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a b s t r a c t

The microstructure, optical and electrical properties of HfTiO high-k gate dielectric thin films deposited
on Si substrate and quartz substrate by RF magnetron sputtering have been investigated. Based on
analysis from x-ray diffraction (XRD) measurements, it has been found that the as-deposited HfTiO films
remain amorphous regardless of the working gas pressure. Meanwhile, combined with characterization
of ultraviolet-visible spectroscopy (UV–vis) and spectroscopy ellipsometry (SE), the deposition rate, band
gap and optical properties of sputtered HfTiO gate dielectrics were determined. Besides, by means of the
characteristic curves of high frequency capacitance–voltage (C–V) and leakage current density–voltage (J–
V), the electrical parameters, such as permittivity, total positive charge density, border trap charge
density, and leakage current density, have been obtained. The leakage current mechanisms are also
discussed. The energy band gap of 3.70 eV, leakage current density of 1.39�10�5 A/cm2 at bias voltage of
2 V, and total positive charge density and border trap charge density of 9.16�1011 cm�2 and
1.3�1011 cm�2, respectively render HfTiO thin films deposited at 0.6 Pa, potential high-k gate dielectrics
in future CMOS devices.

& 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
1. Introduction

With the rapid development of ultra large scale integrated
circuit (ULSIC), the conventional SiO2-based high-k gate dielectrics
in CMOS devices have been outdated because its thickness cannot
reach the limit below 1.0 nm [1]. Therefore, many high dielectric
constant (k) materials such as Hf-based and Zr-based gate di-
electrics are attracting an increasing interest as a solution for the
saturation of the leakage current and the power consumption of
SiO2 CMOS [2–5]. Among these high-k candidates, HfO2 has been
investigated as an alternative gate dielectric material to conven-
tional SiO2 due to its moderate dielectric constant (�25), wide
band gap (�5.8 eV), superior thermodynamic stability and ap-
propriate band offset relative to Si substrate [6,7]. However, pure
.l. All rights reserved.
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HfO2 has low crystallization temperature, resulting in large leak-
age current, high oxygen and impurities penetration, and defect
generation [8]. One of the effective ways to increase the crystal-
lization temperature and decrease the charge leakage is combining
it with another complementary gate materials, such as TiO2. Re-
cent investigations have indicated that Ti is one of the most sui-
table elements incorporated into HfO2 due to the superior k value
(80–100) of TiO2 [9,10]. Besides, it can be noted that Hf and Ti are
both 4-valence elements which would restrain the production of
oxygen vacancy dramatically, thereby reducing the leakage current
density [11]. Furthermore, TiO2 have high crystallization tem-
perature. Ye et al. have showed that the amorphous TiO2 crystal-
lizes at 873 K and 1073 K to form TiO2 with the anatase phase and
the rutile phase TiO2, respectively [12].

Currently, considerable works has been devoted to control the
deposition power, annealing temperature, substrate temperature
and concentration of Ti to obtain HfTiO gate dielectric thin films
with high quality [13]. Liu et al. have reported that Ti incorporated
into HfO2 would strengthen its interfacial properties and reduce
the thickness of interfacial layer. In addition, the band gap
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decreases with the increase of Ti concentration [14]. Besides, it has
been shown by Ye that rapid thermal annealing at 600 °C can
obtain the largest dielectric constant of 45.9, the lowest leakage
current of 3.1�10�6 A/cm2, and the optimized interfacial prop-
erties [12]. However, there is little works which focus on the in-
vestigation of the working gas pressure dependent microstructure,
optical and electrical properties of HfTiO/SiO2/Si gate stacks. In
fact, it is worth investigating systematically since that the working
gas pressure is expected to be a key factor which influences the
deposition rate, energy band gap, optical constants and electrical
properties of as-deposited thin films.

In current work, the microstructure, optical and electrical
properties of HfTiO gate dielectrics subjected to different working
gas pressure were investigated systematically by means of char-
acterization from x-ray diffraction (XRD), energy dispersive X-ray
spectroscopy (EDS), ultraviolet–visible spectroscopy (UV–vis),
spectroscopy ellipsometry (SE), high frequency capacitance–vol-
tage (C–V) and current density–voltage (J–V) measurements.
Fig. 1. XRD patterns of HfTiO thin films deposited at various working pressure.
2. Experimental procedure

2.1. Preparation of films

Commercially available n-type (100) Si wafers with a resistivity
of 2–5Ω/cm were chosen as the substrates. To obtain the optical
properties preferably, the quartz plates were also chosen as the
substrates. Prior to HfTiO thin films deposition, the substrates
were ultrasonically cleaned by ethanol for 10 min at room tem-
perature, washed with a standard Radio Corporation of American
(RCA) for 10 min at 75 °C to remove organic and metallic im-
purities on the wafers, and immersed in a diluted HF solution for
20 s to remove any native oxide and dried by high purity nitrogen.
After cleaning, the Si and quartz substrates were loaded into the
vacuum chamber of a magnetron sputtering equipment (JGP-DZS,
Chinese Academy of Sciences, Shenyang Scientific Instrument Co.,
Ltd.) immediately. Before deposition, the vacuum chamber was
evacuated to 5.0�10�4 Pa. The radio frequency reactive sputter-
ing of HfTi alloy target was employed to deposit HfTiO thin films
on the Si and quartz substrates in Ar and O2 ambient with the flow
rates of 20 and 2 SCCM (SCCM denotes cubic centimeter per
minute at STP), respectively. The RF power, deposition time, and
deposition temperature were fixed at 50 W, 1 h, and room tem-
perature, respectively. The working gas pressure of Ar varied from
0.2 to 0.8 Pa at a pressure interval of 0.2 Pa. Besides, the target was
pre-sputtered in an argon atmosphere for 10 min before the film
deposition to remove the native oxide.

2.2. Film characterization

The microstructure of the as-deposited films were investigated
by X-ray diffraction (XRD, MXP 18AHF MAC Science, Yokohama,
Japan). The X-ray source was Cu αK , with an accelerating voltage of
40 KV, a current of 100 mA, scanning range from 20 °C to 80 °C,
glancing angle of 2 °C, scanning step of 0.02 °C, and scanning
speed of 8 °C/min. And the component and weight percentage of
HfTiO thin films were obtained by energy dispersive X-ray spec-
troscopy (EDS). In addition, the spectroscopy ellipsometry (SC630,
SANCO Co., Shanghai) in the spectrum range of 900–1100 nm with
a step of 10 nm at an incident angle of 65 °C and 75 °C was used to
determine the thickness, refractive index, extinction coefficient
and dielectric dispersion of the as-deposited samples. In the pro-
cess of fitting, the optical constants can be obtained from the
Cauchy–Urbach dispersion model which consists of three layer
structure: thickness-fixed Si substrate, SiO2 interfacial layer, and
HfTiO gate dielectric. And the transmission spectrum and
absorption spectrum were investigated by ultraviolet–visible
spectroscopy (UV–vis, Shirmadzu,UV-2550). The energy band gap
values of the films can be obtained from absorption spectrum via
optical method.

2.3. Metal oxide semiconductor (MOS) device fabrication and
characterization

In order to explore the electrical properties, a series of MOS
capacitors were fabricated by sputtering a Al-top electrode with
the area of 7.065�10�8 m2 through a shadow mask and Al was
also deposited as the back electrode to decrease the contact re-
sistance. The high-frequency (1 MHZ) C–V curves and leakage
current characteristics were performed using an semiconductor
device analyzer (Agilent B1500A) and Cascade Probe Station. All
the electrical tests were required to short circuit and open circuit
calibration, and carried out at room temperature in a dark box.
3. Results and discussion

3.1. Crystal structure and component analysis

In order to investigate the effect of working pressure on the
microstructure of sputtering-grown HfTiO samples, XRD spectra
has been examined, as presented in Fig. 1. It can be noted that all
samples remain amorphous state with the increase of the working
pressure. It has been reported that high-k gate dielectrics with
amorphous structure will be preferable for CMOS devices appli-
cation, since the grain clearance of polycrystalline materials would
provide a current channel, thus resulting in large leakage current
and low reliability of the devices [11,15]. Besides, based on pre-
vious investigation, it can be noted that the as-deposited HfO2 film
has one major diffraction peak located at θ = °2 28.35 and some
smaller peaks at other positions [16], indicating that the crystal-
lization temperature of HfO2 films has been improved remarkably
after TiO2 incorporation. One major reason for the formation of
amorphous structure is the fact that TiO2-doped HfO2 film produce
more nucleation sites and thereby prevents the growth of crystal
grains by turns [17]. Another reason is that Hf and Ti have different
ionic radii which inhabits the formation of long-range order
structure [8].

Fig. 2 illustrates the working gas pressure dependent EDS
spectra of the as-deposited HfTiO films. It has been found that all



Fig. 2. The EDS spectra of HfTiO/Si gate stacks with different working pressure.

Table 1
Weight percentage of the components of HfTiO thin film at various working
pressure.

Working pressure (Pa) Hf (wt%) Ti (wt%) Hf:Ti

0.2 12.12 8.98 1:2.7
0.4 12.35 8.35 1:2.5
0.6 10.45 6.39 1:2.2
0.8 10.46 6.33 1:2.2
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samples consist of Hf, Ti, O and the Si element which results from
the Si substrate. The specific weight percentages of the films are
demonstrated in Table 1. It is calculated that the atomic percen-
tage of Hf and Ti is close to that of the sputtering target.
Fig. 3. Transmission spectra for sputtering-derived HfTiO thin films deposited at
various working pressure.
3.2. Optical properties investigation

UV–vis spectroscopy was used to obtain the transmittance
spectrum and the absorption spectrum of HfTiO thin films de-
posited on quartz glass substrates at room temperature within
260–900 nm wavelength range. Fig. 3 exhibits the transmittance
spectrum of thin films with the working pressure ranging from
0.2 to 0.4 Pa. From Fig. 3, it can be noted that the transmittance of
the thin film samples in the visible light region is more than 75%,
which can be attributed to the uniform microstructure [18]. Fur-
thermore, the absorption edges present a slightly red shift from
0.2 to 0.4 Pa and an apparent blue shift from 0.4 to 0.8 Pa.

It is generally known that the insulator optical absorption law
is closely related to energy gap structure. And the absorption
coefficient α is also combined with the energy band gap Eg in the
form of
( )α( ) = − ( )hv A hv E 1g
1/2

In which A is a constant characteristic of the semiconductor, hv
is the photon energy. Plot of α( )hv 1/2 vs ( )hv was shown in Fig. 4
and the optical band gap energy Eg can be obtained by extra-
polating the linear portion of the curves relating α( )hv 1/2 and ( )hv
to α( ) =hv 01/2 . The extracted band gap values of 3.59, 3.52, 3.70
and 3.77 eV have been determined as the working gas pressure
changes from 0.2 Pa to 0.8 Pa. It can be seen clearly that the optical
band gap is in the range of 3.59–3.77 eV and gradually shifts to low
energy side and then rapidly increases as the pressure increases.



Fig. 4. Plots of α ν( )h 1/2 versus the photon energy hv for HfTiO thin films grown on quartz substrate.
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This transformation of band gap of HfTiO thin films agree with
well the result of transmission spectra, as shown in Fig. 3. It is
believed that the packing density and oxygen content of HfTiO thin
films may be the key factors to result in this dramatic conversion.
And the energy band gap decreases with the increases of packing
density and the decreases of oxygen content [19–21].

Spectroscopic ellipsometry (SE) is a fast and sensitive method
to characterize the optical properties of thin films. During mea-
surements, it requires no special environment and touching sam-
ples are not needed. In current work, the SE was adopted to obtain
working gas pressure dependent optical functions of HfTiO thin
films in the spectral range of 300–1100 nm, step of 10 nm, at 65°
and 70° angles of incidence. The spectral dependence of experi-
mental parameters ψ (azimuth) and Δ (phase change) are related
to the structural and optical properties of thin films given by

ρ ψ Δ= = ( )
( )

R
R

itan exp
2

p

s

In which Rp and Rs are the amplitude reflection coefficient for
the light polarized parallel (p) and perpendicular (s) to the plane of
incidence, respectively. When appropriate model have been se-
lected, the thickness and optical properties of the films can be
simultaneously obtained by the fitting results. Through a series of
comparative analysis, Cauchy-Urbach model has been adopted to
characterize the dielectric function of HfTiO thin films expressed
as following formula
λ
λ λ
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Formulae (3) and (4) as a function of the wavelength λ are
uniquely defined by six parameters: An, Bn, Cn (index parameters
which specify the index of refraction), α (ectinction coefficient
amplitude), β (exponent factor ), and Eg (band edge). In current
work, a three-phase optical model consisting of the Si substrate,
the interfacial layer and the HfTiO thin film was used to reach a
good consistency between the measured and the theoretical data.
Fig. 5 shows the measured and fitted spectra of a representative
HfTiO thin film at a working pressure of 0.6 Pa. It can be seen from
Fig. 5 that the experimental data are in good agreement with the
fitted data for HfTiO thin film in the fully measured energy range,
suggesting that the three-phase structured model is practicable
and the thickness and optical properties of HfTiO thin films can be
confirmed precisely.

The thicknesses of the thin films obtained based on the fitting
results are 19.52, 13.00, 15.65 and 19.89 nm for 0.2, 0.4, 0.6, and
0.8 Pa, respectively. Fig. 6 presents the deposition rate as a func-
tion of the working gas pressure. From Fig. 6, it can be seen that
the deposition rate increases when the Ar flow rate increases,
which can be attributed to the fact that during working pressure
from 0.2 Pa to 0.4 Pa, the quantity of incident ion and ion current
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(I) increases. Meanwhile, the deposition rate Q is related to the ion
current I in the form of

= ( )Q CIS 5
Fig. 5. Measured and fitted ellipsometric parameters Δ and ψ for HfTiO thin films
with working pressure of 0.6 Pa at the incident angle of 65 °C and 75 °C.

Fig. 6. The deposition rate of HfTiO thin films with the working pressure.

Fig. 7. The variation of optical refractive index n and real part of the dielectric fun
In which C is the characteristic constant related to the sput-
tering equipment and S is the sputtering rate, respectively [22]. It
is this direct ratio relationship that result the deposition rate in-
crease. However, the Q values decrease from 1.72 through 1.34–
1.29 as the working pressure changes from 0.4 Pa through 0.6–
0.8 Pa, respectively. According to kinetic theory of gases, the mean
free path of gas molecules λ̄ and the pressure P has the following
relationship

λ
π

¯ =
( )

KT
d P2 62

In which K is the boltzmann constant, T is the gas temperature,
d is the diameter of gas molecules, respectively. Based on the Eq.
(6), the reduction in free path has been detected with increasing
the working pressure on condition that the molecular diameter
and gas temperature remain unchanged, which brings about the
enhancement of collision frequency between the sputtered atoms
and Ar gas molecules. Therefore, the energy of sputtered atom
would lost greatly in the process of collision and then result in the
decreases in particles number arrived at Silicon substrate [23].
Consequently, the deposition rate decreases.

Fig. 7 exhibits the variation of the refractive index n and the
real part of dielectric function ε1 of the HfTiO thin films depen-
dence of wavelength at different working pressure. It can be found
that the refractive index of thin film increases a little when the
working gas pressure increases from 0.2 Pa to 0.4 Pa, and de-
creases rapidly with a further increase of working pressure. This
phenomenon may be ascribed to the fact that the sputtering par-
ticles with high energy will result in high packing density and thus
high refractive index [24]. As is well known, the packing density is
a critical factor to affect the refractive index. In addition, the
packing density may be correlated to the thickness of thin film
[25]. The deposition rate can be obtained by the thickness of thin
film divided by same deposition time. If the thin film is deposited
at a higher rate, the higher particle energy can be obtained and
thus higher mobility prompts the particles to form more denser
HfTiO thin films. At a lower deposition rate, the thin film with
lower refractive index will be obtained with a loose arrangement.
The real part of the dielectric function ( ε = −n k1

2 2) be approxi-
mately equal to n2 and is related to polarization. The intensity of
polarization decreases with the refractive index increases and
further lead to the increase of dielectric constant [25].

The effect of the working pressure on the extinction coefficient
k and the imaginary part of dielectric function (ε = nk22 ) has also
ctions extracted from the fitting of Cauchy model with the working pressure.



Fig. 8. The extinction coeffcient and imaginary parts of the dielectric functions of HfTiO thin films with various working pressure.
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been studied, as shown in Fig. 8. It is easily found that the ex-
tinction coefficient and imaginary part of dielectric function of
HfTiO thin films are close to zero in the high energy region and
very low in the visible and near ultraviolet region. Besides, the red
shift and the blue shift as a function of working pressure has been
detected, which are confirmed by UV–vis measurement.

The absorption coefficient α can be calculated by the following
expression:

α π
λ

= ( )
k4

7

where α is the absorption coefficient, λ is the light wavelength,
and k is the extinction coefficient. Based on the relationship be-
tween extinction coefficient k and absorption coefficients (α), α
versus hv plots of the as-deposited films have been shown in Fig. 9.
So, the optical band gap can be extracted by extrapolating [α(E)]1/2

to zero, as shown in Fig. 10, which agree with the conclusion
confirmed by UV–vis spectroscopy.

3.3. Electrical properties analysis

The typical C–V characteristics of MOS capacitors based on
HfTiO high-k gate dielectrics as a function of working gas pressure
Fig. 9. The absorption coefficient α obtained from the the extinction coeffcient for
HfTiO thin films with various working pressure.
measured at 1 MHz has been depicted in Fig. 11. Seen from the
Fig. 11, the characteristic curves consist of the accumulation, the
depletion, and inversion region, which are greatly similar to nor-
mal C–V curve and the film deposited at 0.6 Pa has the highest
accumulation capacitance Cox of 740 pF. According to the accu-
mulation capacitance (Cox), the equivalent oxide thickness (Eot) and
the dielectric constant (Khk) can be extracted as shown in Table 2,
which is expressed as follow

ε
=

×
( )

E
K

C A/ 8
ot

sio

ox

02

=
×

− ( )
K

K t
E t 9

hk
sio hk

ot sio

2

2

In which Ksio2 is the dielectric constant of bulk sio2 with the
determined value of 3.9, ε0 is the permittivity of vacuum, A is area
of Al electrodes, the thk and tsio2 is the physical thickness of HfTiO
thin film and sio2 interfacial layer, respectively [26]. It can be seen
that the working pressure at 0.6 Pa has the smallest equivalent
oxide thickness of 3.30 nm and the highest permittivity of 39.92.

The value of flat band voltage Vfb and hysteresis ΔVfb can be
obtained through the Cfb values from C–V curve respectively. The
flat band capacitance Cfb was calculated by the expression

=
+

( )
ε

ε
ε ε

C
C

1
10

fb
ox

d
kT

q N

hk

rs ox
rs

A

0
2

In which εhk is the dielectric constant of HfTiO thin film, εrs is
the dielectric constant of silicon wafer with the value of 11.9, NA is
the doping concentration of substrate, respectively [26]. The Vfb is
closely related to the deficiencies in thin film and interface traps at
interface layer and the negative Vfb indicates there much positive
oxide charges while less negative oxide changes in the films [3,9].
Apparently, it can see from Table 2 the sample with the working
pressure of 0.4 Pa has the highest absolute Vfb of 0.16 V, suggesting
that this sample contains more defects and traps than the other
samples. Table 2 also shows the density of the total positive
charges (Ntotal) given by: φ= ( − )N C V Aq/total ox ms fb , in which the φms
is the work function between Al electrode and Si substrate
(0.06 eV) [27]. According to Table 2, the Ntotal of the thin film at
0.4 Pa are 1.48�1012 cm�2, others are smaller than 1011 cm�2,
which indicates that the thin films deposited at 0.2, 0.6 and 0.8 Pa
are more favorable for the high dielectric films in the MOS appli-
cation. Besides, the border trapped oxide charge density can be
calculated through the anticlockwise hysteresis ΔVfb by using the



Fig. 10. The energy band gap obtained from the SE model fitting with different working pressure.

Fig. 11. Capacitance–voltage (C–V) characteristics curves for HfTiO gate dielectric
MOS capacitors as a function of working pressure.
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following expression: = −( Δ )N C V qA/bt fbmax [28]. The synchronous
change of the border trapped oxide charge density and the hys-
teresis have been detected in Table 2. The ΔVfb and the Nbt values
of the sample deposited at 0.2 Pa are biggest, which is unfavorable
for the high-k thin film. Based on above electrical analysis, the
HfTiO thin film deposited at 0.6 Pa and 0.8 Pa have a good interface
quality, which may bring about the preferable electrical properties.

As shown in Fig. 12, the asymmetry graph which manifest as
the leakage current density J under negative bias voltage (gate
injection) is higher than that under positive bias voltage (substrate
injection) at the same absolute voltage value have been observed
in J–V curves, which may be ascribed to the different carrier under
the different injection mode [29] and different materials proper-
ties and conduction mechanism in the Al/HfTiO and HfTiO/Si in-
terface [30,31]. As compared to others, the samples deposited at
0.2 and 0.4 Pa exhibits the high leakage current density when the
same voltage value is applied to gate, which is likely due to the fact
that the high oxide charge and trap charge reported in former
electrical results induce the lowed conduction band offset [25].
The moderate packing density and lower oxide charge and trap
charge density result in the lowest leakage current density of
1.39�10�5 A/cm2 at bias voltage of 2 V for HfTiO thin film de-
posited at 0.6 Pa. The interface control is a decisive factor for the
electrical property of MOSFET device.

Based on the above analysis, the HfTiO thin film with the
working pressure of 0.6 Pa presents the best interface between
HfTiO and Si substrate for the highest permittivity and lowest
oxide and trap charge density.

The current conduction mechanism (CCM) of Al/HfTiO/Si device
deposited at 0.6 Pa were investigated under gate injection to fur-
ther analyze the charge transportation mechanism. There are
many current conduction mechanisms existing at different electric
filed regions, including the Pool–Frenkel (P–F), Schottky emission,



Table 2
Parameters of the MOS capacitors extracted from C–V curves.

Working pressure (Pa) Cox (pF) Eot (nm) K Cfb (pF) Vfb (V) Ntotal (cm�2) ΔVfb (V) Nbt (cm�2)

0.2 615 3.97 31.20 93 �0.06 6.50�1011 0.16 8.7�1011

0.4 725 3.96 38.63 75 �0.16 1.48�1012 0.07 4.7�1011

0.6 740 3.30 39.92 63 �0.07 9.16�1011 0.02 1.3�1011

0.8 665 3.67 29.72 106 0.05 5.88�1010 0.08 4.7�1011

Fig. 12. Leakage current density–gate voltage (J–V) characteristics curves for HfTiO
gate dielectric MOS capacitors as a function of working pressure.

Fig. 13. Conduction mechanism fitting of 0.6 Pa deposited HfTiO thin film under gate inj
E1/2 in high electric field; (c) the curve of ( )E J Eln / 2 vs E3/2 in high electric field.
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Fowler–Nordheim (F–N), direct tunneling emission, ohmic trans-
portation, and the space-charge-limited current. When the PF
conduction mechanism works, the trapped electrons will transmit
into the conduction band of insulator. The current density for PF is
given by

( )μ
φ πε ε

=
− ( − )

( )

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥J q N E

q qE
K T

exp
/

11
PF C

t ox

B

0

In which JPF is the current density, q is the electronic charge, μ is
the electronic mobility in HfTiO thin film, NC is the density of states
in the conduction band, E is the applied electric filed, φt is the trap
energy level below the conduction band edge of the dielectric, εox is
the oxide dielectric constant, respectively. Fig. 13(a) shows the plot of

( )J Eln / versus E1/2 at low electric field (0.68o Eo1.37 MV/cm),
which yields a straight line. The εox obtained from the expression:

π= ϵK T qSlope 1/ /B ox
3 is about 3.5, which is much smaller than the

reported values in literature [29,32], indicating the CCM of the HfTiO
film at low electric field may do not meet the P–F emission. As the
applied electric field further increases, the CCM of the HfTiO film
convert into Schottky emission described as [33]
ection. (a) The curve of ( )J Eln / vs E1/2 in low electric field; (b) the curve of ( )J Tln / 2 vs
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ϕ πε ε
= * − ( − )

( )

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥J A T

q qE
KT

exp
/4

12
SE

B r2 0

In which *A is the effective Richardson constant, T is the ab-
solute temperature, ϕB is the Schottky barrier height, εr and ε0 are
the dynamic dielectric constant and the vacuum dielectric con-
stant, respectively. Fig. 13(b) presents the plot of ( )J Tln / 2 versus E1/2

for the HfTiO film at high electric field (1.70oEo2.16 MV/cm) and
the linear behavior has been found, suggesting that the device
exists a field-assisted thermionic emission mechanism. The n and
εr can be calculated from the expression as following:

π
=

ϵ ϵ ( )
q

slope
4 13r

3

0

ε = ( )n 14r
2

The calculated n with the value of 2.06 is consistent with other
report [28] and the result further shows that the Al/HfTiO/Si de-
vices are dominated by the Schottky emission at high electric field.
Besides, the linear fitting graphs of ( )E J Eln / 2 versus E3/2 in the high
electric field of E41.52 MV/cm are given in Fig. 13(c), indicating
the direct tunneling emission also as a predominant conduction
mechanism in high electric field.
4. Conclusion

To obtain the optimal working gas pressure, the effect of dif-
ferent working pressure on micro-structure, optical and electrical
properties of HfTiO thin films fabricated by sputtering method
with HfTi metal target and O2 has been investigated in detail. It
was found that all thin films remain amorphous despite of the
working gas pressure, which meet the requirement of the evolu-
tion of MOS device. However, the working gas pressure has ap-
parent impact on the optical and electrical properties. In the range
of 0.2–0.4 Pa, the deposition rate, refraction index, and the ex-
tinction coefficient increases while the band gap decreases with
the increase of the working gas pressure. Meanwhile, the increase
in dielectric constant, flat band voltage, and total charge density
have been detected with increased Ar gas pressure. When the thin
films were deposited from 0.4 Pa through 0.6–0.8 Pa, the deposi-
tion rate, refraction index, and the extinction coefficient decreases
and is lower than that deposited at 0.2 Pa while the band gap
increases and higher than that deposited at 0.2 Pa. For the thin
film deposited at 0.6 Pa, two types of leakage current conduction
mechanisms, the Schottky emission and the direct tunneling
emission are the dominant current conduction mechanism at
higher electric fields. It is noted that the HfTiO film deposited at
0.6 Pa have the lowest total charge density and border trap charge
density, as well as the highest permittivity. Therefore, the HfTiO
thin film deposited at 0.6 Pa with the moderate band gap of
3.70 eV show potential application for future MOS devices.
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