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a b s t r a c t

The effect of oxygen partial pressure on the microstructure, wettability, optical and electrical properties
of sputtering-derived HfO2 thin films has been systematically investigated by using x-ray diffraction
(XRD), fourier transform infrared spectroscopy (FTIR), scanning electron microscope (SEM), atomic force
microscope (AFM), UVevisible spectroscopy (UVeVis), spectroscopy ellipsometry (SE), and electrical
measurements. XRD results have shown that the HfO2 thin films are all polycrystalline with monoclinic
phase. Based on analysis from FTIR, a strong absorption peak centered at 1105 cm�1 has been detected,
indicating the formation of the interfacial layer. Reduction in particle size and decrease in root mean
square (RMS) roughness of the HfO2 thin films have been detected by SEM and AFM measurements with
the increase in oxygen partial pressure. Meanwhile, the contact angle decreases and the wettability
increases with increasing the oxygen partial pressure. Combined with UVevis and SE, the optical
function of HfO2 thin films as functions of oxygen partial pressure has been determined. By means of
electrical measurements, evolution of electrical performance of MOS capacitor based on HfO2 gate di-
electrics related with oxygen partial pressure has been investigated systematically.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Due to its outstanding chemical stability and excellent physical
properties, transition metal oxides have been paid much attention.
So, it is suitable for several industrial applications in the field of
electronics and optoelectronics [1]. For example, due to its high
dielectric constant and wide band gap, hafnium dioxide (HfO2) thin
films have also been regarded as s a promising high-k gate
dielectric material for metal-oxide-semiconductor field effect
transistor (MOSFET) to replace conventional SiO2 [2e4]. Moreover,
due to its high refractive index and good mechanical, thermal and
chemical properties [5,6], it is also regarded as a promising pro-
tective coatings to develop hydrophobic coatings for outdoor in-
sulators. So, pollution attached on the surface of the insulators by
various sources such as wind, nearby cement industries, industrial
smoke and coastal salt can be overcome by water hydrophobic
coatings. As we know, solid surfaces can be divided into two
liu@issp.ac.cn (M. Liu).
categories based on the wettability of water. The water contact
angle (WCA) on a solid surface can be defined as a hydrophobic
(CA>90�) or hydrophilic (CA<90�) surface [7]. The precise deter-
mination of the optical properties are an important method to
measure whether that HfO2 can be regarded as a good high-k gate
dielectric material or not and the structure and hydrophobic
properties are an important indicator to measure whether that
HfO2 can be looked as good surface coatings materials or not. By far,
the fabrication methods for HfO2 gate dielectrics or coatings can be
categorized into three major approaches based on the reaction
mechanism, namely solution deposition, chemical vapor deposition
(CVD), and physical vapor deposition (PVD) [8]. Solution-based
methods mainly include solegel, metal-organic decomposition,
and so on [9e11]. Compared to the solution-based deposition and
chemical vapor deposition, the advantages of PVD-based deposi-
tion method include controllable growth of the films and compo-
sitional consistency between the target and the deposited film
[12e14]. Due to inherent versatility and the capability of obtain-
ing a homogeneous surface coverage at low temperatures under
controlled processing conditions [15,16], sputtering has been pur-
sued to obtain HfO2 thin films in current work.
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Fig. 1. XRD spectra of sputtering-derived HfO2 thin films deposited at various O2/Ar
flow ratio.
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As we know, there are many deposition parameters to affect the
microstructure and properties of sputtering-derived thin films,
such as working gas pressure [6], RF power [17] and different O2/Ar
flow ratio [18]. Much work has been devoted to controlling the
working gas pressure and RF power to obtain the HfO2 thin films
with high quality. Although the effect of O2/Ar flow ratio on HfO2
coatings have been investigated [19e22], it is still worth to inves-
tigate systematically since that the O2/Ar flow ratio is expected to
be a key factor which affects the film's stoichiometric ratio, struc-
ture and optical properties. By far, the effect of O2/Ar flow ratio on
the stoichiometric and structural properties of sputtered-derived
HfO2 thin films has been reported by many groups [19e21]. For
example, Pereira et al. [22] investigated the effect of O2/Ar flow
ratio on the dielectric and optical properties of HfO2 thin films [22].
Although there exists so much work, the influence of O2/Ar flow
ratio on the structure, hydrophobic, optical and electrical proper-
ties of sputtering-grown HfO2 coatings are not given completely. To
investigate the morphology of HfO2 thin films preferably, atomic
force microscopy (AFM) and scanning electron microscope (SEM)
have been combined. Combined with ultravioletevisible spectros-
copy (UVeVis) and spectroscopy ellipsometry (SE) measurements,
the optical constants of sputtering-derived HfO2 thin films have
been discussed as a function of oxygen partial pressure. Meanwhile,
by means of CeV and IeV measurements, electrical performance of
MOS capacitor based on HfO2 gate dielectrics related with oxygen
partial pressure has been investigated systematically.

2. Experiment details

First, Si (001) substrates with resistivity of 2e5 U/cm were
cleaned by a modified RCA (Radio Corporation of American) pro-
cessingmethod. Then, thewafers were immersed in diluted HF (1%)
solution for 30s to remove any native oxide and washed by ionized
water. After that, the wafers were dried by pure N2. Finally, the Si
wafers were put into vacuum chamber quickly. To explore the
microstructure and optical properties of HfO2 thin films preferably,
the quartz plates were also chosen as the substrates. High purity
HfO2 ceramic target (99.995%) with diameter of 60 mm and thick-
ness of 5 mm was used as the sputtering target. High purity Ar
(99.999%) was introduced into the chamber during deposition. The
distance between substrate and target was maintained at 60 mm.
The deposition temperature was fixed at room temperature. The
base vacuumwas higher than 2.0 � 10�4 Pa. Prior to HfO2 thin film
deposition, the target was pre-sputtered in Ar for 5 min to remove
the surface oxide of the target. The RF power and the working
pressure were fixed at 60W and 0.35 Pa during the sputtering
process, respectively. The deposition time was 1.5 h. The Ar flow
was kept at 20 SCCM and the O2 flow changed from 0 to 16 SCCM to
make the O2/Ar flow ratio (R) range from 0 to 0.8. The values of R1,
R2, R3 and R4 are 0, 0.2, 0.4 and 0.8, respectively. Film microstruc-
ture has been analyzed by x-ray diffraction (XRD, MXP 18AHF MAC
Science, Yokohama, Japan). The X-ray source was Cu-Ka, with an
accelerating voltage of 40 kV, a current of 100 mA, scanning range
from 20� to 80�, glancing angle of 2�, scanning step of 0.02�, and
scanning speed of 8�/min. Fourier transform infrared spectroscopy
(FTIR) measurements in the spectral range 400e1200 cm�1 are
carried out using a Thermo Nicolet MagnaIR 760 spectrophotom-
eter equippedwith a deuterated triglycine sulfate detector with KBr
windows and an XT-KBr beam splitter, whose measurements res-
olution was 8 cm�1. The surface morphology of the samples are
measured by Hitachi S-4800 type scanning electron microscope
(SEM, Hitachi, Tokyo, Japan) and atomic force microscope (AFM,
CSPM4000) in contact mode. The optical transmission spectra were
measured by UVevis spectrophotometer (Shimadzu, UV-2550)
with wavelength ranging from 190 to 900 nm. In addition, the
thickness, refractive index, extinction coefficient and dielectric
dispersion of the films were examined and fitted by spectroscopic
ellipsometer (SC630, SANCO Co, Shanghai) of the rotating analyzer
type. The measurements were carried out in air at room tempera-
ture in the wavelength range of 280e1100 nm with a step of
10 nm at an incident angle of 65� and 75�. Al/HfO2/Si MOS capac-
itors were fabricated by sputtering a Al top electrode through a
shadow mask with an area of 7.065 � 10�4 cm2 and the back sur-
faces of all samples were deposited with about 200-nm-thick Al
film by sputtering. The CeV measurement was obtained by a
semiconductor device analyzer (Agilent B1500A) combined with
Cascade Probe Station at room temperature. All the electrical
characterization was performed at room temperature in a shielded
dark box.

3. Results and discussion

3.1. Microstructure and morphology analysis

The structural properties of sputtering-grown HfO2 thin films
were analyzed by XRD. Fig. 1 shows the microstructure of HfO2 thin
film deposited at different O2/Ar flow ratios. From Fig. 1, it can be
noted that orientations of (�111), (111) and (002) appear at
2q ¼ 28.3�, 31.7� and 34.3�, respectively. According to the powder
diffraction ICDD card (06e0318), all the peak positions of HfO2 films
correspond to the monoclinic phase and no diffraction peaks from
cubic or tetragonal phase have been observed [23]. The peak in-
tensity from (�111) plane is strongest for all the HfO2 thin films and
the peak from (111) plan disappears with introducing O2. Mean-
while, the intensity of peak from (002) plane decreases with
increasing the O2/Ar flow ratio. It can be noted that in XRD pattern
of sputtering-grown HfO2 thin films grown in Ar and O2, the
dominant peak is (�111) plane, which is in good agreement with
Dave's observation [6]. The disappearance of orientation (111) and
the intensity decrease of orientation (002) with the increase in the
O2/Ar flow ratio are attributed to the variation of deposition rate
and the degraded degree of crystallization. Aswe know, amorphous
state is desirable as potential high-k gate dielectrics in CMOS device
application, in which leakage current is lower and suitable for de-
vice application. Continuing increasing the O2/Ar flow ratio to 1.5
shown in Fig. 1, it can be noted that amorphous HfO2 high-k gate
dielectrics have been obtained, indicating that amorphous state can



Fig. 2. Deposition rates and crystallite sizes of HfO2 thin films deposited at various O2/
Ar flow ratio.
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be controlled by modulating the oxygen partial pressure.
In order to investigate the oxygen partial pressure dependent

evolution of the microstructure for sputtering-derived HfO2 thin
film, the deposition rate and crystallite size also have been calcu-
lated, as shown in Fig. 2. Scherrer Equation has been adapted to
calculate the average crystallite size as the following formula:

Dhkl ¼ kl=b cosq (1)

Where Dhkl is the average crystallite size, k～0.89 is the shape
factor, l is the wavelength of X-ray, b is full width at half maximum,
and q is diffraction angle. As can be seen in Fig. 2, the deposition
rate and crystallite size decreases rapidly as O2 is introduced into
the deposition process. After that, the deposition rate and crystal-
lite size decreases with increasing the O2/Ar flow ratio. It can be
noted that the introduced oxygen reduces the kinetic energy of the
sputtered particles, which leads to the suppressed deposition rate.
Thus, the crystallite size also decreases with the reduced kinetic
energy of the sputtered particles. Meanwhile, higher oxygen flow
rate only increases the collision frequency between oxygen mole-
cules and hafnium dioxide particles. So the deposition rate and
crystallite size have an apparent reduction. Therefore, it can be
concluded that the deposition rate and crystallite size can be
Fig. 3. (a) Deposition-power-dependent XRD spectra of Hf
modulated by oxygen partial pressure under fixed deposition
power.

In order to investigate the evolution of the deposition rate as a
function of deposition power, some other experiments have been
carried out and new observations have been reported in our pre-
vious publication shown in Fig. 3 [17]. Based on our observation, it
can be noted that the deposition power plays an important role
during deposition process and higher deposition power leads to the
formation of HfO2 films better crystallization. Meanwhile, based on
Fig. 3, it can be noted the crystallize size increases slightly as the
deposition power increases from 50 to 80 W. Therefore, it can be
concluded that deposition power and oxygen partial pressure
should be controlled precisely to obtain HfO2 high-k gate dielectrics
with amorphous state.

To further investigate higher oxygen flow rate dependence on
the microstructure and interfacial properties of HfO2 thin films on
Si substrates, FTIR measurements have been carried out. Based on
Fig. 4, two vibration absorption peaks located at 512 and 610 cm�1,
corresponding to the monoclinic phase of HfO2 film, have been
detected, which is in agreement with previous XRD results [24].
The height and the area of vibration absorption peak located at
512 cm�1 decrease with increasing the O2/Ar flow ratio. It is known
that the band area is proportional to the concentration of bonds
associated to that band [25]. Therefore, these results could indicate
that the HfO2 thickness decreases when the oxygen partial pressure
increases.

Fig. 5 shows SEM images of HfO2 thin films deposited at
different O2/Ar flow ratio. The particle sizes of HfO2 thin films
prepared in pure Ar are larger than those deposited with Ar and O2.
As we know, the Ar flow is kept at 20 SCCM, and the increase of O2
partial pressure will lead to the reduced Ar ion concentration. Thus,
the sputtering yield of HfO2 reduces and the deposition rate de-
creases. The thickness of thin films decreases with diminution of
the deposition rate. Furthermore, the particle sizes of HfO2 thin
films become smaller and smaller with higher oxygen flow rate. To
investigate the surface morphology of the HfO2 thin films prefer-
ably, AFM images shown in Fig. 6 have been used to study the in-
fluence of O2/Ar flow ratio on the surface morphology of HfO2 thin
films. The root mean square (RMS) roughness of the HfO2 thin films
were displayed by raw 2 um� 2um scans. The four samples with O2
flow rate of 0, 4, 8 and 16 SCCM reveal the root mean square
roughness values of 3.39, 1.98, 1.55 and 1.42 nm, respectively. It is
noted that surface roughness of HfO2 thin films prepared in pure Ar
is larger that deposited with Ar and O2. However, surface roughness
O2 films (a) and (b) calculated deposition parameters.



Fig. 4. FTIR spectra for the HfO2 thin films deposited at various O2/Ar flow ratio.
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values of HfO2 thin films deposited in Ar and O2 get smaller and
smaller with increasing the O2/Ar flow ratio, indicating a uniform
and smooth surface [26]. The decrease in degree of crystallization
produces a decrease in the surface roughness with increasing the
O2/Ar flow ratio. The increase in roughness enhances the hydro-
philicity of the surface. But, the HfO2 thin films deposited in Ar and
O2with increasing the O2/Ar flow ratio becomes less hydrophilic. To
study the hydrophobicity, static angle measurements were made
by dropping 3 ml distilled water on the surface of sample by using
sessile drop measurement method. The values of the diameter L
and height H are the averages of six measured values. The relation
between surface roughness and contact angle is best calculated by
flowing Eq [27]:

q ¼ arc tan
4HL

L2 � 4H2 (2)

Where q is water contact angle, L is the diameter, and H is height of
Fig. 5. Surface morphologies of HfO2 thin films deposited at v
the spherical crown of the droplet dropped on the surface of the
HfO2 films. Fig. 7 shows the variation of water contact angle with
increasing the O2/Ar flow ratio. It can be seen that HfO2 thin film is a
hydrophobic material since its contact angle is greater than 90� as
shown in Fig. 7. Then, the contact angle decreases with increasing
the O2/Ar flow ratio. The surface roughness and surface free energy
are two main factors governing the surface wettability. However,
variation of the initial contact angle of the thin films should be
primarily attributed to the difference in their surface roughness
according to the previous reports for that the enhancement of hy-
drophobicity may be ascribed to increase of the proportion of air/
water interface in solid and air composite rough surface structure
[5,28]. The contact angle decreases with increasing the O2/Ar flow
ratio and the surface roughness also decreases with the increase of
the O2/Ar flow ratio.
3.2. Optical properties analysis

In order to investigate the optical properties of HfO2 films
deposited at various O2/Ar flow ratio, the optical transmission
spectra are shown in Fig. 8. To measure the transmission and ab-
sorption spectra of HfO2 thin films, all the samples were deposited
on quartz glass substrates. From Fig. 8, it can be seen that the
transmission of all the deposited films in the visible light range
(400 nm-900 nm) is more than 75%, indicating that the films have
very low absorption in the visible and near ultraviolet region.
Meanwhile, with the increase of the oxygen partial pressure, the
absorption edges demonstrates an apparent blue shift. Fig. 9 shows
absorption spectra of the HfO2 thin films deposited at different
oxygen partial pressure. The energy band gap (Eg) value of the HfO2
were obtained by absorption spectra and plotting (ahn)1/2 vs
photon energy (hn) using the following relation [29]:

ðahnÞ1=2 ¼ A
�
hn� Eg

�
(3)

Where a is the absorption coefficient, A is the constant, and Eg is
band gap, respectively. A plot of (ahn)1/2 vs (hn) is shown in Fig. 9
arious O2/Ar flow ratio: (a) 0; (b) 0.2; (c) 0.4; and (d) 0.8.



Fig. 6. AFM images of HfO2 thin films deposited at various O2/Ar flow ratio: (a) 0; (b) 0.2; (c) 0.4; and (d) 0.8.
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and the linear portion of the curve is extrapolated to hn axis to
determine the energy band gap. It can be seen clearly that the
optical band gap is in the range of 5.58e5.83eV. According to pre-
vious reports, band gap energies of 5.41e5.86 eV have been
determined for HfO2 films with monoclinic phase, which is close to
our results. As we know, the optical band gap is affected by many
factors, such as defects density, purities, packing density, stoichio-
metric ratio and grain size [30e32]. Based on Fig. 9, the blue shift in
optical band gap has been observed with increasing the O2/Ar flow
ratio. Many researchers believe that the quantum size effect results
in a dramatic increase in optical band gap energy especially if the
crystallite size is less than 30 nm [33,34]. Liu et al. attributed it to
the reduction of oxygen vacancy with increasing the O2/Ar flow
ratio [21]. The decrease of packing density and crystallite size are
also key factors to result in a dramatic increase in optical band gap
Fig. 7. Variation of contact angle of HfO2 thin films deposited at
energy with increasing the O2/Ar flow ratio. The packing density
and crystallite size have been calculated as shown in Table 1.

An ex-situ SE was used to measure O2 flow rate dependent op-
tical functions of HfO2 thin films at room temperature in the
spectral range of 190e1100 nm. The experimental parameters ob-
tained by SE are the angles J (azimuth) and D (phase change),
which are related to the microstructure and optical properties,
defined by

r ¼ rp
�
rs ¼ tanj expðiDÞ (4)

Where rp and rs are the amplitude reflection coefficient for light
polarized in the p- and s-planes of incidence, respectively. The
spectral dependencies of ellipsometric parameters J (azimuth)
and D (phase change) can be fitted with appropriate models for the
various O2/Ar flow ratio: (a) 0; (b) 0.2; (c) 0.4; and (d) 0.8.



Fig. 8. Transmittance spectra of the HfO2 thin films deposited at different O2/Ar flow
ratio.

Fig. 9. UVeVis absorption spectra of the HfO2 thin films deposited at various O2/Ar
flow ratio.

Fig. 10. The experimental and fitted spectroscopy ellipsometry data for HfO2 film
deposited at O2 flow ratio of 8 SCCM at the incident angle of 65� and 75� .
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layer stacking structures and some appropriate optical constant or
dispersion model for each layer. When appropriate modeling ap-
proaches have been developed, the thickness and the optical
properties of the film, such as refractive index n, extinction coef-
ficient k, real (ε1) and imaginary (ε2) can be simultaneously
extracted from ellipsometric parameters J and D. In our SE data
analysis, the unknown dielectric function of HfO2 is described by
Cauchy-Urbach model as expressed in the following formulas

nðlÞ ¼ An þ Bn
.
l2 þ Cn

.
l4 (5)

kðlÞ ¼ d exp b½12400ð1=l� 1=gÞ� (6)
Table 1
The calculated deposition parameter of sputtering-derived HfO2 thin films.

Samples Crystallite size
(nm)

Deposition rate
(nm/min)

R1 13.3 1.32
R2 9.42 0.75
R3 9.03 0.62
R4 8.64 0.56
Aswe know, Cauchy function is an empirical formula, whichwas
first put forward by A. L. Cauchy. It expresses the material trans-
parent wave dispersion relation. The refractive index n is a graded
function changing with wavelength l and the extinction coefficient
k is an exponential function. Above equations as functions of the
wavelength l are uniquely defined by six parameters, An, Bn, Cn,
(index parameters which specify the index of refraction). d, b and g
are the extinction coefficient amplitude, the exponent factor, and
the band edge g, respectively, can be defined as a variable fit
parameter during the data evaluation. Thus, using the Cauchy
model, the dispersion of optical constants can be described by six
parameters. In current work, a three layermodel (HfO2/SiO2/Si) has
been established to work out the optical function of the HfO2 films
related to the O2/Ar flow ratio. The measured and fitted spectra of a
representative HfO2 film deposited at O2 flow ratio 8 SCCM at the
incident angle of 65� and 75� are shown in Fig. 10. Based on Fig. 10,
it can be clearly seen that an excellent agreement between the
experimental and fitted spectra for the HfO2 films has been
attained in the entirely measured energy range, suggesting that the
structured model is reasonable and can describe the structure of
the HfO2 thin films. Based on the simplified three-phase model, the
best-fitted results used in the simulation of measured spectra are
shown in Fig. 10.

Fig. 11 demonstrates the variation of the refractive index and the
real part of the dielectric function ε1 (ε1¼ n2-k2) for the O2 flow rate
of 0, 4, 8 and 16 SCCM. It can be seen that with increasing the O2/Ar
flow ratio, there are an obvious decrease in the value of refractive
index. But, Liu et al. [21] reported that the refractive index of thin
film decreases when the O2 is introduced, and then increases with
increasing the O2/Ar flow ratio. As we known, the packing density is
decisive factor to affect the value of refractive index. The packing
density, p, of a porous film is defined by Yoldas formula as following
[35]:

p ¼
�
n2
p � 1

�.
n2 � 1 (7)
Thickness
(nm)

Packing density RMS roughness (nm)

119.05 0.92 3.39
67.5 0.87 1.98
55.4 0.83 1.55
50.6 0.79 1.42



Fig. 11. The calculated refractive index and real parts of the dielectric functions (ε1) of the HfO2 films, derived from the results of the Cauchy fitting.

J. Gao et al. / Journal of Alloys and Compounds 662 (2016) 339e347 345
The value of the n (2.1), measured from the material in bulk
form, is readily available in the literature. The value of np is the
refractive index of thin films around 600 nm for all samples. The
values of packing density have been calculated as shown in
Table 1.The packing density should be related to the thickness of
thin films, crystalline structure and crystallite size. Based on
Fig. 10(a), the reduction in refractive index has been detected with
the increase in oxygen partial pressure, which can be attributed to
the reduced packing density. The real part of the dielectric function
ε1 (ε1 ¼ n2-k2) is similar to n2 and is related to polarization; the
decrease of n indicates the increase of polarization and leads to the
reduced dielectric constant, shown in Fig. 11(b).

Fig. 12 shows the extinction coefficient (k) and imaginary ε2
(ε2 ¼ 2nk) parts of the dielectric functions of HfO2 thin films. The
extinction coefficient (k) and imaginary ε2 are close to zero and very
low in the visible region. It is noted that the high-quality HfO2 thin
film is obtained for a very small optical loss. The extinction coeffi-
cient includes the contribution from the absorption and the scat-
tering of grains. Higher O2/Ar flow ratios result in the decreased
packing density and the size of grains of thin films as shown in
Table 1, which brings about the enhancement of scattering effect in
HfO2 thin film. In addition, the blue shift of optical band gap has
happened with increasing the O2/Ar flow ratio, indicating that the
optical band gap will increase with increasing the O2/Ar flow ratio.
The absorption coefficient a also can be calculated by the following
expression [36]:
Fig. 12. The extinction coefficient and imaginary parts of the dielectric
a ¼ 4pk=l (8)

Where a is the absorption coefficient, l is the light wavelength, and
k is the extinction coefficient. Then the optical band gap can be
calculated by expression (3). The optical band gap has been studied
correctly by UVevisible spectroscopy and SE.

In order to investigate optical properties of HfO2 thin films
further, the resultant data of refractive index can be analyzed to
obtain the high frequency dielectric constants by applying the
following simple classical dispersion relation [37]:

�
n2 � 1

�
¼

0
@ s0l

2
0

1�
�
l2

.
l20

�
1
A (9)

s0 ¼
�
n20 � 1

�

l20
(10)

Where S0 is an average oscillator strength and l0 is an average
oscillator position, no is the refractive index at infinite wavelength
l0 (average interband oscillator wavelength). The plots of 1/n2�1
versus 1/l2 give straight lines with different slopes and fit the
classical dispersion formula with a single electronic oscillator well
as shown in Fig. 13. The parameters l0 and S0 can be deduced from
the slope (�1/S0) of the resulting straight line and the infinite
functions (ε2) of HfO2 films deposited at various O2/Ar flow ratio.



Fig. 13. The plots of 1/(n2-1) vs 1/l2 for HfO2 films deposited at various O2/Ar flow
ratio.

Table 2
Dispersion parameters of the HfO2 films with various O2/Ar flow ratio.

Samples So (nm�2) ε∞ lo (nm)

R1 1.56 � 10�6 4.03 139
R2 1.27 � 10�6 3.82 148
R3 1.05 � 10�6 3.63 158
R4 0.88 � 10�6 3.38 164
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wavelength intercept (1/S0l02), respectively. The high frequency
dielectric constant ε∞ ¼ n0

2, which depends on the characteristics of
the various interband transitions, can also be determined, shown in
Table 2. It can be noted that the high frequency dielectric constants
decrease with the increased O2/Ar flow ratio, originating from the
decrease of the refractive index of the films.
3.3. Electrical properties analysis

Fig. 14 shows the typical high frequency (1 MHz) CeV charac-
teristics of MOS capacitors based on HfO2 high-k gate dielectrics a
functions of oxygen partial pressure. Based on Fig. 14(a), it can be
seen that the increased accumulation capacitance and the reduced
hysteresis in HfO2/Si system with increasing the oxygen partial
pressure, which may come from the reduced interfacial layer and
Fig. 14. (a) CeV and (b) IeV characteristics of MOS capacitors based on
the improved dielectric constant the dielectric. In addition, the CeV
measurements for HfO2/Si always lead a flat band voltage (VFB) shift
to the positive direction, suggesting more negative or less positive
trapped charges induced in HfO2. The trend of VFB shift implies that
these electrical characteristics could be improved by modulating
the oxygen partial pressure. As shown in inset of Fig. 14(b), high
gate leakage current density is observed when gate is applied
positive voltage for the sample with lower oxygen partial pressure.
This is likely due to the interface trap assisted tunneling and/or
interfacial oxide induced lowering of conduction band offset.
Suppress of the gate leakage current by applying higher oxygen
partial pressure is also observed clearly. Based on FTIR analysis, it
can be seen that high oxygen partial pressure effectively protects
against the oxidation of the substrate and suppress the interfacial
layer regrowth, and thus leads to the larger accumulation capaci-
tance, leading to the reduced leakage. Based on previous analysis, it
can be inferred that good electrical performance of MOS capacitor
based on HfO2 high-k gate dielectrics can be controlled by modu-
lating the oxygen partial pressure.
4. Conclusions

In summary, the effect of O2 partial pressure on the micro-
structure, wettability, and optical and electrical properties of
sputtering-derived HfO2 thin films has been investigated system-
atically. XRD results have confirmed that the HfO2 thin films
deposited in Ar and O2 are all polycrystalline with monoclinic
phase. Moreover, the crystallite size decreases with the increased
O2/Ar flow ratio. The particle sizes of HfO2 thin films become
smaller and smaller with higher O2 flow rate confirmed by SEM
measurements. AFM analysis shows the RMS of the HfO2 thin films
decreases with increasing the O2/Ar flow ratio. Meanwhile, the
contact angle decreases and the wettability increases with
increasing the O2/Ar flow ratio. The increase in optical band gap and
reduction in refractive index with increasing O2/Ar flow ratio have
been detected by UVeVis and SE measurement. As a result,
improved CeV characteristics and reduced leakage current have
been achieved fromMOS capacitors of Al/HfO2/Si/Al stackwith high
oxygen partial pressure, which can be attributed to the suppressed
interfacial layer and improved interface quality. The precise deter-
mination of optical and electrical properties of sputtering-derived
HfO2 thin films paves the way for the application HfO2-based
transition metal oxides in future devices.
HfO2 high-k gate dielectrics as functions of oxygen partial pressure.
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