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Effects of Initial Growth Mode on the Electrical Properties
of Atomic-Layer-deposited HfO2 Films
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The effects of the initial growth mode on the electrical properties of atomic layer deposition-grown HfO2/
SiO2/Si metal-oxide-semiconductor devices were investigated using in-situ medium energy ion scattering
(MEIS). MEIS results clearly showed that wet chemical oxide has a more layer-like growth at an initial
growth stage than a thermal oxide starting surface. On the high OH group surface, less shifting of the flat
band voltage and mininal hysteresis in the C-V curve was observed primarily due to structural uniformity
in the HfO2 dielectric. The method of surface preparation directly influenced the growth morphologies. These
morphologies at the initial growth stage strongly affected C-V quality and charge trapping.
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1. INTRODUCTION

With aggressive downscaling of critical dimensions in
complementary metal oxide semiconductor (CMOS) devices,
high dielectric constant dielectrics are required for sub-100
nm metal-oxide-semiconductor (MOS) structures because
conventional SiO2 film is too thin to minimize the tunneling
current. Replacements by thicker high-k layers to reduce
direct tunneling have been investigated as alternative gate
dielectric materials. Among the various materials to be con-
sidered, HfO2 and its silicates appear to be the most promis-
ing candidates because they meet not only the dielectric
constant but are also expected to provide thermal stability. [1-4]

Initial growth of HfO2 is critical for the development of
alternatives for SiO2 because dielectric layer properties
depend on initial growth and interface controllability. There-
fore, it is important to understand the initial growth stage
during the atomic layer deposition (ALD) process of hafnium
oxide. In our previous study, we showed that island-like
growth occurred at initial HfO2 growth and that these islands
merged into a continuous atomic layer with increasing ALD
cycles.[5]

In the current study, we examined the effects of the initial
growth mode on the electrical properties of atomic-layer
deposited HfO2 and the role of the starting surface using in
situ medium energy ion scattering (MEIS), which is a high
resolution version of Rutherford backscattering spectros-
copy, RBS, with a depth resolution of ~ 3Å.[6,7]

2. EXPERIMENTS

HfO2 films were deposited on various Si surfaces by a
showerhead-type ALD at a temperature of 300. After stan-
dard cleaning, samples were prepared with various starting
surfaces: (1) radical oxygen treated Si with low-temperature
treatment (thermal oxide); (2) HF-treated Si (H-terminated
Si); and (3) wet chemical oxide grown by SC 1 solution
(chemical oxide) prior to HfO2 deposition. The precursors
used for the Hf source and the O source were HfCl4 and H2O
respectively. The source temperatures were 170°C for HfCl4

and 14.5°C for H2O. One cycle of ALD- HfO2 growth con-
sisted of an 800 ms pulse of HfCl4, followed by a 200 ms
pulse of H2O, each carried by a flow of nitrogen and sepa-
rated by 100 seconds. We extended the purge time to elimi-
nate CVD type of growth. The gas line of the final dose was
separated in order to prevent interference among the two
gases and the process pressure was 250 mTorr.

In order to investigate the ALD growth mechanism of
HfO2 film at the initial growth stage, the sample could be
transferred in situ from the deposition chamber to the MEIS
chamber using a transfer rod after HfO2 growth. The MEIS
analysis was accomplished with a 100 keV proton beam in
the double alignment condition. This reduces contributions
from the crystalline Si substrates, allowing the deconvolu-
tion of spectra into contributions from interfacial Si signals.
The incident ions were along [111] in the (011) plane and the
scattered ions were along [00 ] with a scattering angle of
125°.6 During the MEIS experiments, the specimen was
moved and the H+ dose was maintained below 2×1015 cm-2 in
order to prevent damage.
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3. RESULTS AND DISCUSSION

Figure 1 shows the proton backscattering energy of Hf
atoms for HfO2 film grown on a wet chemical oxide. HfO2

films grown on chemical oxide showed a fast growth rate at
the initial stage, compared with thermal oxide. Figure 1
clearly shows that in the early stages of growth, HfO2 cover-
age per cycle was highest for the chemical oxide underlayer
and HfO2 films grown on the chemical oxide showed ~ 2
times faster growth rate compared to thermal oxide at the ini-
tial stage. As a result, the first 1 monolayer formed com-
pletely at 7 cycles (1 ML HfO2 may be calculated simply as
the HfO2 molecular density, equal to 9.14×1014 Hf atoms/
cm2). The Hf coverage of ~5 cycles was equivalent to the Hf
coverage of 10 cycles on thermal oxide. The shape of the Hf
peak is sharp, compared with the sample grown on a thermal
oxide. Therefore, chemical oxide had more layer-like growth
than the other starting surfaces, as shown in Fig. 1. However,
ALD growth did not occur via a monolayer-by-monolayer
mode, since only a partial monolayer (~16 %, 1.5×1014 Hf
atoms/cm2) growth per cycle was observed. More impor-
tantly, subsequent cycles did not necessarily lead to reaction
and coverage at previously unreacted Si-OH sites. Incoming
HfCl4 preferentially reacts with previously unreactied Si-OH
sites, and growth will occur predominantly on these sites.

Hf coverage rapidly increased at the first cycle and then
the HfO2 film linearly grew in a linear fashion at a constant
coverage rate, as shown in Fig. 2. The HfO2 layer grown on
the chemical oxide showed the highest nucleation site after
the first cycle, 3.3×1015 Hf atoms/cm2. The atomic force
microscopy (AFM) data of the inset of Fig. 2, which was in
each case normalized to the roughness of the starting sur-
face, appear that the thermal oxide underlayer results in
slightly more rough HfO2 films. 

In order to determine the effect of growth kinetics on the
electrical characteristics of ALD-grown HfO2 films, MOS
capacitors with a Pt electrode were defined by photolithogra-
phy and etching. Capacitance was measured at a frequency
of 1 Mhz using HP 4284 multi-frequency LCR meter and
the current-voltage characteristics with the HP 4155 pA
meter/d.c. source. The measurements were carried out at
room temperature. 

Figure 3(a) shows the typical capacitance-voltage (C-V)
characteristics with a gate area of 9×10-6 cm2 for 20-70
cycles HfO2 grown on the thermal oxide. No post-deposition
annealing was performed. As the thickness of the film
increased, the C-V curve shifted towards negative voltage,

Fig. 1. MEIS spectra of Hf atoms for HfO2 deposited on chemical
oxide. The Hf coverage of ~5 cycles on chemical oxide is equivalent
to the Hf coverage of a 10 cycles on thermal oxide.

Fig. 3. (a) C-V measurements in accumulation taken at 1 Mhz on
MOS capacitors with 20-70 ALD growth cycles of HfO2 on top of
SiO2. (b) C-V curves for Pt-gated MOS capacitor with 20-70 ALD
growth cycles of HfO2 on top of chemical oxide.

Fig. 2. Hf coverage, measured by in-situ MEIS, as a function of the
number of HfO2 deposition cycles, for samples exposed to 40
cycles. The inset shows nomalized AFM measurements of HfO2 films
grown on the different starting surfaces, as a function of Hf coverage.
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implying the presence of a positive charge in the HfO2 film.
A “bump” was observed between -0.7 V and 0 V for as-
grown samples, showing the interface defects. This showed
the interface state density (Dit) which was estimated by the
conductance method was found to be 8.21×1012 cm-2eV-1.
These interface defects could be reduced by forming gas
anneal (FGA).[8]

On the high OH group surface, the shift of flat band volt-
age (VFB) was negligible. This is attributed to structural uni-
formity in the HfO2 dielectric, as shown in Fig. 3(b). This is
in contrast to capacitor structures grown on thermal oxide.
The interface trap density Dit was estimated to be 2.3×1012

cm-2eV-1. 
Figure 4 clearly shows the effect of surface preparation on

the electrical characteristics and the superior electrical prop-
erties of HfO2 grown on chemical oxide. On the H-termi-
nated interface, the highest hysteresis value, ~150 mV was
observed. This is attributed to incomplete film growth,
which may be associated with non-uniform bonding at the
HfO2/Si interface or non-uniformity of the interface compo-
sition. Therefore, electrons were trapped at pre-existing
defects in the HfO2 layer. Large hysteresis, counter clock-
wise always, was present in all films, but hysteresis was
small for film grown on chemical oxide. The small hystere-
sis observed in the C-V curve is considered to be due to
charge trapping in HfO2 and/or near the HfO2/chemical
oxide interface. We believe that this resulted from relatively
uniform Hf-O-Si/Hf-O bonding at the interface, as shown in
Fig. 5. 

VFB changes with increasing capacitance equivalent thick-
ness (CET), as shown in Fig. 3(a). Other studies have observed
similar VFB-film thickness dependencies, suggesting that a
fixed charge in high-k films was distributed throughout the
film rather than existing only at the interface.[9-11] However, a
positive relation between VFB and film thickness has not

been universally reported. The origin of VFB-film thickness
dependencies is not clear at present. One possibility is the
difference in the HfO2 structure and interface structure due to
the difference in the ALD growth mode. Recently, Stesmans
reported that the density of Pb0 (Si dangling-bond-type
defect) is sensitive to the deposition process and improve-
ment of the HfO2 nucleation site using a chemical oxide may
yield a better Si/oxide interface.[12] As suggested by this
research, surface preparations can affect observed VFB val-
ues. Based on the results obtained here, we deduced that the
morphologies of thin film resulting from differences in the
initial growth affect C-V qualities.

4. CONCLUSION

We investigated the effects of the initial growth mode on
the electrical properties of atomic layer deposition-grown
HfO2/SiO2/Si. MEIS results clearly showed that wet chemi-
cal oxide yielded more layer-like growth at an initial growth
stage than a thermal oxide starting surface. HfO2 films
grown on a wet chemical oxide showed negligible hysteresis
and better interface state density than other surface condi-
tions. The improvement of electrical characteristics can be
explained by the uniform and smooth morphology at the
HfO2/Si interface. This showed that the surface preparation
directly influences growth morphologies. This growth mor-
phology at the initial growth stage strongly affected the C-V
quality and charge trapping. 
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Fig. 4. Effect of surface preparation on C-V hysteresis. In chemical
oxide, hysteresis was the lower value than that of other cases.

Fig. 5. The model of growth mechanism of ALD HfO2 layer grown
on the different OH- density surfaces at the initial growth stage.
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