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Consideration about the Design of Existing Mixed-Structure of
Woody Type
— Case of Reinforced Concrete Boxed Wall-Buildings in the first floor —

Kenji IGARASHI* and Masahiro CHIBA**

Abstract

The mixed-structure of woody type is a house from to be seen in the snowiness area. The style that is
wooden in the 2-3 floor in RC structure in the first floor. When assume the first floor reinforced concrete boxed
wall-buildings, the second floor slab must assume it RC members on the law. When calculate an earthquake
power of each floor, because there is RC floor slab, RC bearing wall catches the shear stress degree equally.
However, regard it as high-floor above-ground house-type, there is an area omitting RC floor slab. As for the RC
bearing wall, quantity of necessary wall is decided. When omit RC floor slab, place RC bearing walls under the

wooden bearing walls.

This paper confirmed the stress behavior of the RC bearing walls in a case study and inspected it about
safety. Quantity of necessary wall of the first floor by the specifications rule is 3-story numerical value of RC
structure. The shear stress degree that RC bearing wall can afford with the mixed-structure with the wooden

structure.
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Summary of Characterizations of Sol-Gel-Derived Crystalline
HfO,, Zr0,, Zr0O,-Y:O; Thin Films on Si (001) Wafers with
High Dielectric Constant

Hirofumi SHMIZU* and Toshikazu NISHIDE**

Abstract

This report essentially summarizes the results of sol-gel-derived HfO», ZrO» and Y doped ZrO: (ZrO--
Y20 3) thin films on Si(001) wafers fired in air between 350 and 700C which were characterized physically,
chemically and electrically with the aim of achieving alternative gate insulator materials for advanced CMOS de-
vices. The surface of the ZrO:-Y O 3 thin films on Si(001) wafers showed less roughness than the HfO» and
ZrO; thin films, resulting in lower leakage current in MOS capacitors. The crystalline sol-gel-derived ZrO -
Y 20 3 thin films are conclusively postulated to be promising as alternative gate insulator materials of advanced
CMOS devices.

Key words: Si(001)wafer, CMOS device, gate insulator, permittivity, sol-gel method

1. Introduction

A sol-gel method produces amorphous or crystalline thin gel films of metallic solid compounds by solidifying a sol
formed by hydrolyzing and polymerizing a solution containing metallic compounds. Sol-gel processes are widely em-
ployed in the field of chemistry to prepare ceramic powders and thin films of hafnium oxide (HfO:) !’ and zirconium
oxide (ZrO:)? for obtaining high-quality ceramics and insulators, offering the advantages of low cost, relative sim-
plicity, and easy control of the composition of the layers formed. With an aim of getting an excellent gate insulator
with high dielectric constants in ultra-miniaturized devices, this paper describes the characterization of sol-gel-de-
rived and crystallized HfO2, ZrO2 and ZrO:-Y203 thin films.

In the electronic device field, the continuing miniaturization of silicon (Si) ultra-large-scale-integration (ULSI)
devices has required an ultrathin gate Si dioxide (SiO:) and oxynitride film; upon scaling down to 22-15 nm technol-
ogy nodes and beyond, thinner SiO: gate oxide films have been required. At these thicknesses, gate leakage currents
due to direct tunneling become comparable to the off-currents of metal-oxide-semiconductor (MOS) field-effect transis-
tors (FETs), increasing the off-state power consumption of the devices. In further scaled-down advanced Si comple-
mentary MOS (CMOS) devices, scaling trends have required the substitution of gate SiO: by insulators with higher
dielectric constants (high-&).*’

The aim of using high-£ materials is to increase the film thickness, thus reducing the tunneling leakage current,
while scaling the capacitance of the equivalent oxide thickness (EOT) below the direct tunneling limit of SiO:.?%’
Several high-k material candidates, such as HfO2,* ZrO:,%’ Al:03, Zr0:-Y203,% Y203,7) La203, and gate stack
structures have been proposed and some materials have been put into practical use. All of them are either oxides or
silicates of 4d or 5d transition metals or rare earth elements.

HfO: and ZrO: thin films are the most promising candidates as alternative high permittivity (high-%) oxides for
replacing the SiO: gate dielectric material used in CMOS devices. 8-’ Because of the higher permittivity, the dielec-
tric gate insulator thickness can be increased for a given capacitance, resulting in reduced tunneling leakage current.
HfO: has promising properties such as high permittivity (25 ~ 40),% %Y a conduction band offset as high as 1.5 eV,
12 and a wide band gap (~5.68 V) .13

In device fabrication processes, HfO2 and ZrO: thin film layers are deposited by chemical vapor deposition
(CVD)or physical vapor deposition (PVD) or sputtered onto Si substrates using argon (Ar) and Oz mixed gases. On
the other hand, a sol-gel process offers various advantages for fabricating ZrO2, HfO2, ZrO:-Y203% and HfO; -
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Y203 thin films. The properties of a sol-gel-derived thin film depend on the composition of the sol solution, and re-
sidual H2 0O may affect the performance of the film. Investigations of the basic structural and optical properties of sol-
gel-derived HfO: films have shown that HfO: films formed on quartz substrates begin to crystallize at a firing tem-
perature of 550 C as determined from X-ray diffraction (XRD) patterns.!’ From the interplanar spacing, they derived
from the XRD patterns and a comparison of their data with data from a Joint Committee on Powder Diffraction Stan-
dards (JCPDS) card, they determined the crystalline phase of the sol-gel-derived HfO ; film to be monoclinic. Recent-
ly, on the basis of high-resolution transmission electron microscopy (HRTEM) measurements in combination with re-
sults of electron beam nanodiffraction analyses, sol-gel-derived HfO : thin films on Si(001) wafers were found to crys-
tallize in a monoclinic face-centered cubic (fcc) structure.'® Sol-gel-derived ZrO: thin films fired in air at 350 and
450 C on Si(001) wafers are reported to be amorphous and around 9 -10 nm in thickness. Crystallization occurs first
at 550 C as amorphous/tetragonal (011), and finally at 700 C, the ZrO: film crystallizes into tetragonal (011)/ mono-
clinic (111) and (111) structures.'” Electrical characteristics have been evaluated using capacitors with an Al/ZrO
and/or HfO 2/ Si sandwich structure. The leakage current and dielectric constant of the films have been examined us-
ing current-voltage (I-V) and capacitance-voltage (C-V) methods. On the basis of C-V characteristics, the dielectric
constant (relative permittivity: £z, and Euro,) of sol-gel derived ZrO2 and HfO: thin films fired in air were shown
to be far higher than that of silicon dioxide (SiO2:3.9). '"!® This paper summarizes the characterizations of sol-gel-
derived HfO:, ZrO: and ZrO:-Y2O3 thin films on Si(001) wafers with the aim of showing their suitability as alter-
native gate insulator materials in advanced CMOS devices. Thereby, experimental results and discussion are de-
scribed successively for (1) HfO2, (2) ZrO 2, (3) HfO 2 (dependent on sol solution) and (4) ZrO2-Y:O3 thin films on Si
(001) wafers. In comparison with those experimental data, the conclusive result will be proposed for the alternative

gate insulator materials in advanced CMOS devices.

2 . Experimental Procedure

2.1 Sample preparations of sol-gel-derived HfO 2, ZrO2, ZrO2-Y 20 3 films

Preparations of sol-gel-derived HfO 2, ZrO2, ZrO:-Y 203 films presented in the paper are summarized in the fol-
lowing, respectively. Sol-gel-derived HfO: films were originally fabricated on 125-mm-diameter Czochralski-grown
(CZ) Si(100) wafers as follows. Initially, hafnia sol solutions were prepared by dissolving hafnium tetrachloride
(HfCl4; 8.0 g, 0.025 mol) in 99.5% ethanol (60ml) in a nitrogen atmosphere, followed by the addition of a mixture
of H20 (2.04 g, 0.128 mol) and 60% nitric acid (HNO3; 13.44 g, 0.128 mol) in air. Two ml of the solution was spin-
coated onto hydrophilic Si wafers at a spin speed of 2000 rpm for 30 s. The resulting hafnia gel film was heated at 50
+ 2T for 3h. Prior to spin coating, the Si wafers were oxidized at 500 °C for 30 min to ensure that the surface was
completely hydrophilic, with an oxide thickness of 2 nm. These spin coated wafers were fired in air by placing them
in an electric furnace at either 450, 550, or 700 °C for 30 min. The Si wafers were boron (B)-doped (p-type) or phos-
phorus (P)-doped (n-type) , each with a resistivity of 10 = 0.5 Q - cm (B concentration of ~1.6 x 10°" atoms / m?®,
P concentration of ~ 4 X 10* atoms/m?). At the same time, two types of hafnia sol solution were prepared. Hafnium
tetrachloride (HfCls4; 5.48 g: 0.017 mol) powder was added to pure H20 (32.2 g) . Hafnium hydroxide [Hf (OH)
+] was obtained by adding ammonia solution (NH4OH). Then, (a) formic acid (HCOOH: 20 mL) or (b) nitric acid
(HNO3: 3.9 g) was added as the catalyst for Hf(OH) 4 to form a soluble sol in H:O, resulting in hafnia sol solutions.
The sol particle size is predicted to be nanometers. Two milliliters of the sol solution was spin-coated onto hydrophilic
Si wafers at a spin speed of 2000 rpm for 30 s. Prior to spin coating, the Si wafers were oxidized at 600 C for 10 min
to ensure that the surface was completely hydrophilic. The oxide thickness was 2 nm. These spin-coated wafers were
fired in air by placing them in an electric furnace at either 350, 450, 550, or 700 C for 30 min. Hereafter, the foregoing
two kinds of sol-gel-derived HfO: thin films are referred to as the HCOOH sol” HfO: film and “HNO3 sol” HfO:
film.

Sol-gel-derived ZrO: thin films were also fabricated on 76-mm-diameter CZ Si(100) wafers as follows. Initially,
zirconia sol solutions were prepared by dissolving ZrOCl: - 8 H2O (5.48 g) in purified water (32 g), followed by the
addition of NH,OH (4 mL) . Then, the solution was filtered and the precipitated Zr(OH) 1+ was obtained. The Zr
(OH) 4 (13 g) was dissolved in purified water (32 g), followed by the addition of formic acid (HCOOH; 20 mL) and
was maintained at 85+ 5C for 3h. Two milliliters of the solution was spin-coated onto hydrophilic Si wafers at a

spin speed of 2000 rpm for 30 s. Prior to spin coating, the Si wafers were oxidized at 600 C for 10 min to ensure that
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the surface was completely hydrophilic, with an oxide thickness of 2 nm. These spin-coated wafers were fired in air
by placing them in an electric furnace at either 350, 450, 550, or 700 C for 30 min.

Finally, sol-gel-derived ZrO2-Y2O3 thin films were fabricated on 76-mm-diameter CZ Si (001) wafers as follows.
Initially, zirconia-yttria sol solutions were prepared by dissolving ZrOCl: - 8 H20 (5.48 g, 0.017 mol) and YCls- 6 H;
0 (0.61 g, 0.002 mol) in ethanol (C2HsO0H, 31.81 g) at50* 2T for 40 min. The sol solutions were followed by the ad-
dition of H20 (0.61 g), formic acid (HCOOH, 7.18 g) and nitric acid (60% HNO3, 1.80 g). Then, C:H50H (4.69 g)
was added and held at 50 = 2 C for 4 h. The final sol solutions were filtered and adjusted to be 50 g. Two milliliters
of the solution was spin-coated onto a Radio Corporation of America (RCA) alkaline solution-rinsed Si (001) wafers
(hydrophilic) at a spin speed of 2000 rpm for 270 s. These spin-coated wafers were fired in air by placing them in an
electric furnace at either 350, 450, 550, or 700 C for 30 min.

2. 2 Evaluations of sol-gel-derived thin films on Si(001) wafers by HRTEM
A Hitachi HF-3000 transmission electron microscope (HRTEM) equipped with a cold type field-emission-gun (C-
FEG) was used to obtain cross-sectional views of HfO films on Si(001) wafers

2. 3 Spectral analyses of sol-gel- derived thin films by X-ray photoelectron spectroscopy

To record the bond configuration of O atoms of the sol-gel-derived thin films, X-ray Photoelectron Spectroscopy
(XPS) was used. XPS spectra were obtained at room temperature, with Mg Ka radiation (hv = 1253.6 eV) , using a
double-pass cylindrical mirror analyzer (D-CMA) with an energy resolution of approximately 1.0 eV. The pressure
in the chamber was maintained below 3 x 10~ 2 Pa. The takeoff angle for the photoelectrons was set at 78°.

2. 4 Characterization of sol-gel-derived thin films using XRD analysis
The overall crystalline states of the HfO: films were evaluated using an XRD (Rigaku RAD- 2 ) system, employ-
ing Cu Ka radiation. In order to determine the crystal lattice, the JCPDS card ¥ was used.

2.5 Detection of H20 in sol-gel-derived thin films using a temperature-programed desorption method

H:0 in the sol-gel-derived thin films was analyzed using the temperature-programed desorption (TPD) (ESCO
EMD-WA 1000S / W) method. The TPD method is essentially used to analyze desorbed gases from heated samples as
a function of temperature under vacuum conditions using a quadruple mass spectroscopy (QMS) detector. The TPD
method is also called thermal desorption spectroscopy (TDS). The sample is heated using infrared light at a linear
rate and the ensuing gases are introduced into the QMS, which gives a signal intensity that is dependent on the
mass (m) and electronic charge (z) of each species. In the present experiment, the sol-gel-derived HfO: thin films
were fired in air between 350 and 700 T. Then, to ensure good performance of the films, '>'¥ the desorption of the
residual H2 0O was analyzed using the TPD method. The samples used in the TPD method were cleaved HfO: film / Si
wafers (typically 10 x 10 mm?) , which were introduced into a load-lock chamber. The TPD curves of the thin films
were measured in the temperature range of 50-900 C at a constant heating rate of 20 C / min using an infrared beam
in a vacuum of 10~ 7 ~ 10~ # Pa pressure. The amount of H2O resulting from the films fired at 350, 450, 550, and 700
C was measured using QMS.

2. 6 Film thickness measurement

The film thickness on the Si wafers was measured using a single-wavelength ellipsometer (Mizojiri Optical DVA-
36VW), employing a He-Ne laser (wavelength: 632.8 nm), with a measurement beam diameter of 1 mm on the wafer
surface. The incident angle was 70° with respect to the sample surface and the refractive index of the SiO: film was
taken to be 1.46. The thickness was measured at five locations on each sample and averaged. The error in the thick-

ness measurement was * 0.05 nm.

2. 7 Characterization of sol-gel-derived thin film surfaces using atomic force microscopy
The surface morphologies of thin films fired at 350, 450, 550, and 700 C were examined using atomic force mi-
croscopy (AFM; VEECO Nanoscope- 3 A). For this, 10 X 10 m? samples were cut from the wafer center. Scanned im-

ages 500 X 500 nm? in area were analyzed.
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2. 8 Electrical characterization of sol-gel-derived thin films on Si(001) wafers

To measure the dielectric constant (i.e., permittivity, €uwo,) of sol-gel-derived thin films (here, all signs of permit-
tivity are represented by the case of HfO:), a 0.1-mm-diameter aluminum (Al) electrode was deposited on top of the
sol-gel-derived thin films. Capacitors were fabricated on both p- and n-type wafers using a shadow mask in vacuum,
resulting in capacitors with an Al/HfO:/Si sandwich structure. The differential capacitance was obtained as a func-
tion of the applied voltage (—20 to +20 V) and frequency (1 kHz to 1 MHz). The &mno, of the sol-gel-derived thin
films was calculated by using the following equation for the capacitance in the accumulation region:

C= &0 &nr, S/ d, (1)

where d is the thickness of the sol-gel-derived thin films, S is the area of the circular Al electrode, and €o is the
permittivity of free space (8.854 X 107*F/m).

3. Results and Discussions

3. 1 Evaluations of sol-gel-derived HfO» on Si(001) wafers fired in air

A HRTEM (Hitachi HF-3000) equipped with a cold type field-emission-gun (C-FEG) was used to obtain cross-
sectional views of HfO: films on Si (001) wafers fired at 450 C (amorphous state) and 700 T (crystallized) [Figure
1(a) and 1(b)]. The film fired at 700 C did not show Moire patterns, indicating that the film consisted of single-crys-
tal grains. Some sub-grain boundaries or defects such as dislocations and twins were present, so overall the HfO:

(a) ‘ 3‘\%‘ o 3 § (b)
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Fig. 1 . Cross-sectional views of HfO: films obtained by using a high-resolution TEM: (a) a HfO: film fired
at 450 C and (b) a HfO: film fired at 700 . '®
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Fig. 2. XPS spectra of sol-gel-derived HfO: films. Solid lines are observed spectra and those fitted by the nonlinear
least-squares algorithm. Dashed lines for O 1s spectra have two Gaussian peaks corresponding to Hf-OH
(531.8 eV) and Hf-O (530.1 V). #
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film fired at 700 C was poly-crystalline.

Sol-gel-derived HfO  films on Si(001) wafers were evaluated by XPS. The XPS spectra of the Hf 4f [Figure 1(a) ]
and O 1s emissions [Figure 1(b)] from the sol-gel-derived HfO: film fired at 450 C indicated that the HfO: film was
amorphous. The Hf 4f 72 line was determined to be at 16.2 £ 0.1 eV, which is in good agreement with that of the bulk
HfO,. 2 %)

Crystallized HfO: films fired at temperatures of 550 and 700 C showed similar XPS spectra regardless of
whether they were amorphous or crystalline. The crystallization of sol-gel-derived HfO: films will be discussed later.
The O 1s spectrum at 450 C [Figure 2(b)] was separated into two Gaussian-Lorentzian features corresponding to
two chemical states by using the nonlinear least-squares method. One large peak at 530.1 eV (designated as the low-
binding-energy component: LBC) was from Hf-O bonds and the other low peak at 531.8 eV (designated as the high-
binding-energy component: HBC) was from Hf-OH bonds near the bulk at the surface area. However, since the bind-
ing energy of H20 was slightly larger (533.2 eV) than that of OH, the peak due to physisorbed H2O may have been
included in HBC in the present XPS measurement.

3. 2 Crystallinity of sol-gel-derived HfO» thin films on Si(001) wafers

The XRD patterns for HfO: films on Si(001) wafers fired at 450, 550 and 700 C were found to be in good agree-
ment with previously reported results !’ by using a spectrometer XRD (Rigaku RAD-2 ) with CuK a radiation
(Figure 3). Specifically, the film was still amorphous at 450 C, and at 550 C, new peaks appeared at 260 = 28.4 and
31.8°, as well as small peaks in the region from 18 to 41°; these have been assigned to monoclinic crystalline HfO>
component. ' At 700 C, the HfO . film was completely crystallized.

In the electron beam (EB) nanodiffraction pattern for a cross section of the HfO: film fired at 550 C, the Debye
ring indicates the beginning of crystallization [Figure 4(a) and 4(b)].
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Fig. 4. Electron beam nanodiffraction pattern for the
2 4 (degree) (110) plane of the HfO: film fired at 550 C. r is
the distance between diffracted spots in (111) in
Fig. 3. XRD patterns obtained for HfO: films on Si(001) the HfO: film and d is the corresponding interpla-
wafers fired at 450, 550 and 700 C. Open circles in- nar spacing. !¢

dicate monoclinic HfO . '

The crystalline structure of the sample fired at 700 T was determined by analyzing the EB nanodiffraction pat-
terns as follows. First, the camera length (Le) of the HRTEM was determined on the basis of the EB nanodiffraction
pattern for a cross section of the Si (110) substrate [Figure 5(a)] and the assignment of the diffraction spots [Figure
5(b)]. Using the data for Si from the International Centre for Diffraction Data, the camera length of the HRTEM
was determined to be 542 mm. ¥

Based on the EB nanodiffraction pattern for the sample fired at 700 C [Figure 6 (a)], the distances () between
spots in the electron diffraction pattern appearing on the microscopic film were r1 = 3.7 mm, r2 = 3.4 mm and r3 = 6.9
mm for the (111), (111) and (220) planes, respectively [Figure 6(b)]. The corresponding interplanar spacings were

determined to be d1 = 0.288 nm, d2 = 0.314 nm and d3 = 0.181 nm using the camera length. A detailed analysis of the
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Le=542 mm, 2=0.001969 nm, spot size is 1.0 nm.
r=34mm d,=0.314 nm (111)
r,=57mm d,=0.191 nm (220)
r3=82mm  d;=0.131 nm (004)

Fig.5. Electron beam nanodiffraction patterns: (a) dif-
fracted pattern on (110) plane of Si crystal and
(b) schematic diffraction spots. r is the distance
between diffracted spots in (111), (220) and (004)
in the diamond structure and d is the correspond-
ing interplanar spacing. '¢
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Le =542 mm, 2 = 0.001969 nm at 300 KV, spot size is 1.0 nm.
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Fig. 6. Electron beam nanodiffraction patterns: (a) dif-
fracted pattern from a cross section of the HfO:
film sintered at 700 C and (b) schematic of the dif-
fraction spots. r is the distance between diffracted
spots in (111) and (220) in the HfO: film and d is
the corresponding interplanar spacing. ¢

alignment of the nanodiffraction spots, with the (000) spot at the center surrounded by 4 (111) spots and 2 (220)
spots, together with the interplanar spacings, revealed that the HfO: film sintered at 700 C had a monoclinic fcc
(face centered cubic) structure. One of the measured interplanar spacings of the crystalline HfO: was 0.314 nm,
which is in good agreement with the spacing of the Si (111) planes. This implies the possibility of the epitaxial
growth of HfO; films on the Si (111) surface. ¢

3. 3 Evaluations of sol-gel-derived ZrO» on Si(001) wafers fired in air

The XPS spectra of the Zr 3d and O 1s emissions from sol-gel-derived ZrO: thin films fired at 350 C are shown in
[Figure 7(a)] and [Figure 7(b) ], respectively. ZrO: thin films fired at 450, 550, and 700 C were also evaluated and
similar results were obtained. The Zr 3d 52 line was at 182.1 £ (0.1 eV, which is in good agreement with that of the
bulk ZrO: (182 ~ 182.5eV). %" The O 1s spectrum at 350 T was separated into two Gaussian-Lorentzian features cor-
responding to two chemical states by the nonlinear least-squares method [Figure 3(b) ].

One large peak at 530.2 eV (designated as the low-binding-energy component: LBC) was from Zr-O bonds and
the other low peak at 532.0 eV (designated as the high-binding-energy component: HBC) was from Zr-OH bonds near
the bulk at the surface area. However, since the binding energy of H20 was slightly higher (533.2 eV) than that of
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Fig. 7. XPS spectra of sol-gel derived ZrO: thin films: (a) XPS Zr 3d spectrum and (b) XPS O 1s spectrum. Solid
lines are the observed XPS spectra and dashed lines are for Zr 3d and O 1s spectra, which have two Gaus-
sian peaks fitted by the nonlinear least-squares algorithm. '
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OH, the peak due to physisorbed H:20 may have been included in HBC in the present XPS measurements.

3. 4 Desorption of H20 from sol-gel-derived HfO» and ZrO» thin films on Si(001) wafers during firing

During the firing of hafnia gel films, H2O is not vaporized completely. Even after HfO: films are crystallized on
the Si(001) surface, Hf-OH bonds and / or H2O may be trapped between nanopores in HfO : films. Thus, the thermal
properties, especially the desorption of H2O from HfO: films, must be clarified after firing hafnia gel films. The elec-
trical properties of sol-gel-derived HfO: films should also be characterized, in view of their possible application as
gate insulators in next-generation CMOS devices.

TPD is an excellent technique, not only for analyzing adsorbed gases on the surfaces of bulk sol-gel-derived HfO

2 films, but also for analyzing the species that evolve from the films.

3.4.1 Basic Principles of TPD

TPD, also called thermal desorption spectroscopy, is essentially a method of analyzing desorped gases from sam-
ples heated under vacuum conditions using quadruple mass spectroscopy (QMS). The sample is heated by infrared
light at a linear rate and evolved gases are introduced into a quadruple mass spectroscope that indicates the inten-
sity of the signal according to the mass (m) and electric charge (z). TPD is now widely used to investigate the sur-
faces of ceramics and also semiconductors. In typical TPD spectra, the vertical axis shows the variation of the ion in-
tensity of QMS (in amperes) for a specific m /z and the horizontal axis is the desorption temperature (Figure 8 ). %)

TPD curves can be obtained for various m /z's with increasing temperature, thereby enabling quantitative identi-
fication of species desorped from materials and films. Simultaneously, the desorped species can be physically and
chemically analyzed. In addition, reaction rate analyses of desorped gases can be performed. Figure 8 shows exam-
ples of (a) a nonsymmetrical TPD curve indicated by the solid line (the first-order reaction) and (b) a symmetrical
TPD curve indicated by the dashed line (the second-order reaction) as a function of temperature. The arrow on the
nonsymmetrical TPD curve corresponds to the evolution of physisorbed and chemisorbed H:0, which is specified to
be a liquid such as water and water molecules hydrogen-bonded to Si-OH bonds at nanopore sites in the films. %

For chemical-vapor-deposited SiO: films, three distinct H2O desorption states have been defined. > They are
physisorbed H:zO evolved at temperatures between 100 and 200 C and chemisorbed H:2O evolved at temperatures be-
tween 150 and 300 C in a TPD measurement. The higher desorption peak between 350 and 650 C is ascribed to Si-
OH bonds formed during film growth. Thus, TPD is a useful technique for evaluating surfaces and thin films of ce-
ramics and semiconductors.

3. 4. 2 TPD spectral analyses of sol-gel-derived HfO 2 thin films
The desorption of H20 (m /z = 18) that evolved from sol-gel-derived HfO: films on Si was analyzed by TPD (Fig-
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Fig. 9. TPD curves of H20 (m /z = 18) that evolved from
sol-gel-derived HfO: films on Si when fired at 450,
550, and 700 C for 30 min. %
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ure 9 ). The HfO: films were fired at 450, 550, and 700 C for 30 min. The vertical axis indicates the current value of
QMS. The small peaks below 200 T are due to the physisorbed H20 (mere adsorption of H2O) on the surface of the
HfO: films and / or chemisorbed Hf-OH in the bulk at the surface area. Based on experiments, the small peaks are at-
tributed to the adsorption of H:0 immediately after the samples were taken out of the furnace and the amount of de-
sorbed water (i.e., adsorbed water) saturated. The desorption states of physisorbed H2O and / or chemisorbed Hf-OH
bonds originate from liquid-like water, water molecules, and Hf-OH bonds at nanopore sites in the HfO: films.

Regarding the major peaks in the TPD spectra, two types of desorption curves are observed at temperatures
higher than 200 C. One has the form of a symmetrically shaped peak (Lorentzian distribution shoulder as shown by
the dashed line) at around 320 C (fired at 450 C ), which is reaction-controlled %’ (the second-order reaction). * The
other consists of nonsymmetrical peaks at approximately 420 C (fired at 550 T) and 480 C (fired at 700 C) which
are diffusion-controlled (the first order reaction).*’ When the curve is symmetrical in shape, the peak at around 320
C (fired at 450 C) is not caused by physisorbed HzO from the nanopores at the surface area, but can be ascribed to
the associated desorption of chemisorbed water (Hf-OH) from the gel film, resulting in the formation of H2O during
firing, which is specified to be the second-order reaction. %’

For the samples fired at 450 C, Hf-OH bonds in the HfO > film bulk convert to HfO2 and / or H2 O during heating
and the resulting H>O contributes to the major desorption peak in the TPD curve [Figure 10(a) and 10(b) ], as a re-
sult of the following reaction

= HfOH HO-Hf = — = Hf-O-Hf = + H:0 (1).

/

~i 0N, ~ir 0N,
/ / \ Pl

0 .
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Fig.10. A schematic speculation of H20 desorption from HfO: films during TPD measurements for both amor-
phous and crystalline states. (a) Hf-OH bonds in the sol-gel derived HfO: films and (b) the formation of
desorbed H:O as a result of the following reaction: = Hf-OH HO-Hf = — = Hf-O-Hf = + H,0. ®

In contrast, most of the HfO: films fired at 700 C crystallized, where Hf-OH bonds in the films are conjectured
to be tightly locked between crystallized grains and incorporated H:0O needs greater energy to percolate by the diffu-
sion control mechanism through small gaps between grains. Therefore, in the TPD curve, the H20 desorption peak

shifts to higher temperatures and decreases steadily as the firing temperature increases.

3.4.3 Adsorption mechanism of physisorbed H2 O clarified by TPD using sol-gel-derived ZrO 2 thin films

To clarify whether the small peaks (small protrusions) between 100 and 200 C in the TPD curves were due to
physisorbed H20 (mere adsorption of H20) on the surface of the ZrO: thin films and / or chemisorbed Zr-OH in the
bulk at the surface area (Figure 11), the following three experiments were carried out. '’ First (process @), a sam-
ple immediately after firing at 350 C for 30 min was measured by TPD until 350 C and then (process @) succes-
sively measured by TPD again from room temperature to 350 C; finally (process (), the sample was exposed to air
for 59 h and then measured by TPD from room temperature to 700 C. The TPD curve of H20 in process O was in
good agreement with the typical curve of a ZrO: thin film fired at 350 C for 30 min. No peaks were observed in proc-
ess (@ , indicating that the small protrusions and major peak vanished during heating until 350 C in the first TPD
measurement. In contrast, in process (3, the small protrusions between 100 and 200 T appeared again. This result
provides evidence that the small peaks (small protrusions) were caused by adsorption of H2O immediately after the

samples were taken out of the furnace and that the amount of desorbed water (i.e., adsorbed water) saturated dur-
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Fig. 11. TPD curves for processes (1), (2), and (3). In process (1), a sample immediately after firing at 350 C for 30
min was measured by TPD until 350 C, followed by process (2) in which the sample was successively meas-
ured by TPD again from room temperature to 350 C; finally, process (3) in which the sample was exposed
to air for 59 h and then measured by TPD from room temperature to 700 C. 7

ing the exposure time. Thus, the small protrusions in the TPD curves can be attributed to physisorbed H20 and / or

chemisorbed Zr-OH bonds at the surface area.

3. 5. Characterization of sol-gel-derived HfO > thin films on Si(001) wafers dependent on sol solution:
“HCOOH sol” and “HNO 3 sol” HfO> thin films
3.5.1 Crystallization temperature dependent on sol solution of HfO 2 thin films on Si(001) wafers

In sol-gel-derived HfO: thin films on Si(001) wafers, the crystallization temperature depends on the composi-
tion of the sol solution. Upon preparing the sol solution, (a) a formic acid (HCOOH) or (b) a nitric acid (HNO3) is
used as the catalyst for Hf(OH) 4 to form a soluble sol in H2O, resulting in a hafnia sol solution.

In the X-ray pattern for “"HCOOH sol” HfO: films fired at temperatures below 560 C, only halo patterns repre-
senting the amorphous state were observed. At 560 C [Fig. 12(a)], a small diffraction peak was observed at 26 = 28°
in the halo pattern. At 570 C, the diffraction peak at 26 = 28° became clearer and higher, indicating that partial crys-
tallization from the amorphous state commenced at 560 C. The observed diffraction peak was identified to corre-
spond to monoclinic (111) (JCPDS card) and full crystallization was attained at 700 C.

In contrast, “"HNO3 sol” HfO: films fired at 460 C showed no diffraction peaks (only halo patterns were ob-
served). At 470 C, two diffraction peaks were identified, corresponding to the monoclinic structures (111) and (111)

O:monoclinic(-111) ,. Egﬂggﬁigﬁl‘llll))

Intensity (arb. unit)
Intensity (arb.unit)

560 °C

20 25 30 35 40 45 50 20 25 30 35
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Fig. 12. (a) XRD patterns of “HCOOH sol” HfO: films on Si fired at 560 and 570 C and (b) XRD patterns of
“HNOs sol” HfO: films on Si fired at 460 and 470 C. '®

40 45 50
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according to the JCPDS card [Fig. 12(b)]. By using a HNO3 solution as the catalyst, the crystallization temperature
was reduced to less than 470 C compared with 560 C for the “"HCOOH sol” HfO: films. The lattice interplanar dis-
tances calculated using the Bragg equation were 0.319 and 0.286 nm, in contrast to the reported values of 0.314 and
0.288 nm, respectively. '¥ These results probably differed from the crystallization temperature for the monoclinic
structure (111) ¥ because different sol solutions were employed in each case. The “HCOOH sol” HfO: films re-
mained in the amorphous state up to a higher temperature (560 ) than the “HNO3 sol” films (crystallized at 470
). Based on TPD measurements, HCOOH and HNO; desorb at temperatures below 350 C, indicating that an in-
trinsic amorphous HfO: film without using a catalyst for either film stably exists above 350 C. ¥

3. 5. 2. Thicknesses and refractive indexes dependent on sol solution of HfO 2 thin films
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Fig. 13 Thicknesses and refractive indexes of sol-gel-derived HfO: films based on both (a) “HCOOH sol” and (b)
“HNO3; sol” fired at 350, 450, 550, and 700 C for 30 min in air. '®

The thickness of the sol-gel-derived HfO: films decreased with increasing firing temperature (Figure 13). It is
seen that the smallest thickness was 6 nm for the “"HCOOH sol” HfO: film fired at 700 C, which is about 1 nm thin-
ner than the thinnest “HNO 3 sol” HfO: film. The difference is due to the properties of the catalyst used and this re-
sult shows that the "HCOOH sol” HfO: film may be suitable for use as the gate insulator of highly integrated CMOS
devices. However, its electrical performance should be superior to that of conventional HfO: films.

The refractive indexes began to increase at approximately 550 C for the “HCOOH sol” film and at 450 C for the
“HNO3 sol” film. These temperatures are in good agreement with those at which crystallization occurs, as obtained
by XRD analysis [Figures 12(a) and 12(b)]. The maximum refractive indexes obtained were 1.70 for the “"HCOOH
sol” film and 1.95 for the “HNO3 sol” film, although the reported value for the HfO: crystal (monoclinic) is 2.19. The

packing densities of the HfO; films were calculated using the Lorentz-Lorentz equation, 7’

2 2
nf—l n,, +2
= X 2 s
P n?+2 n, -1 (2)

where p is the packing density, n;is the refractive index of the film, and n,, is the refractive index of the crystal.
The calculated packing densities indicated that nanopores remained in the amorphous state. However, upon the crys-
tallization of the film, the packing densities became greater than those in the amorphous state in both the “"HCOOH
sol” and “HNO3 sol” HfO: films.

3. 5. 3. Surface morphologies of HfO » layers for both “HCOOH sol” and “HNO3 sol” HfO » films

Images of surface microstructures were obtained with an atomic force microscope (AFM) for both “HCOOH sol”
and “HNOs sol” HfO: films fired at 350, 450, 550, and 700 C (Figures 14 and 15). The progress of the microstructure
development depended on the firing temperature. The surface of the “"HCOOH sol” HfO: thin films fired at 350, 450,
and 550 T showed homogeneous glass-like structures. The root mean square (RSM) surface roughness was deter-
mined to be 0.13, 0.14, and 0.15 nm at firing temperatures of 350, 450 and 550 C, whereas it was 0.34 nm at 700 C,

which indicated the presence of grain boundaries caused by crystallization. These values are in good agreement with
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the XRD and refractive index results. For the “HNO3 sol” HfO: films, the RMS values were 0.14 and 0.15 nm at fir-
ing temperatures of 350 and 450 C, respectively. At firing temperatures of 550 and 700 C, the RMS values were 0.17
and 0.34 nm, resulting in grain boundaries due to crystallization. In this case, the surface roughness was also due to

500
.Z'
0

crystallization.

0

50
.Z.
0
4 250 500 nm 0 250 500 nm
500 500
.. |
4 0
0 250 0 250 500 nm

500 nm

Fig.14. AFM images showing the surface microstructures of “HCOOH sol” HfO: thin films fired at (a) 350, (b)

450, (e) 550 and (d) 700 C. ¥
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Fig.15. AFM images showing the surface microstructures of “HNO3 sol” HfO: thin films fired at (a) 350, (b) 450,
(c) 550 and (d) 700 C. ¥
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3. 5. 4. TPD spectral analyses of sol-gel-derived HfO > thin films based on “HCOOH sol” and “HNO3 sol”

The desorption of H2O (m /z = 18) was analyzed by TPD for both’ HCOOH sol” and “HNO3 sol” HfO films on
Si(001) wafers fired at 350, 450, 550, and 700 C for 30 min [Figures 16(a) and 16(b) ]. The vertical axis indicates the
QMS current and the horizontal axis shows the heating temperature of the samples in the TPD chamber. The film
thicknesses

It arranged approximately between 6 to 10 nm. The overall intensities of the desorption of H20 in the TPD
curves are related to both the "HCOOH sol” and “HNO3 sol” HfO: films. The intensity of both TPD curves de-
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Fig. 16. TPD curves of H20 (m /z = 18) released from sol-gel-derived HfO: thin films fired at 350, 450, 550, and 700
C for 30 min: (a) HfO: films using "HCOOH sol” and (b) HfO: films using “"HNO3 sol” on Si. The vertical
axis indicates the QMS current and the horizontal axis shows the heating temperature of the samples in
the TPD chamber. ¥
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Fig. 17. TPD curves for sol-gel-derived HfO ; thin films fired at 350 C using (a) “HCOOH sol” and (b) “HNO3 sol”
on Si, separated into five Gaussian waveforms shown by the dashed lines. '¥

creased with increasing firing temperature. The “"HCOOH sol” HfO: films fired at 350, 450, and 550 C, which were
amorphous, showed small peaks at approximately 500 C in the TPD curves. These peaks are presumably associated
with crystallization during heating in the TPD chamber, because no corresponding peak was observed in the film
fired at 700 C (crystallization temperature: 560 C).

TPD curves for the HfO: thin films fired at 350 C using the “"HCOOH sol” and “HNO3 sol” on Si are separated
into five Gaussian waveforms shown by dashed lines [Figure 17(a) and 17(b)]. Component (a) is thought to be due
to H20 physically adsorbed (simple adsorption of H20) on the surface of the HfO>. Component (e) can be ascribed
to the desorption of H20 through nanopores in the crystallized HfO: film. Component (b) is probably due to the de-
sorption of H20 and / or chemically adsorbed Hf-OH bonds on the surface. On the other hand, the desorption of O in
the TPD curves has main peaks at ~260 C and subpeaks at ~350 C, corresponding to the peak temperatures of com-
ponents (¢) and (d). For components (c¢) and (d), the desorption of the chemically adsorbed Hf-OH bonds and / or
a small amount of O can occur from the nanopores of the HfO: film via the reaction OH + OH — H20 + O. In addi-
tion, the H20 desorption of chemically adsorbed Hf-OH may occur by the abovementioned reaction (= Hf-OH + HO-
Hf = — = Hf-O-Hf = + H:0).

HCOOH and / or HNO3 adsorbs or bonds on the surface of the sol. In the “THCOOH sol”, HCOOH ions form a
bridge structure coordinated with Hf ions. ' In the TPD measurements performed after the firing process, HCOOH
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and HNO3 were found to desorb at less than 350 C. Thus, “HCOOH sol” and “HNOs sol” HfO: films in the amor-
phous state without an acid exist stably on Si wafers above 350 C. This result may affect the I-V characteristics, as
will be discussed later.

On the basis of the foregoing results, a speculative schematic diagram of physically adsorbed H20 and the chemi-

cally adsorbed Hf-OH attached to a sol-gel-derived HfO: film is shown in Fig. 18. The gaps in the figure correspond
to nanopores.

Chemically adsorbed water

Physically adsorbed water

Fig.18. Speculative schematic diagram of physically adsorbed H20O and chemically adsorbed Hf-OH attached
within the sol-gel-derived HfO: film. ¥

3. 5.5 Electrical characterization of both “HCOOH sol” and “HNO3 sol” HfO. thin films on Si(001) wafers

To measure the electrical characteristics (i.e., I-V and C-V characteristics) of both “HCOOH sol” and “HNO3
sol” HfO; thin films on Si(001) wafers, a 0.4-mm-diameter aluminum (Al) electrode was deposited on the surface of
the films. Al/HfO:/SiO2/n-Si capacitors were fabricated on the Si wafers using a shadow mask in a vacuum. Using
these capacitors, the I-V characteristics, i.e., the current vs electric field relationships, were investigated for the
“HCOOH sol” and “HNO3; sol” HfO: thin films fired at 350, 450, 550, and 700 C in air.

The absolute values of the reverse bias are plotted in Figure 19. For the “"HCOOH sol” HfO: thin films, a small
bias dependence on firing temperature was detected for the forward bias condition. In contrast, for the reverse bias

condition, the smallest leakage current was observed at a firing temperature of 550 T (amorphous film) for which
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Fig. 19. I-V characteristics of HfO thin films fired at 350, 450, 550, and 700 C in air using both (a) "HCOOH sol”
and (b) “HNO3; sol”. 18
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the leakage current was ~10~7 A/ cm? in an electric field of - 2 MV / ¢cm. These data indicate that the amorphous
film is more promising than the crystallized film as a gate insulator. The leakage current was comparable to previ-
ously reported results, **” but was smaller than that of a HfO: film deposited using atomic layer deposition. ' At
700 C, crystallization roughens the layer structure of the film as described in section 4.2 and provides a short leakage
path through grain boundaries. %% The I-V characteristics for both forward and reverse biases in the Al / HfO:/
SiO 2 /n-Si structure are unsymmetrical against bias voltages. This is probably because the potential barrier in the
band diagram between the Al electrode and the HfO: film and that between the HfO 2 film and the SiO: film may dif-
fer between forward and reverse bias conditions. For the reverse bias condition, the energy slope of each band dia-
gram of the Al/HfO:/SiO2/ n-Si structure goes upwards and the difference between the work function of Al and the
electron affinity of HfO: presumably creates a potential barrier against the flow of carriers. Therefore, the flow of
electrons or holes may be suppressed by the barrier, resulting in current lower than that in the forward bias condi-
tion in which a potential barrier may not exist.

The unsymmetrical I-V characteristics are true in the “HNO3 sol” case. The smallest leakage current in the
“HNO3 sol” HfO: thin films was seen for the amorphous films fired at 450 C, which might be attributable to the
smooth surface structure of the film. At 450 C, the H20 in the HfO: thin film desorbed less compared with that in
the amorphous film fired at 350 C. Therefore, there is some possibility for sol-gel-derived HfO: thin films to be used
as alternative high-k materials for gate insulators in CMOS devices; however, the amount of H20 should be reduced

to a minimum. %’
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Fig.20. C-V curves for Al / HfO»/ SiO./ n-Si capacitors with HfO» films using (a) “HCOOH sol” at a firing tem-
perature of 550 T and (b) “HNO3 sol” at 450 C. ¥

The C-V curves for Al /HfO:2/ SiO:/ n-Si capacitors were examined in relation to the “"HCOOH sol” HfO: film
fired at 550 C and to the “HNO3 sol” HfO: film fired at 450 C, respectively. The C-V curves are plotted in Figure 20
from - 2 to 2 V, representing the practical range for device operation. The C-V curves show a well-defined transi-
tion from depletion and inversion to accumulation as the applied voltage was varied from - 2 to 2 V, similar to the
C-V curves for normal Al / SiO:/ Si capacitors. ® The C-V characteristics do not show any dependence on firing
temperature, but the capacitance decreases with increasing frequency. On the basis of the well-defined capacitance
in the plotting of a C-V curve at a frequency of 100 kHz, the relative permittivity € mwo, of the "HCOOH sol” HfO:
film was calculated to be 11, with an effective oxide thickness (EOT) of 2.1 nm (HfO: film thickness: 7.4 nm). The
SiO: film thickness was 2 nm, so the relative permittivity €unro, was calibrated using that of SiO:. The relative per-
mittivity was much higher than that of silicon dioxide (SiOz, 3.9), but is comparable to previously reported results
(10 ~ 11).%”  The difference in the relative permittivity &murwo, between the sol-gel HfO ;> film and bulk HfO» may be
due to the presence of the SiO: film and nanopores in the HfO: film.

For the “HNO3 sol” HfO: film, the relative permittivity was calculated to be 11 and the EOT was 3.9 nm (HfO:
film thickness: 10.9 nm). The “HCOOH sol” HfO: film is promising, but it requires a relatively higher permittivity
and a smaller film thickness to achieve a reasonable EOT for highly integrated CMOS devices. For EOT scaling, the

necessity of suppressing the liberation of H20O from the HfO: film at Si oxidation temperatures has been empha-
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sized.

The reported C-V curves in Fig. 20 show a small reduction with increasing frequency. The relative permittivity
decreases with increasing growth temperature of the high-% film (ZrO:) and frequency. ® In general, the relative
permittivity is essentially governed by the polarization of the material, and decreases with increasing frequency. In
the present sol-gel-derived HfO: films, H20, OH groups in the nanopores, and other impurities probably caused elec-
tronic and ionic polarizations, thereby giving rise to the possibility of the frequency dependence of the capacitance.
One possible way of refining the electrical performance of sol-gel-derived HfO: films is to use a firing environment of
oxygen, inert gas, or forming gas. Thus, the amount of H20, defects, and impurities in sol-gel-derived HfO: films

must be reduced to make the films applicable as a semiconductor gate insulator material.

3. 6. Characterization of sol-gel-derived and crystalline ZrO thin films on Si(001) wafers
3. 6.1 Crystallinity of sol-gel-derived ZrO: thin films on Si(001) wafers

XRD patterns were obtained for sol-gel-derived ZrO: films on Si(001) wafers fired at 450, 550, and 700 C for 30
min (Figure 21). For the ZrO: film fired at 450 C, a halo-like pattern was observed at approximately 2 6 = 30°, in-
dicating that the film was still amorphous (Liu et al. 2002, Shimizu et al. 2009). The diffraction peak of 33° is ascribed
to the Si (001) wafer. At 550 C, a new peak appeared at 260 = 30.3°, which was determined to be tetragonal (011)
(JCPDS card), and the lattice interplanar distance was calculated to be 0.295 nm. In addition, at 700C, three peaks
at 20 = 28, 30.3, and 31.3° were observed. The two peaks at 26 = 28 and 31.3° were determined to be monoclinic
(111) and monoclinic (111), respectively, because the calculated lattice interplanar distances were 0.319 and 0.286
nm, which correspond to the reported values of 0.316 and 0.284 nm. The ZrO: thin films fired at 700 C consisted of a
mixed crystal of tetragonal and monoclinic structures. Rapid temperature annealing (RTA) above 700 C results in a

mixture of monoclinic and tetragonal phases. '

3. 6.2 Spectral analyses of sol-gel-derived ZrO: thin films by TPD

Figure 22 shows the TPD curves of H20 (m /z = 18) that evolved from the sol-gel- derived ZrO: thin films on Si,
which were fired at 350, 450, 550, and 700 C for 30 min. The vertical axis indicates the current value of QMS. The film
thicknesses were determined to be 10.2, 9.9, 7.6, and 8.1 nm, respectively. The intensity of the TPD curves decreased
as the firing temperature increased, indicating that the amount of H2O was reduced in the ZrO: films on Si(001) wa-
fers. Since the TPD curves were unsymmetrical against the heating temperature, they were classified into three
groups on the basis of

the TPD results for SiO2 formed by chemical vapor deposition: 2 a , small peaks (small protrusions) between
100 and 200 C; B, major peaks between 200 and 350 C; and y, small sharp peaks at approximately 410C for the sam-
ples fired at 350 and 450 C. The measured TPD curve of H20 had the main peak at a temperature of 260 C with an
unsymmetrical shape, providing evidence that several desorbed components were present during heating.
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Fig.21. XRD patterns obtained for ZrO: films on Si fired at gel-derived ZrO: thin films on Si fired at 350, 450,
450, 550, and 700 C for 30 min. The XRD pattern for 550, and 700 C for 30 min. The film thicknesses were

the Si substrate is also shown for reference. !” 10.2, 9.9, 7.6, and 8.1 nm, respectively. 17
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In a detailed analysis, the TPD curve for the sample fired at 350 T was separated into five peak components us-
ing a Gaussian-type waveform (Figure 23). Component (a) is presumably due to physisorbed H20 (mere adsorption
of H20) on the surface of the ZrO: thin films. This was confirmed experimentally as discussed in the next subsec-
tion. Component (e) can be attributed to the desorption of H2O through nanopores of the crystallized ZrO: thin film.
Component (b) can be ascribed to the desorption of H20 and / or chemisorbed Zr-OH bonds at the surface area. For
components (¢) and (d), H20 desorption may have occurred because of the following reaction (= Zr-OH + HO-Zr =
— =7Zr-0-Zr = + H:0).

3. 6.3 Refractive indexes and film thicknesses of sol-gel-derived ZrO » thin films

The refractive indexes and film thicknesses were determined for sol-gel derived ZrO: films fired at temperatures
from 350 to 700 T (Figure 24). The refractive indexes converged at 2.0, which is in good agreement with deposited
ZrO: thin films ? and monoclinic ZrO: crystals. >’ The packing densities of the ZrO: films were calculated using
the Lorentz-Lorentz equation (1).7’ The refractive indexes were 1.62 at 350 C, 1.70 at 450 C, 2.01 at 550 C, and 2.00
at 700 C. The basic refractive index of the ZrO: crystal (monoclinic) for calculating the packing density was 2.22. 3
Using this value, the packing densities were estimated to be 0.62 at 350 C, 0.68 at 450 C, 0.89 at 550 C and 0.88 at 700
C. The packing density of the films increased with increasing firing temperature. This is because more H2O de-

sorbed at higher firing temperatures and the small gaps of the nanopores were squeezed or evaporated.
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nents using a Gaussian-type waveform as a func-
tion of the temperature measured with a
thermocouple inside the TPD chamber. "

3. 6.4 Electrical characteristics of sol-gel-derived ZrO» films on Si(001) wafers

The I-V characteristics (current density vs electric field) were examined for sol-gel-derived ZrO: thin films on Si
(001) wafers fired at 350, 450, 550, and 700 T in air (Figure 25). For the sample fired at 550 C, the leakage current
was smaller than that of the amorphous ZrO: thin films fired at 350 and 450 C. Leakage current deterioration was
partially due to the considerable amount of H2O in the film, but at 700 C, crystallization was completed, and small
surface cracks and surface relief observed with the AFM were responsible for the deterioration. The leakage current
(forward bias) for the sample fired at 550 C was approximately 4 x107° A/cm? in an electric field of 1 M/ cm,
which is one or two orders of magnitude higher than that previously obtained. * This difference is due to the
densely compacted ZrO: thin film. For reverse bias, the leakage current at 550 C was suppressed more than in the
other films measured. Thus, there is some possibility for sol-gel-derived ZrO: thin films to be used as an alternative
high-£ material of gate insulators in densely packed CMOS devices.

To determine the relative permittivity €z, of the sol-gel-derived ZrO: films, the C-V curves of the Al / ZrO:/ n-
Si capacitors were obtained for the ZrO: thin film fired at 550 C for 30 min. The C-V curves are plotted in Fig. 26

from - 2 to 2V, representing the practical range for device operation. The C-V curves show a well-defined transition
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Fig. 25. IV characteristics (i.e., current density vs electric
field relationship) for sol-gel-derived ZrO: thin
films fired at 350, 450, 550, and 700 T in air. The
reverse biases are plotted as absolute values.'”

Fig. 26. C-V curves for Al/ZrO: /n-Si capacitors, showing
a well-defined transition from depletion and inver-
sion to accumulation as a function of the applied
voltage. The firing temperature of the ZrO: film
was 550 T for 30 min. '”

from depletion and inversion to accumulation as the applied voltage was varied from - 2 to 2 V, similar to the C-V

3 The C-V characteristics did not show any dependence on firing

characteristics of normal Al/ SiO:/ Si capacitors.
temperature, but the capacitance decreased with higher frequency. On the basis of the well-defined capacitances in
the accumulation region of the C-V curves at a frequency of 100 kHz, the relative permittivity €z, of the sol-gel-de-
rived ZrO: film was calculated to be 12 and the EOT was 2.4 nm (ZrO: film thickness: 7.4 nm). The relative permit-
tivity was higher than that of silicon dioxide (SiOz; 3.9) and the EOT was comparable to previously reported results
(~2.5nm). ® The relative permittivity of ZrO» formed by atomic layer deposition has been reported to be 23. °’ The
C-V curves decline slightly with increasing frequency. The relative permittivity decreases with the growth

temperature of ZrO: thin films and increasing frequency. *"

Relative permittivity is essentially governed by the po-
larization of the material, so it decreases as the frequency increases. In the sol-gel-derived ZrO: film, H:0, OH
groups in nanopores and other impurities probably induced electronic and ionic polarizations, so there is the possibil-
ity of the frequency dependence of capacitance. To refine the electrical performance of sol-gel-derived ZrO: films,
an alternative firing environment such as oxygen, inert gas, or forming gas must be used. Thus, there is some possi-
bility for applying sol-gel-derived ZrO: thin films as a semiconductor gate insulator material. To fabricate improved
ZrO: films, further experiments should be conducted to find an effective way of reducing impurities. Sol-gel-derived

Y doped ZrO: (ZrO:-Y203) thin films on Si(001) wafers are also promising.

3. 7 Characterization of sol-gel-derived crystalline ZrO2-Y 203 thin films on Si(001) wafers

Sol-gel-derived Y doped ZrO: (ZrO:-Y:03 ) thin films on Si(001) wafers fired in air between 350 and 700 C
provide electrical characteristics, such as lower leakage current, in MOS capacitors superior to those of sol-gel-de-
rived ZrO thin films. ® This is attributed to the reduced surface roughness of ZrO:-Y:Os thin films. The crystal-
lized ZrO:-Y 203 surface fired at 700 C clearly shows a crack-free state compared with ZrO: thin films. Thus, crys-
tallized ZrO:-Y 203 thin films can reduce the leakage current, making them a promising material for gate insulators

in aggressively scaled CMOS devices.

3. 7.1 Evaluations of sol-gel-derived ZrO2-Y 03 on Si(001) wafers fired in air

The XPS spectra of the Zr 3d and O 1s emissions from sol-gel-derived ZrO:-Y:Os thin films fired at 350 C and
700 C are shown in Figs. 27 and 28, respectively. ZrO:-Y:03 thin films fired at 450, 550, and 1000 C were also evalu-
ated and similar results were obtained. The Zr 3d 52 lines were at 180.8 eV at 350 C and 181.4 eV at 700 C , which are
in good agreement with that of the bulk ZrO: (182 ~ 182.5 eV). ?’ However, the peak values may be changed by a
chemical shift due to Y atoms in comparison with those of the sol-gel-derived ZrO: thin films shown in Fig. 3(a). The
Zr 3d 32 lines (lower peak) might be caused by the chemical change due to Y atoms.
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Fig. 27. XPS spectra of sol-gel derived ZrO-Y>0; thin films Fig. 28. XPS spectra of sol-gel derived ZrO»-Y20s3 thin films
fired at 350 C: the solid line is the observed XPS fired at 700 C: the solid line is the observed XPS
spectra and dashed lines are for Zr3d 52 and Zr 3d 32 spectra and dashed lines are for Zr 3ds: and Zr 3d 3
(lower peak) spectra. (lower peak) spectra.

3. 7.2 Film thicknesses and refractive indexes of sol-gel-derived ZrO2-Y 203

The film thicknesses and refractive indexes were measured for sol-gel-derived ZrO:-Y 20 3 films fired from 350 to
700 C for 30 min (Figure 29). The film thickness tended to become thinner at temperatures higher than 450 C (11
and 7 nm thick at 450 and 700 C, respectively). If this ZrO2-Y>Os thin film has excellent characteristics with high
permittivity, this thickness is suitable for a gate insulator material. Though the refractive indices between 350 and
700 C increased with increasing firing temperature, the present results were lower than that reported for monoclinic

7ZrO: crystals. 7

3. 7.3 AFM-observed surface morphologies of sol-gel-derived ZrO2-Y 203 thin films

The surface microstructures of ZrO:-Y203 thin films fired at 350 and 700 C were observed with the AFM
[Figures 30(a) and 30(b)]. The morphology depended on the firing temperature. The surface of the ZrO:-Y:O3 thin
film fired at 350 C showed a homogeneous structure [Figure 30(a)]. The RMS surface roughness was 0.15 nm at 350
€. The RMS value at 700 T was 0.24 nm and the surface structure was slightly wavy, but it did not show grain
boundaries and / or cracks caused by crystallization [Figure 30(b)]. Similar results have been reported for crack-free

nano- and microcrystalline ZrO2-Y: O3 thin films deposited on sapphire substrates. *’
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Fig. 29 Film thicknesses and refractive indices of sol-gel-
derived ZrO:-Y:03 films fired at 350, 450, 550 and
700 C for 30 min.
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3. 7.4 Electrical characteristics of sol-gel-derived ZrO2-Y 203 thin films on Si(001) wafers

The I-V characteristics (current density vs electric field) were investigated for sol-gel-derived ZrO:-Y203 thin
films fired at 350 and 700 C in air, in comparison with those obtained for sol-gel-derived ZrO: thin films [Figure 31
(a) and 31(b)]. The reverse bias quantities are plotted as absolute values. The leakage current of the Al / ZrO:-
Y203/ Si capacitors was approximately five orders of magnitude lower than that of the ZrO: thin films for forward
bias at an electric field of 2 MV / cm and three orders of magnitude lower for reverse bias at -2 MV / cm, respectively.
s3» This improvement of the leakage current is noteworthy. For the sample fired at 700 C, a similar reduction was ob-
served for the Al/ ZrO:-Y:03/ Si capacitor. This is because the lower surface roughness and crack-free state of the
Zr02-Y 203 film surface may reduce the leakage current in comparison with the ZrO: thin films as described in sub-
section 5.4. For the ZrO:-Y 203 thin films fired between 350 and 700 C, the leakage current of the latter was two or-
ders of magnitude smaller than that of the former [Fig. 31(b)]. This is probably due to the film quality caused by
crystallization such as packing density and / or a considerable difference in the amount of H2O in the film.

The leakage current (forward bias) for the sample fired at 700 C was approximately 5 x10~7A/cem? in an elec-
tric field of 1 M/ cm, ** which is one or two orders of magnitude lower than previously reported results. ** The latter
results may be for densely compacted ZrO: thin films, because they were fabricated by sputtering in an argon-plus-
oxygen gas ambient and annealed at 400 T in a nitrogen ambient for 5 min. For reverse bias, the leakage current at
700 C was superior to that of the other measured films. Therefore, there is some possibility for sol-gel-derived ZrO:-
Y203 thin films to be used as an alternative high-%# material for gate insulators in miniaturized CMOS devices. How-

ever, the film quality must be improved further. *¥
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Fig. 31. I-V characteristics (i.e., current density vs electric field relationship) for sol-gel-derived ZrO:-Y.O3; thin
films fired at (a) 350 and (b) 700 C in air, respectively, in comparison with those reported for sol-gel-de-
rived ZrO: thin films. %

3. 7.5 TPD analyses of sol-gel-derived ZrO2-Y 203 thin films

TPD was used to investigate the desorption of H20 (m /z = 18) that evolved from sol-gel-derived ZrO2-Y2O 3
thin films on Si(001) wafers, which were fired at 350 and 700 C for 30 min (Figure 32). The vertical axis indicates the
current value of QMS. The film thicknesses were 11.1 and 6.9 nm, respectively. The intensity of the TPD curves de-
creased as the firing temperature increased, indicating that the amount of H20 was reduced in the ZrO2-Y203 thin
films on Si(001) wafers. For the ZrO2-Y:O3 thin film fired at 350 C, the peaks seen at 370 and 400 C are attributed
to equipment noise.

Two TPD curves are close to those of ZrO: thin films, ' except that the sample fired at 350 C does not show any
similar protrusions between 100 and 200 C like those seen for the ZrO: thin film (Figure 22).'” The peak was sepa-
rated into several components using a Gaussian-type waveform (Figure 23), and the waveform indicated by the
dashed line is shown as a function of temperature (Figure 32). The desorption temperature of the main peak of the
Zr0O32-Y:03 thin film was approximately between 100 and 200 C. This implies that the TPD peak may be due to phy-
sisorbed H20 (mere adsorption of H20). In contrast, at 700 C, the TPD curves for H2O desorption are similar in
shape to that of the ZrO: thin film. The peak from 100 to 200 C is due to the adsorption of physisorbed H20 and the
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main peak at approximately 250 T is caused by Zr-OH (chemisorbed).®*% % The relative permittivity of ZrO:
formed by atomic layer deposition has been reported to be 23.°%’
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Fig. 32. TPD curves of H:O (m /z = 18) that evolved from sol-gel-derived ZrO:-Y>O3 thin films on Si(001) wafers,
which were fired at (a) 350 and (b) 700 C for 30 min. *¥

4. Conclusions

Sol-gel-derived HfO2, ZrO: and Y doped ZrO: (ZrO2-Y203) thin films on Si(001) wafers fired in air between
350 and 700 C were characterized physically, chemically and electrically with the aim of achieving alternative gate in-
sulator materials for advanced CMOS devices. Sol-gel processes were definitely confirmed to prepare thin films of
HfO: and ZrO: for obtaining high-quality insulators, offering the advantages of low cost, relative simplicity, and
easy control of the composition of the layers formed. The results presented in the paper proves that crystallinity of
the sol-gel-derived HfO:, ZrO: films was found to be dependent on the firing temperature and sol solution. The rela-
tive permittivity of the films converged to that of bulk HfO: and ZrO: according to the specific sol solutions and fir-
ing temperatures. Residual H20 and OH groups in the thin films were evaluated in reference to electrical character-
istics such as the leakage current of MOS capacitors. Furthermore, the surface of the ZrO:-Y203 thin films on Si
(001) wafers showed less roughness than the HfO: and ZrO: thin films, resulting in lower leakage current in MOS
capacitors, thereby, giving an evidence that the ZrO:-Y203 thin films are superb insulator. The leakage current of
crystallized ZrO:-Y203 thin films was shown to be lower than that of the amorphous state films because of the
smooth crystalline surface of the latter in comparison with the ZrO: thin films. In conclusion, crystalline sol-gel-de-

rived ZrO2-Y203 thin films are postulated to be promising as alternative gate insulator materials of advanced
CMOS devices.
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The concept of the term “physical education” in the book of pedagogy

"Kyouiku Shinron” (published in 1885 - 86) translated by
Hideo TAKAMINE (born in Aizu region of Fukushima)
— Relationship to the harmonization of the three aspects
(intellectual, moral, and physical) —

Koichi NAKANO*

Abstract

In the previous studies, Hideo TAKAMINE (#5148 75%) was regarded as having spread the teaching method of
“intellectual education” based on the American Pestalozzianizm. But this was the only partial fulfilment of his
concerning Japanese pedagogy.

This paper will demonstrate TAKAMINE as the man who introduced to Japan for the first time about the
whole structure of Pestalozzi's pedagogy including “the harmonization of the three aspects : intellectual, moral,
and physical”, which was regarded as the educational keystone by Pestalozzi. To prove that, this paper examined
the following points : 1. The circumstances of pedagogy in Japan when TAKAMINE returned home from his study
abroad, 2. The principle of “the harmonization of the three aspects : intellectual, moral, and physical” in Pesta-
lozzi's pedagogy, 3. The relationship between “physical education” and “harmonization” in the book “Kyouiku
Shinron (#F i) " which was written by TAKAMINE.

It can be said that although, around the time when TAKAMINE returned home, “physical education” in
Pestalozzi's pedagogy had already been introduced in Japan, there were no explanations about “harmonization"
of three aspects in educational books those days. In 1879, TAKAMINE started the lecture on “pedagogy” which in-
cluded the relationship between the concept of “physical education” and “harmonization” at Tokyo normal
school (B ETA#E4AHE). Since this school played the central role in teacher’s schools of Japan, the principles of

Pestalozzi was spread all over Japan by the graduates and the other teacher’s schools.
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The Response of Students to Hiroki Azuma’s The Plan
to Become a Tourist Attraction of Destroyed
Fukushima Daiichi Nuclear Power Plants

Jun SUGAWARA*

Abstract

The other day I asked my students belonging to College of Technology Nihon University to describe their
opinions about Hiroki Azuma’s The Plan to Become a Tourist Attraction of Destroyed Fukushima Daiichi Nu-
clear Power Plants (Fukushima Daiichi Genpatsu Kankochika Keikaku). In this book Azuma asserts that we
should construct various commercial institutions near destroyed plants after about twenty years quantity of scat-
tered radiant rays decline to the natural quantity of radioactivity. He designs this plan for the purpose of denying
rumor about Fukushima's image.

Unexpectedly it turns out that many of them receive Azuma’s book favorably. One student hopes that his
hometown which he will never return become friendly among his younger fellows by equipping his area. But ac-
cording to their opinions, we have taken on very different from two dropped atomic bombs problems. In case of
Hiroshima and Nagasaki we can give shock tourists by show photographs of enormous victims and ruins, but we
have only one plan to inform them of inhabitants near the plant forced to take refuge during many years since se-
rious accidents. As everybody knows, the rate of weathering memories about dropping atomic bombs has in-
creased every year, so I think that it is very difficult task to succeed to memories about the nuclear accident by
continue to a tourist attraction of ruins.

The task we should pursue from now on is to share the difficulties companying succeed in memories about
accidents with tourists who will visit the spot someday.
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The Issues of the Current Situation and Perspective for Law Regula-
tion of misleading representation - Focusing on the Announcements

by the Prime Minister.

Tomoki YAMADA*

Abstract

The purpose of the Acts against Unjustifiable Premiums and Misleading Representations in Japan is to regu-
late misrepresentations of possibly harmful consumer products. Enactment of this act is mainly due to the inabil-
ity of existing regulations to adequately protect consumers. Implementation of the act is the responsibility of a
chief minister of the consumer agency, who is the prime minister.

This paper examines the six areas to be further regulated by the Act against Unjustifiable Premiums and
Misleading Representations as specified by the prime minister. The definition of the term “representations” as
used in this context is as follows: ([Article 2(4): The term “representations” used in this act refers to an entrepre-
neurs’ advertisement or any other representations which induce consumers to choose a product, goods, or serv-
ices supplied or traded or any other matters relating to transactions of the entrepreneur.] and[Article 4(3): In
addition to the aforementioned two descriptions, the term “representations” includes transactions of goods or
services which are likely to be misunderstood or to disrupt consumers’ rational choice of products.]).

The six areas of concern are specified below:

. The representation of soft drinks without fruit juice.

. The unfair representation of a product’s country of origin.

. The unfair representation of financial cost relating to consumer credit.

. The representation of “bait and switch” advertisement for real estate.

. The representation of “bait and switch” advertisements for other products.
. The representation of the cost of admission to paid nursing homes.

The Premium and Representation Act is mainly to regulate actions interfering with consumers’ product
choices. Even though this act has been revised according to economic situations, its effect has been limited, and
unfair representations, such as camouflage of what is really in food products, have continued to be found. To
make the act more effective, a compliance program should be implemented by the authorities who are account-
able for the control of regulatory breaches. The program should include guidelines directing companies to com-
ply with the restrictions.

Key words : Acts against Unjustifiable Premiums and Misleading Representations in Japan, Law Regulation,
guidelines
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