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The initial nucleation and growth of atomic layer deposited HfO2 films under various surface
conditions were investigated by in situ medium energy ion scattering analysis. The influences of
an O–H terminated surface on the initial growth stage were investigated in detail using the
atomic density of Hf that reacted on the surface. The measured growth rate of HfO2 per cycle
was applied to a mathematical model based on classical chemical kinetics. A parabolic initial
growth with an extremely low rate at the initial stage of growth was observed for the film
with a hydrogen-terminated surface. However, linear growth, with a value of 1.41
⫻ 1014 Hf atoms/ cm2 cycle, was maintained for films grown on an O–H terminated surface. The
⬃1 / 6 steric hindrance factor extracted from a phenomenological model was related to the size of
the tetrahedral HfCl4 molecule and the possible attachment sites. Moreover, the surface roughness
and electrical properties of the atomic layer deposited HfO2 films show a strong dependence on the
initial nucleation and growth on the different surface conditions. © 2007 American Vacuum
Society. 关DOI: 10.1116/1.2402155兴

I. INTRODUCTION
The reduction of device sizes in the microelectronics industry requires a SiO2 gate dielectric layer thickness smaller
than 1.5 nm.1,2 However, the leakage current is excessive in
this regime, leading to a degradation in device performance
arising from the direct tunneling current through the thin
SiO2 layer.3,4 As a result, alternative higher dielectric gate
oxides have been investigated because high dielectric oxides
enable this limitation to be reduced, while still using the
same equivalent oxide thickness.5–7 Among the many potential high dielectric oxides, a HfO2 based high dielectric oxide
has attracted considerable attention as a replacement for SiO2
owing to its high dielectric constant 共⬃20兲 and thermodynamic stability on Si.8–10
Atomic layer deposition 共ALD兲 is a very promising manufacturing technique for the growth of high-k materials because it is capable of producing high quality films with precise thickness control and uniform conformability.11,12 For
the successful application of a gate oxide using ALD, it is
necessary to produce two dimensionally uniform films.
Therefore, it is very important to understand the mechanism
of ALD growth and to apply a growth model based on experimental results. A number of attempts have recently been
made to explain the ALD growth mode, especially the various regimes involved, such as the initial region, the transition
region, and the linear region as a function of the number of
reaction cycles.13–16 However, these models employ a numa兲
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ber of complicated parameters, thus making an interpretation
of the overall process difficult. Puurunen and Vandervorst16
discussed the restricted growth mode in relation to an island
growth. Alam and Green15 and Green et al.17 also reported
on a good mathematical description and its application to a
real data set of atomic layer deposited HfO2 using fully ex
situ Rutherford backscattering 共RBS兲 measurements. Kimura
et al. reported that high-resolution RBS is a very powerful
tool for atomic level characterization for depth resolution at
the subnanometer level.18 Although the reported RBS data
give the quantitative quantity for the deposited HfO2, it does
not include full information on the earliest growth stage from
cycle 1 to cycle 5 due to the effect of surface contamination
on the ex situ measurements. The ALD growth mode
strongly depends on the initial surface reaction prior to the
complete deposition of ⬃1 ML. The detailed understanding
of the earliest growth stage is very important because the
properties of dielectric layer depend on the initial control of
quality in film and interface.
In this article, we report on the initial growth stage for
various surface conditions as a function of the number of
deposition cycles using in situ medium energy ion scattering
共MEIS兲 analysis. With the aid of a previously reported phenomenological model,15 very precise measurement data obtained by in situ MEIS are used to assign the physical meaning to each of the parameters. The effects on the
morphological and electrical characteristics are also discussed in connection with the different growth mechanisms,
depending on the surface condition.
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II. EXPERIMENT
p-type Si共100兲 wafers were prepared with two different
surface conditions: a chemical oxide surface and a hydrogenterminated surface. The Si surfaces were chemically cleaned
using the standard reduced calcium aluminate method, which
removes organic and metallic residues, resulting in the formation of a 10– 20 Å thick SiO2 layer.19 After the RCA
cleaning, Si wafers were then dipped in a dilute HF solution
to remove the SiO2 layer. HfO2 films were grown using an
ALD, equipped with a hot wall reactor with a showerhead.
HfO2 films were grown using HfCl4 and H2O as precursors
at a substrate temperature of 300 ° C. The temperature of
HfCl4 was controlled at 170 ° C and H2O at 14.5 ° C. The N2
gas was used as the flow and purge gases. The process pressure for the feeding time was maintained at 250 mTorr. One
cycle of ALD-HfO2 growth was consisted of an 800 ms
pulse of HfCl4 and a 200 ms pulse of H2O. Each sequence
was separated by a N2 purge and a vacuum purge for 100 s
to minimize the residual gas reactions, such as the chemicalvapor deposition mode. Two gas lines for the final feeding
were used to prevent possible interference.
In order to investigate the initial growth of atomic layer
deposited HfO2 films, samples were transferred to an in situ
MEIS chamber after each ALD deposition cycle. A MEIS
analysis using the medium energy ion beam 共⬃100 keV兲 is
unique and permits thin films to be quantitatively examined
with a high depth resolution of ⬃3 Å.20 Moreover, an in situ
MEIS analysis can exclude some problems associated with
an ex situ measurement analysis, such as surface contamination and modification. The MEIS measurement was accomplished with a 100 keV proton ion beam in the double alignment condition, which eliminates contributions from
crystalline Si substrates. The incident beams were aligned in
the 关111兴 direction and the scattered beams were along the
关001兴 direction with a scattering angle of 125°. During the
MEIS measurement, an ion beam with a small area of
5 ⫻ 10−3 cm2 was used to scan the wide sample surface and
the dose of proton beam was maintained below ⬃1015 cm−2
to minimize damage caused by concentrated hitting. The surface morphology at the initial growth stage of the grown film
was examined by means of atomic force microscopy 共AFM兲.
A capacitance-voltage 共C-V兲 measurement was performed
with an HP4284A LCR meter at 1 MHz and current-voltage
共I-V兲 characteristics were determined with an HP4145B parameter analyzer. A Pt square electrode with an area of about
30⫻ 30 m2 was patterned by a photolithography process.
Finally, interfacial and structural characteristics were investigated by high-resolution transmission electron microscopy
共HRTEM兲.
III. RESULTS AND DISCUSSION
Figure 1 shows a proton backscattering energy spectra of
Hf atoms for HfO2 films grown on the H-terminated surface.
The change in Hf peaks represents an increase in Hf coverage with very slow growth rates. An ideal 1 ML spectrum is
derived from the simple calculation as the amorphous HfO2
molecular density 共⬃2.49⫻ 1022 Hf atoms/ cm3兲 to the 2 / 3
J. Vac. Sci. Technol. A, Vol. 25, No. 1, Jan/Feb 2007

FIG. 1. MEIS energy spectra of HfO2 grown on the H-terminated surface
with increasing number of HfO2 deposition cycles. Arrows indicate that the
ideal, average 1 ML 共at 30 cycles兲, and the direction of cycle increased,
respectively.

power, equal to 8.53⫻ 1014 Hf atoms/ cm2. The Hf peak of
⬃30 cycles, corresponding to the ideal 1 ML coverage, has a
remarkably broad peak. Therefore, the growth of HfO2 on
the H-terminated surface deviates substantially from the general linear growth at the initial stage. Moreover, the lower
slope in the Hf peak compared to that of an ideal Hf peak
implies that HfO2 grown on the H-terminated surface has a
poor morphology due to the contribution of nonlinear
growth. In addition, the movement of the Si leading edge
provides information on the HfO2 growth behavior on a Si
substrate because the effective blocking of the underlying Si
is directly related to the number of Hf atoms on the Si surface. If Hf fully covers the Si and films have no roughness
factor, shift of the leading edge of the Si signal should move
backward because of the effective blocking by the fully covered Hf.21 However, no movement in the Si leading edge was
observed for a low energy at ⬃30 cycles, when an average
Hf coverage of 1 ML is achieved. This implies that the Si
surface is incompletely covered with the HfO2 film. In other
words, the growth of HfO2 films has the roughness factor,
not perfect ALD growth. The slopes of the Si peak decrease
substantially with increasing deposition cycles, also indicating that the surface of HfO2 films has a nonuniform morphology. Another interesting finding is that we were not able to
observe evidence for the formation of interfacial layer such
as a silicate. If the interfacial layer was formed at the initial
growth stage of HfO2, a small shoulder related to the interface should be observed at the near leading edge of the Si
peak. The Si shoulder in the MEIS spectrum is related to the
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FIG. 3. Hf coverage, measured by in situ MEIS, as a function of the number
of HfO2 deposition cycles, for the H-terminated surface and the chemical
oxide surface. A parallel dotted line indicates a 1 nm full density of HfO2.
Hf coverage at the earliest stage is shown in the inset. The fitting data are
included to a solid line 共k1N0 = 1.41⫻ 1014 Hf/ cm2兲 for linear fitting and a
dotted line 共k2 = 0.003兲 for parabolic fitting.

FIG. 2. MEIS energy spectra of HfO2 grown on a chemical oxide surface
with increasing number of HfO2 deposition cycles.

formation of silicate or not fully covered Si substrate because
the Si peak can be differentiated from that of the Si substrate
covered by the film. However, it was difficult to find this
feature from our MEIS results on the Si peak for the
H-terminated surface. This could be due to one of the following two reasons. One is that the H-terminated surface is
very stable at a growth temperature of 300 ° C and interfacial
reactions are suppressed on the surface.22 Second, as we previously reported, silicate in the interface region is slightly
formed on the thermal oxide, as evidenced by the x-ray photoelectron spectroscopy study, though no meaningful information could be obtained from MEIS measurements.21 Thus,
it is reasonable that the formation of the interfacial layer is
very slight during HfO2 growth on the H-terminated surface
in the resolution limit of MEIS. On the other hand, the Hf
peak for HfO2 grown on the chemical oxide surface exhibits
a linear increment for Hf coverage: i.e., the growth behavior
of the film shows a linear and rapid growth rate, compared to
HfO2 growth on the H-terminated surface, as shown in Fig.
2. The slopes of the Hf peak do not change significantly with
an increase in the number of HfO2 deposition cycles, implying a uniform and flat morphology. At the same time, the fact
that the Si peaks gradually move backward without a change
in the shape as the deposition cycles increase also supports
the linear growth behavior.
For a more detailed interpretation of the HfO2 growth
mechanism, the MEIS spectra of the Hf peak were simulated
using the KIDO program.23 Figure 3 shows a plot of Hf covJVST A - Vacuum, Surfaces, and Films

erage, as measured by in situ MEIS, as a function of the
number of HfO2 deposition cycles, for the H-terminated surface and the chemical oxide surface. Extremely different
growth behaviors are observed: the growth on the
H-terminated surface is nonlinear and the growth on the
chemical oxide surface is linear. The parallel dotted line representing 1 nm of density is based on ⬃90% density
共⬃2.49⫻ 1015 Hf atoms/ cm2 nm兲 of the theoretical crystalline molecular density 共2.77⫻ 1015 Hf atoms/ cm2 nm兲 because the deposited HfO2 films with an amorphous structure
have a lower density than that with a crystalline structure. In
the case of the H-terminated surface, a large nonlinear
growth with a very slow growth rate at the initial stage is
observed 共up to ⬃30 cycles兲, which can be explained by a
nucleation hindrance effect. In a practical situation in ALD
growth, an incubation period at the initial growth stage is
observed, which would be closely related to this nonlinear
growth. However, the growth behavior on the chemical oxide
shows linear characteristics even in the earliest deposition
cycles, indicating that growth on the chemical oxide surface
has no nucleation barriers, contrary to that of the
H-terminated surface. The inset of Fig. 3 shows more detailed behaviors at the earliest growth stage. A noteworthy
point is that the Hf coverage at 1 cycle is strikingly different
between HfO2 films grown on the chemical oxide and the
H-terminated surface. The coverage of growth on the chemical oxide surface at 1 cycle is ⬃3.1⫻ 1014 Hf atoms/ cm2
and
that
on
the
H-terminated
surface
is
⬃5.7⫻ 1012 Hf atoms/ cm2. From this large discrepancy of
about two orders in possible attachment sites, it appears that
the earliest nucleation of HfO2 is dominantly affected by the
initial surface conditions. The two extremely different
growth behaviors depending on the surface conditions can be
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interpreted as follows. The H-terminated surface is very
stable and contains a low density of OH species, whereas the
chemical oxide surface is known to have a high density of
OH species.22 Accurate measurements of Si–OH densities
have been carried out only on SiO2 surfaces and found to be
in the range of 共1 – 7兲 ⫻ 1014 OH / cm2 depending on the surface pretreatments.24 The OH density on the chemical oxide
surface is most likely at the level of ⬃7 ⫻ 1014 OH / cm2. The
difference in OH density affects the initial nucleation behavior, resulting either in linear or nonlinear growth. Therefore,
the presence of OH species is very important to the nucleation and growth of ALD HfO2 using a halide precursor.25
The value of the slope of the linear fitting to the Hf coverage
on the chemical oxide shown in the Fig. 3 is calculated to be
1.41⫻ 1014 Hf atoms/ cm2 cycle. This value is minutely
different from data in a previous report in which ex situ RBS
measurements were used.17 The maximum HfO2 area
l density of 1 ML was already extracted as
8.53⫻ 1014 Hf atoms/ cm2. Thus, only ⬃16% area is covered
with HfO2 molecules per cycle above 2 cycles, and more
than six deposition cycles are needed to for the entire surface
to be covered, considering the reaction of Si–OH nucleation
site at the initial stage. This implies that growth on the
chemical oxide surface is also a partially monolayer growth
per cycle and has the typical value for the steric hindrance
共⬃1 / 6兲, which is in good agreement with the calculated
value of the adsorbed molecular size using a tetrahedral
HfCl4 molecule structure.26
The Hf coverage data fitted to the solid line and dotted
line are also included in Fig. 3. We used a previously reported phenomenological model based on the classical
chemical kinetic theory, from which two differential equations are derived.15 One describes the deposition rate per
cycle of HfO2, and the other the rate of creation of OH sites
共Si–OH and Hf–OH兲 per cycle. The major assumptions are
that the half reactions are allowed to proceed to saturation
that no desorption of adsorbed species occurs during the
purge steps, and OH species 共Si–OH and Hf–OH兲 are nucleation sites for ALD growth using halide precursors such as
HfCl4.25,27 In the case of growth on the H-terminated surface,
a parabolic solution can be obtained by approximating the
following parameters: Ninit Ⰶ N0, Kcov = 1.
NHfO2 = NinitC +

冉冊

k2
共N0 − Ninit兲C2 ,
2

共1兲

where NHfO2 is the amount of HfO2, Kcov is the OH site
utilization factor as a function of HfO2 coverage, NOH is the
net number of potential nucleation sites, k2 is the rate constant for the creation of Si–OH nucleation sites, and N0 is the
number of potential nucleation sites 共=8.53⫻ 1014 cm−2兲. If
the first term of Eq. 共1兲 共because Ninit is initially almost zero兲
is abbreviated, the experimental data can be matched with
the parabolic solution, which has the fitted parameter
k2 = ⬃ 0.003, as shown in Fig. 3. The physical meaning of
this is that about 3 out of 1000 potential nucleation sites are
converted to Si–OH sites per cycle. Therefore, initially,
growth on the H-terminated surface has a very slow deposiJ. Vac. Sci. Technol. A, Vol. 25, No. 1, Jan/Feb 2007
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FIG. 4. Normalized AFM measurements of HfO2 films grown on the
H-terminated surface and the chemical oxide surface as a function of HfO2
coverage.

tion rate. To consider the growth on the chemical oxide surface, the parameters can be approximated with the following
values: Ninit ⬃ N0, Kcov = k1 共since the OH sites are closed
packed, Kcov has the constant k1, the sterically hindered
value兲,
NHfO2 = k1N0C.

共2兲

The solution has the characteristics of linear growth behavior, which are in accord with the experimental data. The
slope in Fig. 3 is the k1N0 = 1.41⫻ 1014 Hf/ cm2, from which
we can obtain the steric hindrance factor k1 = ⬃ 1 / 6. Considering the size of the incoming HfCl4 molecules,26 the result
value is reasonable because the steric hindrance factor means
the screening effects for absorption of a HfCl4 molecule due
to previously absorbed HfCl4 molecules. Finally, we can
conclude that the initial growth on the H-terminated surface
and on the chemical oxide surface are parabolic and linear,
respectively, through the application of in situ MEIS data
with the help of the simplified phenomenological growth
model.
Figure 4 shows the AFM data normalized to the roughness of each starting surface. The results show that the
H-terminated surface case is rougher than the chemical oxide
surface case. Rough and islandlike growth occurred in the
case of the H-terminated surface growth, while growth on the
chemical oxide surface preserved a smooth surface as the
HfO2 coverage increases. These tendencies as a function of
HfO2 coverage are consistent with the characteristics of the
MEIS spectra shown in Figs. 1 and 2 as a function of the
number of cycles. In other words, a disturbance in the initial
nucleation on the H-terminated surface results in the rough
surface of HfO2 layer such as a three-dimensional island
structure. The expansion of surface area available for reaction due to the roughness may cause an increase in deposition rate after the initial growth stage. In addition, it is possible that the morphology of rough surface generates the
growth of porous films for the same HfO2 coverage.28 Therefore, the lower density of HfO2 films can be affected by the
rough surface of HfO2 films grown on the H-terminated surface, which is caused by the nonlinear growth mode in the
initial regime.
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FIG. 5. C-V curves of HfO2 films grown on the H-terminated surface and the
chemical oxide surface: the Hf coverage of 70 and 80 cycles on the
H-terminated surface is the same as that for 50 and 70 cycles on the chemical oxide surface, respectively. The inset shows the expanded region around
−2 – −1 V.

FIG. 6. I-V characteristics of HfO2 films grown on the H-terminated surface
and the chemical oxide: the Hf coverage of 70 and 80 cycles on the
H-terminated surface is the same as that for 50 and 70 cycles on the chemical oxide surface, respectively.

In order to investigate the electrical characteristics in relation to the initial nucleation and growth of HfO2 films,
capacitance-voltage 共C-V兲 and current-voltage 共I-V兲 were
measured as a function of the number of deposition cycles. A
metal-oxide-semiconductor structure was prepared with a Pt
gate electrode area of 30⫻ 30 m2 by using the photolithography process. Figure 5 shows the typical C-V curves of
HfO2 films grown on the H-terminated surface and the
chemical oxide surface. The Hf coverage of 70 deposition
cycles and the 80 cycles on the H-terminated surface are
equal to that of 50 deposition cycles and the 70 cycles on the
chemical oxide surface, respectively, as determined by the
MEIS results shown in Fig. 3. The HfO2 films grown on the
H-terminated surface have a smaller accumulation capacitance than that on the chemical oxide surface for the same Hf
coverage. The difference in accumulation capacitance could
be due to the following two effects. One is that the 1 – 2 nm
SiO2 layer for HfO2 films grown on the chemical oxide surface affects the decrease in accumulation capacitance. The
other is that the difference in the density of HfO2 films contributes to the accumulation capacitance. If the density of
HfO2 films depending on the initial surface conditions is excluded, the accumulation capacitance of HfO2 grown on the
chemical oxide should be less than that of HfO2 grown on
the H-terminated surface due to the serial connection of the
SiO2 layer with the thickness of 1 – 2 nm. However, our results show the inverse tendency, i.e., that the accumulation
capacitance of HfO2 films grown on chemical oxide is higher
than the films on a H-terminated surface. As compared with
the previous MEIS results of the HfO2 films grown on
chemical oxide and on H-terminated surface with the same
Hf coverage 共e.g., 10 cycles for the chemical oxide and
40 cycles for H-terminated surface with 1 nm full density of
HfO2兲, we found that the height and width of the Hf peak
show a discrepancy. HfO2 films grown on chemical oxide
have a higher height and the narrower width for the Hf peak.
This means that the HfO2 films grown on chemical oxide
have a higher film density than the films on the H-terminated
surface. In addition, a larger roughness makes the film more

porous: i.e., the densification of films is relatively low, which
effects the electrical thickness. Generally, the dielectric constant 共兲 has been explained by the Clausius-Mosotti formula
as a function of polarizability 共␣兲.29 Polarizability 共␣兲 is related to the molar volume 共Vm兲, which is proportional to the
capacitance.30 Therefore, the difference in the density of
HfO2 films depending on the initial growth and the relative
decrease of molar volume due to its relatively low density
can be attributed to a reduction in the accumulation capacitance of films grown on the H-terminated surface.
Figure 6 shows the I-V characteristics of HfO2 films
grown on a H-terminated surface and on a chemical oxide
surface, respectively. The leakage current is increased by
about four orders of magnitude for HfO2 films grown on the
H-terminated surface for almost all deposition cycles, compared with the films on the chemical oxide surface. In addition to the leakage current, the breakdown voltage is increased in HfO2 films grown on the chemical oxide surface,
compared with the films on the H-terminated surface with
the same Hf coverage. This is obviously related to differences in the interface prior to the growth of the films on the
two different Si surfaces, as shown in the previous C-V data.
Because the interfacial oxide such as the chemical oxide of
SiO2 acts as another insulator in the HfO2 film, compared to
the films grown on the H-terminated film, the leakage current
is relatively decreased. Nevertheless, another most important
thing is that the density of HfO2 films caused by the difference of the ALD growth mode depending on the surface
conditions, such as the layered growth on the chemical oxide
surface, influences the electrical properties.
In order to better understand the relationships between
leakage current characteristics and the surface conditions, the
MEIS results and HRTEM images are considered, as shown
in Figs. 7 and 8.31 Figure 7 shows 共a兲 MEIS energy spectra
and 共b兲 compositional depth profiles for 70 deposition cycles
on the H-terminated surface and 50 cycles on the chemical
oxide surface with the same Hf coverage, respectively. From
the width of the O peak, the total thickness is the same for
HfO2 films grown on the under different surface conditions.

JVST A - Vacuum, Surfaces, and Films
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Fig. 7共b兲. The HfO2 films grown on the chemical oxide surface have a uniformly distributed concentration throughout
the entire films and an abrupt interface. On the other hand,
HfO2 films grown on the H-terminated surface have a nonuniform concentration in the surface region up to a thickness
of ⬃2 nm, as indicated by the hatched region. In order to
assess the MEIS interpretations, HRTEM images were investigated for 60 deposition cycles on the H-terminated surface
and 50 cycles on the chemical oxide surface. Even if the
thickness of the HfO2 films has a discrepancy because of the
difference of deposition cycles in the case of films on the
H-terminated surface, the HRTEM results show that the
HfO2 films have a different uniformity of film density depending on the surface conditions. HfO2 films grown on the
chemical oxide surface have a uniform density distribution,
however, those on the H-terminated surface have a nonuniform density distribution and rough surface morphology,
which is consistent with the AFM data. Therefore, the difference in the density distribution of HfO2 films caused by the
different ALD growth modes depending on the surface conditions is strongly related to the electrical characteristics.
IV. CONCLUSION

FIG. 7. 共a兲 MEIS energy spectra and 共b兲 compositional depth profiles for
70 cycles on the H-terminated surface and 50 cycles on the chemical oxide
surface with the same Hf coverage. Inset in 共a兲 indicates the enlargement of
interfacial region in Hf peak. The hatched region in 共b兲 represents a nonuniform distribution of concentration for HfO2 films grown on the
H-terminated surface.

However, the amount of Hf distributed is different in the Hf
region, as indicated by dotted circles. The amounts of Hf
grown on the chemical oxide surface are higher than that on
the H-terminated surface in the surface region. On the contrary, the quantities of Hf grown on the chemical oxide surface are lower than that on the H-terminated surface in the
interfacial region. In addition, HfO2 films on the chemical
oxide surface have a sharp interface as evidenced by the
steep slope of the Hf peak, as shown in the inset. These
results are in agreement with the compositional depth profiles calculated from the simulation via the KIDO program in

FIG. 8. HRTEM images after 60 cycles on the H-terminated surface and
50 cycles the chemical oxide surface.
J. Vac. Sci. Technol. A, Vol. 25, No. 1, Jan/Feb 2007

The initial nucleation and growth of atomic layer deposited HfO2 films were examined using in situ MEIS analysis.
The growth on the H-terminated surface was compared to the
results obtained for a chemical oxide surface. These were
applied to a simplified mathematical model related to the
nucleation sites of a HfCl4 molecule. Parabolic initial growth
occurs on the H-terminated surface with an ⬃0.003 creation
rate to nucleation sites for a HfCl4 molecule. The chemical
oxide enables HfO2 nucleation with a linear growth rate with
a value of 1.41⫻ 1014 Hf atoms/ cm2 and an ⬃1 / 6 steric hindrance factor. HfO2 films grown on the chemical oxide surface with a linear growth rate lead to smooth morphology
and superior electrical properties.
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