Electrochemical and Solid-State Letters, 10 共1兲 G1-G4 共2007兲

G1

1099-0062/2006/10共1兲/G1/4/$20.00 © The Electrochemical Society

Growth Kinetics of Atomic Layer Deposited Hf Silicate-Like
Films using Hf†N„CH3…„C2H5…‡4 and SiH†N„CH3…2‡3
Precursors via an H2O Oxidant
K. B. Chung,a M.-H Cho,b,z D. W. Moon,b D. C. Suh,c D.-H. Ko,c U. Hwang,d
and H. J. Kangd
a
Institute of Physics and Applied Physics and cDepartment of Ceramics Engineering, Yonsei University,
Seoul 120-749, Korea
b
Division of Advanced Technology, Korea Research Institute of Standards and Science, Daejeon 305-600,
Korea
d
Department of Physics, Chungbuk National University, Cheongju, 361-763, Korea

The growth kinetics of Hf silicate-like films, prepared using Hf关N共CH3兲共C2H5兲兴4 and SiH关N共CH3兲2兴3 precursors and H2O as an
oxidant were investigated as a function of alternating deposition of HfO2 and SiO2. The ratio of the alternate deposition of HfO2
and SiO2 affected the growth behavior of Hf silicate-like films, but the thickness of the films remained constant, regardless of the
total cycles of HfO2 and SiO2. The nucleation of HfO2 showed a strong dependence on the preceding growth cycles of SiO2, as
evidenced by in situ medium energy ion scattering analysis. Hf coverage was reduced with an increasing ratio of SiO2 deposition
cycles. The suppression of the nucleation of HfO2 is related to remnant Si-H bonds induced by the SiH关N共CH3兲2兴3 precursor after
the atomic layer deposited growth of SiO2.
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The replacement of Si-based oxide with high k dielectric oxides
is considered an important step in reducing the electrical oxide
thickness required for the scaling of complementary metal oxide
semiconductor 共CMOS兲 transistors.1,2 A higher dielectric oxide
makes it possible to reduce excess gate leakage current while increasing the physical thickness. Among the many high k oxides,
Hf-silicate is a promising candidate due to its thermal stability when
in direct contact with Si at high temperature and its universal channel mobility.3,4 Although Hf-silicate has a lower permittivity
共⬃11兲 than pure HfO2 共⬃25兲, the incorporation of SiO2 into HfO2
can increase the crystallization temperature, thus leading to superior
interface properties.
Atomic layer deposition 共ALD兲 has been shown to be an excellent technique for growing conformal thin films with an accurate
thickness control and uniformity.5 A recent study reported that the
use of a Hf-amide-type precursor such as Hf关N共CH3兲共C2H5兲兴4
solves problems associated with particles or residual Cl from the
halogen based Hf precursor, which is used in ALD Hf-based oxide
film growth.6 Similarly, various Si-amide-type precursors have been
used to grow Hf-silicate films. However, it is difficult to obtain SiO2
rich Hf-silicate films due to the slow deposition rate of SiO2.7,8
Among several candidates, SiH关N共CH3兲2兴3 is a good precursor, as it
has a very low melting point but a very high vapor pressure. A
number of fabrications and characterizations of Hf-silicate films
grown using Hf关N共CH3兲共C2H5兲兴4 and SiH关N共CH3兲2兴3 precursors
have been carried out.9,10 On the other hand, very few studies have
reported on the growth kinetics of Hf-silicate using ALD due to the
reactivity of complex combinations of HfO2 and SiO2. In addition,
analytic techniques such as in situ measurements for monitoring
growth behavior are imprecise. Nevertheless, an understanding of
the ALD growth mechanism for Hf-silicate is important for the development of alternatives for SiO2 because the properties of the
dielectric layer depend on controlling the quality of a film and the
interface.
In this study, we focused on developing a better understanding of
ALD growth kinetics for Hf silicate-like films. We investigated the
growth characteristics of Hf silicate-like films as a function of the
ratio of alternate deposition cycles between HfO2 and SiO2 using
liquid precursors of Hf关N共CH3兲共C2H5兲兴4 and SiH关N共CH3兲2兴3 as liq-
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uid precursors. The noteworthy findings are that the incorporation of
SiO2 is dominantly related to the change in the nucleation of HfO2.
Hf silicate-like films were grown on 共100兲 orientated p-type Si
wafers that had been cleaned chemically using the standard RCA
method to remove organic and metallic residues.11 After cleaning,
the Si wafers were pre-processed to grow an interfacial layer of SiO2
with a thickness of ⬃1 nm by means of rapid thermal oxidation
共RTO兲. The Hf silicate-like films were deposited using an ALD system, which has a vertical warm-wall reactor with a shower head and
a heated susceptor. The Hf silicate-like films were deposited at a
temperature of 280°C using tetrakis共ethylmethylamino兲hafnium
共TEMAHf兲, tris共demethlyamono兲silane 共TDMAS兲, and H2O, respectively, as reactant sources for Hf, Si, and O. The feeding time of
each of the precursors was 1, 1, 0.2 s, respectively. Each of the
sequences were separated by a N2 purge and a vacuum purge for
100 s to minimize residual gas reactions, such as the chemical vapor
deposition 共CVD兲 mode. One cycle of Hf silicate-like films is defined as an alternate deposition 共m + n兲, composed of m cycles of
HfO2 and n cycles of SiO2. To equalize the quantities of supplied Hf
during the deposition of Hf silicate-like films, the total number of
HfO2 cycles was fixed at 20 cycles. The reason for fixing the total
number of HfO2 cycles was to make it possible to sensitively measure the difference in growth behaviors of Hf silicate-like films, as
medium energy ion scattering 共MEIS兲 that was used as the main
measurement results in a high scattering yield in the case of Hf.
Growth kinetics were compared by investigating the characteristics
of samples deposited with the following cycle combinations: HfO2
cycle/SiO2 cycle 共Hf/Si兲 = 1/n, Hf/Si = 2/n, Hf/Si = 4/n,
Hf/Si = 5/n 共n = 1, 3, or 5兲. The total number of repetitive cycles
for the above samples was 20, 10, 5, and 4, respectively.
To obtain elemental and quantitative information in the depth
direction, a MEIS analysis was carried out with a 100 keV proton
beam in the double-alignment configuration, which reduces contributions from the crystalline Si substrates.12 The electronic energy
loss of 100 keV protons was precisely measured by means of an
electrostatic energy analyzer. The incident ions were along the 关111兴
direction, and the scattered ions were along the 关001兴 direction,
giving a scattering angle of 125°. A comparison of the relative quantities of hydrogen in the films was performed by elastic recoil detection 共ERD兲 using a 2 MeV He ion. The ERD methods consisted
of measuring the energy spectrum of protons that had been elastically hit by incident He ions and recoiled in a forward direction.
Fourier transform infrared 共FTIR兲 spectroscopy was used to charac-
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Figure 1. 共a兲 MEIS energy spectra of Hf
silicate-like films as a function of the ratio
of alternate deposition cycles between
HfO2 and SiO2 共Hf/Si兲; Hf/Si = 1/n
共n = 1, 3, and 5兲. To equalize the quantities of Hf supplied, the total feeding
cycles of Hf were fixed at 20 cycles. 共b兲
Compositional depth profiles corresponding to Fig. 1a.

terize the different bonding arrangements of Hf silicate-like films
used in ERD measurement. IR absorption spectra were obtained
using the attenuated total reflection 共ATR兲 mode. The ATR mode is
most promising, owing to the very high sensitivity realized by internal multiple reflection of the IR light inside an ATR prism. IR absorption spectra were measured with a spectral resolution of 1 cm−1,
ranging from 500 to 4000 cm−1.
Figure 1a shows that the backscattering energy spectra of Hf
silicate-like films, measured by MEIS, as a function of alternate
deposition cycles between HfO2 and SiO2 共Hf/Si = m/n兲. Figure 1
shows the MEIS results of Hf/Si = 1/n, 共n = 1, 3, or 5兲, respectively. To compare different samples on the basis of HfO2 initially
provided, the total number of HfO2 cycles was controlled by 20
cycles, while varying the amount of intermediate SiO2 deposition
cycles in different films. In addition, the results on the reference
HfO2 film deposited with 20 cycles without SiO2 are simultaneously
plotted in Fig. 1 to permit the change in Hf coverage depending on
the incorporation of SiO2 to be compared. The most interesting finding is that the Hf coverage decreases, as the ratio of SiO2 cycles
increase. If there were no interactions between HfO2 and SiO2, the
MEIS results should show the same Hf coverage with the deposition
of only 20 cycles of HfO2 due to the same quantities of Hf fed,
regardless of the increase in the ratio of SiO2 cycles. Another interesting finding is that the O peaks for all samples, indicating the
thickness of the deposited oxide films, has the same width, regardless of the total cycles of 关共HfO2 cycles 共m兲 + SiO2 cycles 共n兲兴. As
the total cycles of 共HfO2 cycles + SiO2 cycles兲 increase, the thickness of films also generally increase, owing to the linear growth rate
of both oxides under the ALD conditions. However, the thickness of
all samples was ⬃2 nm, calculated from the width of O peak, as
shown the compositional depth profile in Fig. 1b. Therefore, these
results contradicting the ideal behaviors of ALD growth imply that
Hf silicate-like films are grown by the interactions between HfO2
and SiO2.
For a detailed quantitative analysis, Hf coverage and Si coverage
were calculated from simulated results. Figure 2a and b show the
changes in Hf coverage and Si coverage depending on the ratio of
SiO2 cycles. Hf coverage decreases with an increase in the ratio of
the SiO2 cycle 共n兲, although an increase in the ratio of the HfO2
cycle causes an increase in Hf coverage. On the other hand, Si
coverage increases with the increase in the ratio of SiO2 cycle 共n兲.
In addition, the Si coverage tend to increase with total SiO2 cycles.
These results indicate that Hf coverage is affected by the ratio of
SiO2 deposition cycles, and are confirmed by the fact that Hf coverage including SiO2 is lower than that of HfO2 共20 cycles兲 without

the incorporation of SiO2, represented in the energy spectra of Fig.
1a. In other words, the SiO2 growth cycles that precede the HfO2
deposition suppress the nucleation of HfO2.
To confirm the effect of the incorporation of SiO2 on the nucleation of HfO2, the growth of HfO2 on HfO2 共4 cycles兲
+ SiO2 共5 cycles兲 was compared with the growth of HfO2 on only
HfO2 共4 cycles兲 by in situ MEIS monitoring. The initial 4 cycles of
HfO2 result in a HfO2 coverage over ⬃1 mL. These 5 cycles of
SiO2 could be regarded as an amount sufficient to cover the preceding HfO2 layer with SiO2. The increase in the area of the Hf peak on
4 cycles of HfO2 is higher, as shown in energy spectra of Fig. 3a.
The calculated Hf coverage on HfO2 共4 cycles兲 + SiO2 共5 cycles兲 is
entirely lower than that on HfO2 共4 cycles兲, as shown in Fig. 3b. The
drastic difference in Hf coverage is especially evident for the first
additional cycle of HfO2. The subsequent nucleation of HfO2 is
affected by differences in surface conditions, according to the presence of SiO2 layer.
The ALD growth of HfO2 is generally affected by the OH density on the surface and is prevented by the others except OH bonds,
such as H bonds.13-15 Therefore, H bonding related to the ALD
surface reactions could have an effect on the nucleation of the following metal precursors. ERD was used to determine the total hydrogen content in the films. Figure 4a shows the ERD spectra as a
function of the ratio of SiO2 cycles 共n = 1, 3, or 5兲, for the ratio of
HfO2 cycles is 1 cycle and the total number of HfO2 cycles is 20.
ERD spectra of only HfO2 共20 cycles兲 were simultaneously measured to compare with the change in hydrogen content in the films as
the result of the incorporation of SiO2. As the ratio of SiO2 cycle
increases, the area of the ERD spectra is increased. The quantities of

Figure 2. 共a兲 Calculated Hf coverage depending on the ratio of SiO2 cycle.
共b兲 Calculated Si coverage depending on the ratio of SiO2 cycle.

Electrochemical and Solid-State Letters, 10 共1兲 G1-G4 共2007兲

Figure 3. 共a兲 The in situ MEIS energy spectra in the Hf region depending on
the initial surface conditions as a function of additional HfO2 cycles 共4
cycles of HfO2 and 4 cycles of HfO2 + 5 cycles of SiO2兲. 共b兲 The comparison of the calculated Hf coverage depending on the initial surface conditions
as a function of additional HfO2 cycles 共4 cycles of HfO2 and 4 cycles of
HfO2 + 5 cycles of SiO2兲.

hydrogen contents from ERD data show the following order;
HfO2 20cy ⬍ Hf/Si = 1/1 ⬍ Hf/Si = 1/3 ⬍ Hf/Si = 1/5. This implies that the total hydrogen content is increased along with an increase in the ratio of SiO2 cycles. The inset of Fig. 4a shows the
calculated relative area for the ERD spectra, excluding the hydrogen
content of HfO2 共20 cycles兲. The tendency for the hydrogen content
to be related to the increase in the ratio of SiO2 cycles increases
linearly. Although the total hydrogen content increases with an increase in the ratio of SiO2 cycle, the quantities of hydrogen measured by ERD represent the total amounts of bonded and nonbonded
hydrogen in the films. In other words, hydrogen measured by ERD
could result from contamination or remnant H bonds. Consequently,
it is necessary to determine the bonding characteristics of hydrogen
content that remains.
Figure 4b shows IR absorption spectra of Hf/Si = 1/3 and
Hf/Si = 1/5, in which the total number of HfO2 cycles was fixed at
20 cycles. For a comparison and reference of the Si-H stretching
vibration, HfO2 共20 cycles兲 and H-terminated Si were measured.
The Si-H stretching vibration modes from IR absorption spectra
show the following tendencies; HfO2 20cy ⬍ Hf/Si = 1/3
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⬍ Hf/Si = 1/5 ⬍ H-terminated Si. The H-terminated surface exhibits two representative peaks for Si-H bonds at ⬃2080 and
⬃2110 cm−1, corresponding to monohydride Si 共SiH兲 and dihydride Si 共SiH2兲, respectively.16-18 The Si-H stretching vibration
spectrum for the H-terminated Si共100兲 surface is characterized by an
intense SiH2 peak. This is simply due to the fact that the ideal, bare
Si共100兲 surface has two dangling bonds per Si atom, and the hydrogen termination of those dangling bonds produces dihydride Si. In
the case of HfO2, the intensity of the hydride modes, SiH and SiH2,
decreases after film growth in comparison with H-terminated Si.
This is due to thermal oxidation prior to the film growth. However,
Hf silicate-like films shows higher Si-H stretching vibration modes,
indicating that the Si-H bonds in Hf silicate-like films are higher
than that in HfO2. In addition, as the ratio of SiO2 cycle increases,
the Si-H stretching vibration modes increase slightly. These results
are consistent with the hydrogen content in the previous ERD data.
Therefore, the increase in Si-H bonds with an increase in the ratio of
SiO2 cycles indicates that the ALD reaction using SiH关N共CH3兲2兴3
could allow the Si-H bonds to remain in the films, because the
growth of SiO2 by thermal oxidation causes a decrease in the total
number of Si-H bonds.19
SiH关N共CH3兲2兴3 is composed of one Si-H bond and three
Si-N共CH3兲2 bonds. These two bonds have different bond strength,
which have been calculated using various theoretical approaches,
such as ab initio calculations and density-functional
calculations.20,21 The energy of the Si-H bond is 2.9–3.7 eV,
whereas the energy of Si-N共CH3兲2 bond is ⬃2.7 eV. This means
that the Si-H bond is stronger than Si-N共CH3兲2 bond. For the remaining probability after the ALD process, the Si-H bond is higher
than Si-N共CH3兲2 bond due to the difference in bond strength. These
different bond strengths between Si-H and SiN共CH3兲2 bonds leads
to a discrepancy in the exchange reaction rates during the feeding
the Hf or Si precursors. Therefore, the nucleation of HfO2 on the
preceding growth of SiO2 would be prevented due to the remnant
Si-H bonds after the growth of SiO2.
In summary, the growth kinetics of Hf silicate-like films, prepared using Hf关N共CH3兲共C2H5兲兴4 and SiH关N共CH3兲2兴3 precursors via
H2O as an oxidant were investigated as a function of the alternate
deposition of HfO2 and SiO2. The nucleation of HfO2 shows a
strong dependence on the preceding growth of SiO2. Hf coverage is
reduced with an increase in the ratio of SiO2 deposition cycles. The
surface condition of the remnant Si-H bonds induced by
SiH关N共CH3兲2兴3 precursor after ALD growth of SiO2 inhibits the
subsequent nucleation of the Hf precursor.
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Figure 4. 共a兲 ERD spectra of HfO2, and
Hf silicate films as a function of the ratio
of SiO2 cycles 共n = 1, 3, or 5兲, with a total
cycles of HfO2 of 20. The inset is the calculated relative area of the ERD spectrum,
excluding the hydrogen content of HfO2
共20 cycles兲. 共b兲 IR absorption spectra of
Hf/Si = 1/3 and Hf/Si = 1/5. For a comparison and reference of Si-H stretching
vibration, the results of HfO2 and
H-terminated Si are plotted simultaneously.
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