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Ultra-thin hafnium-oxide films were deposited by using atomic layer deposition. The impurity
distribution and the film properties were studied in the deposition temperature range between 200
◦
C and 400 ◦ C. Suppressed crystallization with effective Cl impurity reduction was obtained at
medium temperature (300 ◦ C), which resulted in a hafnium-oxide film with a low leakage current
(2.06×10−7 A/cm2 at −2.0 MV/cm) and a small equivalent oxide thickness value (23.9 Å) at the
same time.
PACS numbers: 77.55.+f
Keywords: Gate dielectric, HfO2 , ALD

I. INTRODUCTION

Among the various deposition methods, atomic layer deposition (ALD) is one of the most promising techniques,
having advantages such as high-precision thickness control and uniform thickness of the grown films [7]. In this
research, we investigated the characteristics of ultra-thin
HfO2 films deposited by ALD using HfCl4 and H2 O precursors.

The continuing push to decrease the size of microelectronic devices is limited by some of the physical properties of current materials. Silicon dioxide is currently used
as a gate oxide in metal-oxide semiconductor field-effect
transistors (MOSFETs), and operation of these devices
require that the thickness of this oxide should be scaled
along with the length of the gate between the source and
drain. As the gate length approach 0.1 µm, the required
SiO2 thickness will be about 15∼20 Å, where the leakage
current through SiO2 will rise to an unacceptable limit
[1,2]. One alternative is to replace SiO2 with a material
having a higher dielectric constant that will allow the use
of thicker, and thus less leaky, films. For this application,
metal oxides, such as TiO2 , Ta2 O5 , Al2 O3 , Y2 O3 , ZrO2 ,
and HfO2 , have been investigated [3–10]. Among these
compounds, HfO2 is one of the most promising materials
due to the following advantages. It is a stable oxide due
to its high heat of formation (∆Hf =271 kcal/mol), and
the dielectric constant and bandgap energy of HfO2 are
∼30 and 5.68 eV, respectively. Also, HfO2 is very resistive to impurity diffusion and intermixing at the interface because of its high density (9.68 g/cm3 ). However, it
must be deposited on the Si substrate with precise thickness control and minimum SiO2 growth at the interface.
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II. EXPERIMENT
The starting material was an 8-inch (100) p-type silicon wafer, and standard RCA cleaning with a final HFdip (10 %) for 10 seconds was performed before deposition. The HfO2 film was deposited in a traveling-wavetype ALD reactor (Evertek plus 200T M ) using HfCl4 and
H2 O precursors. N2 was used as a carrier and purge gas.
Solid-phase HfCl4 was volatilized in a canister kept at
200 ◦ C and was carried into the reaction chamber with
a pure N2 carrier gas. The canister containing H2 O was
kept at 12 ◦ C, and no carrier gas was used. In order
to optimize the properties of the HfO2 film, the injection time was changed from 0.5 sec to 5 sec for HfCl4
and from 0.1 sec to 2 sec for H2 O. A metal-insulatorsemiconductor (MIS) capacitor was fabricated with an
Al electrode with a 2.5×10−5 cm2 active area, and no
post-deposition annealing was performed.
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Spectroscopic ellipsometry, X-ray diffraction (XRD),
and transmission electron microscopy (TEM) were used
to investigate the film thickness, interfacial layer, and
microstructure, respectively. Secondary ion mass spectrometry (SIMS), Rutherford backscattering spectrometry (RBS), and Auger electron spectroscopy (AES) were
utilized to analyze the chemical composition of deposited
films. C-V and I-V characteristic were measured using Keithly 82-WIN and HP4155A analyzer, respectively, and the results were compared with the physical/chemical properties.

III. RESULTS AND DISCUSSION
Figure 1 shows the film thickness as a function of the
number of deposition cycles for several temperatures.
The thickness of the HfO2 films increases linearly with
the number of cycles and decreases with the deposition
temperature. The linearity with number of deposition
cycle indicates that the deposition mechanism is a typical ALD process. The deposition rate is 0.95 Å/cycle,
0.64 Å/cycle, and 0.48 Å/cycle at 200, 300, and 400 ◦ C,
respectively. Because HfCl4 reacts more readily with the
hydroxyl group than oxygen, the decrease in the concentration of hydroxyl groups at high temperatures results
in a decreased film growth rate [8].
The SIMS depth profile in Fig. 2 shows the Cl distribution inside the film. The chlorine content increases significantly at the low deposition temperature in the bulk
because Cl doesn’t perfectly react with H2 O to form HCl
and cannot be removed due to low activation energy, and
then remains in the Hf-oxide film [9]. The chlorine content at the interface, however, is relatively high due to
an incomplete bonding configuration. The O/Hf ratios
of the films investigated by RBS were 2.28 and 2.41 for
deposition temperatures of 200 ◦ C and 400 ◦ C, respectively (not shown).

Fig. 2. SIMS depth profiles of Hf-oxide films deposited at
(a) 200 ◦ C, (b) 300 ◦ C, and (c) 400 ◦ C.

Fig. 3. HRTEM cross-sectional images of Hf-oxide films
deposited at (a) 200 ◦ C, (b) 300 ◦ C, and (c) 400 ◦ C.

Fig. 1. Thickness variation with the number of deposition
cycles for three temperatures.

In order to investigate the variation of the microstructure of the Hf-oxide films with deposition temperature,
we analyzed cross-sectional images of the films (Fig. 3).
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Fig. 4. XRD peak of Hf-oxide films deposited at three
temperatures.

The film deposited at 200 ◦ C is amorphous while the
one deposited at 300 ◦ C is partially crystallized. The
films deposited at 400 ◦ C are mostly crystalline. Also,
we can observe the thin layer formed at the interface at
300 ◦ C and 400 ◦ C. The crystalline phases formed at
400 ◦ C were identified as monoclinic and orthorhombic
through XRD (Fig. 4). Cross-sectional HRTEM images
for various numbers of cycles are shown in Fig. 5. No
interfacial layer is seen up to 75 cycles. This incubation
phenomenon seems to come from a hydrogen-terminated
substrate.

Fig. 5. HRTEM cross-sectional images of Hf-oxide films
deposited at 300 ◦ C for various number of cycles: (a) 25
cycles, (b) 50 cycles, (c) 75 cycles, and (d) 100 cycles.

For a more detailed analysis of the interfacial layer,
AES analysis was performed after the chemical etching
because hafnium metal cannot be easily sputtered by Ar
ions. Precision step-by-step etching with a dilute HF
solution (H2 O : 49 %HF=100 : 1) was followed by the
thickness measurement with single wavelength ellipsometry, resulting in the etching profile in Fig. 6(a). An
abrupt change of etch rate near 105 s is observed, which
implies that the thin Hf-oxide film is composed of two
distinct layers, i.e., a Hf-oxide layer and an interfacial
layer. AES surface analysis after etching for 125 s shows
hafnium (184 eV) as well as silicon (96 eV and 1621 eV)
and oxygen (515 eV), as can be seen in Fig. 6(b). Therefore, it can be said that the interfacial layer is not silicon
dioxide, but hafnium silicate.
Figure 7 shows the C-V characteristics of MIS capacitors with Hf-oxide films deposited at various temperatures. As the dielectric constant increases with the deposition temperature, we get a lower value of the equivalent oxide thickness (EOT) at higher temperatures. The
EOTs obtained from the capacitance values in the accumulation region are 73.3, 23.9, and 22.1 Å for the
samples deposited at 200, 300, and 400 ◦ C, respectively.
The frequency dispersion and hysteresis of the sample
deposited at 200 ◦ C are very high because of the high
chlorine contamination. Figure 8 shows the J-E characteristics of the samples deposited at various temperature.
The leakage current densities at −1 V (∼-2 MV/cm) are
2.19×10−7 A/cm2 and 2.06×10−7 A/cm2 for the samples

Fig. 6. (a) Chemical etch profile using a dilute HF solution
(H2 O : 49 %HF=100 : 1) and (b) AES surface analysis after
an etching time of 125 sec.
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deposited at 200 ◦ C and 300 ◦ C, respectively. However,
it is 2.5×10−3 A/cm2 for the sample deposited at 400 ◦ C,
which is believed to be due to the crystallization of the
sample so that it has a high leakage-current-path grain
boundary.

IV. CONCLUSION
The properties of Hf-oxide films deposited by using an
ALD system were characterized. The thickness of the
HfO2 films increases linearly with the number of deposition cycles, which is a typical characteristic of the ALD
process. While the film deposited at 200 ◦ C is amorphous, the one deposited at 400 ◦ C is crystalline. Also
the films deposited at 300 ◦ C and 400 ◦ C show hafniumsilicate interfacial layers. Although the sample deposited
at 200 ◦ C has a low leakage-current density, it shows
high frequency dispersion, high hysteresis, and a high
EOT value because of high chlorine contamination and
incomplete bonding formation. Even though the sample
deposited at 400 ◦ C shows low chlorine contamination,
a small EOT value, and good C-V characteristics, its
leakage current density is rather high because of crystallization. The sample deposited at 300 ◦ C, however,
allows a small EOT, low frequency dispersion, low hysteresis, and a low leakage current density at the same
time.
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Fig. 7. C-V characteristics of samples deposited at (a) 200
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Fig. 8. J-E characteristics of samples deposited at three
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