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Hafnium-oxide (HfO2) thin films were deposited on p-type (100) silicon wafers by using atomic
layer deposition (ALD) with tetrakis (ethylmthylamino)-hafnium [TEMAH] and ozone. Prior to
the deposition of the HfO2 thin films, a thin Hf (10 A) metal layer was deposited. The deposition
temperature of the HfO» /Hf thin film was 350 °C and, its total thickness was 150 A. The deposited
samples were annealed in a furnace under nitrogen ambient. Round-type MOS capacitors were
fabricated with Pt electrodes prepared by using an e-beam evaporator. We observed the formation
of Hf-O-Si bonds, instead of Si-O bonds, at the interface. The HfSiO layer was grown between
the HfO2 and Si; therefore, the Hf metal layer sandwiched in the HfO2/Si structure was effectively
suppressed to grow interfacial SiO,. The MOS capacitance of the HfO5 /H{f/Si structure was larger
than that of the HfO2/Si structure. The dielectric constant of the HfOo /Hf layer was ~18.96, and
the interface state density at the silicon interface was 2.2 x 107'2 cm~2eV 1.

PACS numbers: 77.55.+f
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I. INTRODUCTION

SiO; is a good gate dielectric material which has a
low leakage current, good thermal stability, and good
reliability. As the scaling down of metal oxide semicon-
ductor (MOS) devices continues, the physical thickness
of SiO, is approaching 1 nm, and the decrease of gate
oxide thickness is the cause of serious problems, such as
a high gate leakage current and oxide reliability [1,2]. If
the gate leakage current is to be reduced, SiO5 must be
replaced by a high-k material, such as HfO5 [3-6], ZrO»
[5,6], A1203 [7], Ta205 [8], Y203 [9] These hlgh—k ma-
terials increase the capacitance for the same thickness as
that of SiO, and reduce the gate leakage current.

Among the many high-k materials, HfO5 has attracted
much attention due to its high dielectric constant and
compatibility with complementary metal oxide semicon-
ductor (CMOS) processes. However, HfO, thin films
may react with the underlying silicon substrates during
deposition or annealing. The increase in an interfacial
Si-O, containing layer, such as SiOs, is a current issue.
HfO, thin films, however, have very poor barrier charac-
teristics with respect to oxygen [3].

HfO4 thin films have been deposited using many depo-
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sition techniques, such as atomic layer deposition (ALD)
[10], metal organic chemical vapor deposition (MOCVD)
[10], and sputtering [11]. Among the many deposition
methods, ALD is extensively used for HfO5 thin film de-
position. The ALD is a novel semiconductor thin film
deposition technology, which controls the surface reac-
tion of the precursor on the substrate. The ALD process
can find its advantages in accurate thickness control and
excellent step coverage because the growth rate only de-
pends on the number of growth cycles and the lattice
parameters of materials.

In this study, we deposited HfO5/Hf thin films on p-
type silicon by using the ALD method. The role of the
Hf layer is to prevent growth of the interfacial SiO5 layer
between HfO5 and Si and to obtain better interface prop-
erties.

II. EXPERIMENT

The HfO5 thin films were deposited on 4 inch p-
type Si(100) wafers with a resistivity in the range of
5 — 10 Qcm. After the Si wafer had been cleaned us-
ing a standard RCA cleaning process, the wafer was
placed in the ALD chamber. The precursors used for
the HfO5 thin film deposition were TEMAH [tetrakis
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Fig. 1. AES depth profiles of (a) an as-deposited HfO /Hf
thin film and (b) a 500 °C annealed HfO2/Hf thin film.

(ethylmthylamino)-hafnium] and ozone. In order to pre-
vent the formation of a SiOs interfacial layer, a thin Hf
(10 A) metal layer was deposited by using ALD. The
HfO, thin film was deposited by alternating pulses of
TEMAH and ozone. A deposition cycle is defined as a
pulse of TEMAH, an argon purge to remove the unre-
acted precursor, an ozone pulse, and a final argon purge.
The HfOq thin film’s thickness was controlled by using
the number of cycles. The deposition temperature of the
HfO5/Hf thin film was 350 °C, and its total thickness
was 150 A. After deposition, the films were annealed in
a nitrogen ambient in a thermal furnace.

The thickness of the HfO5 thin film was measured
using ellipsometry. The chemical compositions of the
HfO,/Hf thin films were investigated using AES (auger
electron spectroscopy). The analysis of interfacial re-
gion of HfO,/Si was done using XPS (X-ray photoelec-
tron spectrometry) and TEM (transmission electron mi-
croscopy). The C-V analysis of the MOS capacitors
was based upon conventional MOS C-V theory. High-
frequency (1 MHz) and low-frequency (100 kHz) C-V
measurements were achieved by using 1 MHz C me-
ter / C-V plotter (HP4280A). The I-V measurements
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Fig. 2. TEM images of (a) the HfO2/Si structure and (b)
the HfO2 /Hf/Si structure. Both structures were annealed at
500 °C.

were performed using semiconductor parameter analyzer
(HP4155).

III. RESULTS AND DISCUSSION

Figure 1 shows the chemical composition of the
HfO, /Hf thin films on Si. As Figure 1(a) shows, the ratio
of O/Hf is about 2, indicating the film is stoichiometric.
For samples annealed at 500 °C, the film maintained in
stoichiometry. Thickness, measured using ellipsometry,
of the annealed sample was the same as the thickness of
the sample before annealing. As the pre-sputtering time
for removing carbon from the surface was different for
each film during AES analysis, the etching time in each
figure is rather different.

Figure 2(a) and 2(b) show TEM images of the HfO5/Si
and the HfO,/Hf/Si structures. Both samples were an-
nealed at 500 °C. The thickness of the thick HfO, film is
about 15 nm while the thin film at the interface is about
2 nm thick in the HfO2/Si structure. The thickness of
the interfacial layer, SiO,, has been reported not to de-
pend on the HfO5 thickness, but to depend on the oxygen
pressure [3]. In our HfO, /Hf/Si structures, the thickness
of the interfacial layer depends on the as-deposited Hf
thickness. In Figure 2(b), interfacial layer thickness is
less than about 2 nm, which is thinner than SiO, film
shown in Figure 2(a).

Figure 3 shows the Hf 4f and Si 2p XPS spec-
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Fig. 3. (a) Hf 4f and (b) Si 2p XPS spectra for the HfO4 /Si
structure and the HfO, /Hf/Si structure.

tra obtained from both the HfO5/Si structure and the
HfO, /Hf/Si structure. For the HfO5 bulk in both struc-
tures, the Hf 4f peak is observed in range of 17 ~ 20 eV.
This peak represents the formation of Hf-O bonds [5,
11]. The binding energy signal of Si 2p was not observed
in the HfOs bulk. In the HfOo/Hf thin film, the for-
mation of the Hf-Si bond was observed at the interface,
as shown in Figure 3(a). The binding energy of Hf-Si
bonds was measured to be 14.3 eV. However, the Hf-Si
bond was not observed in the HfO5 /Si structures because
the interfacial layer was usually composed of Si and O
atoms, as shown in Figure 3(b). The Si 2p peak can be
divided into three components: the binding energies of
Si-Si bonds (99.3 €V), Hf-O-Si bonds (around 102.7 eV),
and O-Si-O bonds (103.3 V) [4,12,13]. In our HfO,/Hf
films, the peak at 98 ~ 99 eV in the Si 2p spectra repre-
sented the silicon substrate component. The high-energy
102.3 eV and 103.3 eV features in the Si 2p spectra rep-
resent Hf-O-Si bonds and Si-O bond, respectively. Thus,
our film structure achieved the HfO, /HfSiO/Si structure
after annealing, without the creation of a SiO,, layer.
Through the results of AES and XPS, we found that
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Fig. 4. Schematic explanation of the function of the Hf
metal layer.
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Fig. 5. C-V characteristics of Pt/HfO2/Hf/Si structures
for various of annealing temperature.

the Hf layer is changed as an HfSiO film at the HfO5/Si
interface. The role of the Hf layer is illustrated in Fig-
ure 4. The Hf metal layer may combine with silicon and
oxygen atoms in the sandwiched structure. Therefore,
the Hf metal layer can prevent oxygen diffusion into the
silicon substrate.

The C-V characteristics of the HfO5 /Hf thin films are
show in Figure 5. The electrode area was 7.07 x 10~*
cm™2. The capacitances show different trends, depend-
ing on the annealing temperature, because defect gen-
eration is related to the chemical reactions in the in-
terface. The measured capacitance of the HfO,/Hf/Si
structure with 500 °C annealing was 7.91 x 10710 F,
which corresponded to k ~ 18.96. The dielectric con-
stant k of the HfO3/Si structure was ~17. The flat-
band voltage shifted toward positive voltage in the 500
°C annealed HfO5/H{f/Si structure, which means a de-
crease in the number of oxide trap charges. The capaci-
tance of the HfO,/Hf/Si structure was larger than that
of the HfO5/Si structure. As a result, the HfSiO layer
was grown between the HfO5 and Si, therefore, the Hf
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Fig. 6. C-V characteristics for two values of the bias fre-
quency.
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Fig. 7. Leakage current density for the HfO /Hf films.

metal layer sandwiched in the HfO5/Si structure effec-
tively suppressed the growth of interfacial SiO,.

Figure 6 shows the C-V characteristics for two val-
ues of the bias frequency. High- and low-frequency C-
V measurements were conducted using the conventional
method, and we calculated the interface density of states
D;;. When the annealing temperature was 500 °C, the
interface density of states at the interface of silicon was
2.2 x 10'2 em~2eV~!. Typical SiO, film as gate di-
electrics has a mid-gap interface density of states given
by D ~ 2 x 1019 states/cm?, and the reported high-k
materials show D ~ 1011 — 1012 states/cm? [14]. Our
result is in the range of the published D;;. Figure 7 shows
the leakage current density for the HfOo /Hf films. The
as-deposited thin film shows a Fowler-Nordheim (FN)
tunneling behavior below 2 V (1.3 MV/cm). The an-
nealed HfO, /Hf film has a smaller leakage current than
the as-deposited film, which implies that post-annealing
is necessary to obtain fewer oxide traps.

IV. SUMMARY

We investigated the interfacial and the electrical char-
acteristics of HfO5 /Hf deposited on Si by using the ALD
method. The prepared film maintained its stoichiometric
components. We observed both Hf-Si bonds and Hf-Si-O
bonds in the HfO5/Si interface, instead of Si-O bonds.
The sandwiched Hf metal layer suppressed the growth of
a SiO, layers, instead, an HfSiO layer was grown. The
Hf metal layer acts as an oxygen barrier and silicon bar-
rier in the HfO, /Hf/Si structure. The dielectric constant
k of the annealed HfO5 /Hf film was ~18.96, and the D;;
was 2.2 x 102 em™2eV~!. Our HfO,/Hf film demon-
strated a potential for use as a gate dielectric material
in CMOS applications.
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