalent oxide thickness
(CET) with the relative Hf/(Hf+Si) composition. The
dielectric constant was calculated from the total accumulation capacitance by assuming that the only dielectric
layer included Hf-silicate films and an interfacial layer.
The thickness of the Hf-silicate films is based on the
MEIS depth profile data, as shown in Fig. 3. The dielectric constant of Hf-silicate films is directly proportional
to the portion of HfO2 in Hf-silicate films. The CET is
the thickness of a SiO2 layer that would give the same
capacitance density as that provided by a given dielectric
layer or a stack of dielectric layers without quantum corrections. The CET can be obtained by solving for CET
= ε0 × A × 3.9/Cacc , where Cacc is the accumulation
capacitance, ε0 is the permittivity of vacuum, and A is
the area of the electrode. The CET values are 1.81, 2.15,
and 2.41 nm for Hf/Si = 3/1, Hf/Si = 1/1, and Hf/Si
= 1/3, respectively. The CET linearly decreases with
increasing Hf/(Hf+Si) composition, as shown in Fig. 8
(b). This means that a thinner equivalent oxide thickness can be obtained by increasing the HfO2 portion in
Hf-silicate films and that the compositions of HfO2 and
SiO2 are strongly related to the dielectric properties of
Hf-silicate films.

IV. CONCLUSIONS
We studied Hf-silicate films grown by using ALD with
Hf[N(CH3 )(C2 H5 )]4 and SiH[N(CH3 )2 ]3 precursors. The
ratio of alternate deposition cycles between HfO2 and
SiO2 could be used to control the composition of the
Hf-silicate films. The binding characteristics of the Hfsilicate films shifted in the direction of higher binding
energy with increasing of SiO2 portion, resulting in electric charging. The characteristics of the molecular structure for Hf-silicate films changed with the relative compositions of HfO2 and SiO2 . In addition, the electrical

characteristics, such as the accumulated capacitance and
the dielectric constant, are directly proportional to the
portion of HfO2 in the Hf-silicate films.
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