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Capacitance–voltage analysis of a high-k dielectric on silicon
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Abstract: Device characteristics of TiO2 gate dielectrics deposited by a sol–gel method and DC sputtering method
on a P-type silicon wafer are reported. Metal–oxide–semiconductor capacitors with Al as the top electrode were
fabricated to study the electrical properties of TiO2 films. The films were physically characterized by using X-ray
diffraction, a capacitor voltage measurement, scanning electron microscopy, and by spectroscopy ellipsometry. The
XRD andDST-TG indicate the presence of an anatase TiO2 phase in the film. Films deposited at higher temperatures
showed better crystallinity. The dielectric constant calculated using the capacitance voltagemeasurement was found
to be 18 and 73 for sputtering and sol–gel samples respectively. The refractive indices of the films were found to
be 2.16 for sputtering and 2.42 for sol–gel samples.
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1. Introduction

Progress in the complexity of CMOS circuits has been
achieved in the last decade by scaling the geometric dimen-
sions of the metal–oxide–semiconductor field-effect transistor
(MOSFET)Œ1�3�. Rapid scaling down of the transistor forced
the decrease of the gate dielectric thickness and the channel
length, which resulted in a drastic increase in leakage cur-
rent due to direct tunnelingŒ3�. Another problem with the ul-
tra thin SiO2 dielectric layer is when pC polysilicon is used
as the gate contact in P-MOSFET, which changes the thresh-
old voltage due to a low barrier against boron diffusionŒ4;5�.
The SiO2 gate dielectric may be replaced with a high-k mate-
rial to remove that problem. In the search for a high-k mate-
rial, extensive studies have been carried out on several metal
oxides, such as such as Al2O3

Œ6�, ZrO2
Œ7�, HfO2

Œ8�, Ta2O5
Œ9�,

TiO2
Œ2; 10�12�, La2O2

Œ13�, Gd2O2
Œ14�. In this paper, titanium

dioxide (TiO2) is chosen as an alternative to a silicon diox-
ide (SiO2/ gate dielectric. TiO2 is a very well known and well
researched material due to its chemical stability in hostile en-
vironments and its optical and electrical propertiesŒ15�. It is a
wide band gap semiconductor and has potential applications
in catalysisŒ16; 17�, sensorsŒ18�, the photodecomposition of wa-
terŒ19; 20�, photo catalysis and in antireflection coatingsŒ21; 22�.
TiO2 thin films have been successfully used in sustainable en-
ergy sources because of its high incident photon to electron
conversion efficienciesŒ2; 23; 24�. So in this experiment, MOS
capacitors were fabricated using TiO2 as the dielectric material
on P-type silicon wafers and characterized for microelectronics
applications.

The band gap of this material was calculated as 3.6 eV,
its dielectric constant can be varied from 18 to 110 depending
upon the growth processŒ25�. Many techniques have been em-
ployed to deposit TiO2 thin films by MOCVDŒ26�, ion assisted
depositionŒ27� and sputteringŒ28�. In this work we have opted

for the sol–gel spin coating method and the DC reactive mag-
netron sputtering method to deposit the thin TiO2 films. The
deposited samples were characterized using X-ray diffraction,
scanning electron microscopy (SEM), and capacitance voltage
measurements.

2. Experimental procedure

Two sets of PMOS capacitors were fabricated on p-type
(100) oriented silicon wafers with resistivity in the 1–10 ��cm
range. The silicon substrates were chemically cleaned by a
standard RCA procedure and subsequent etching in a diluted
HF solution to remove insoluble metallic and organic contam-
inants.

2.1. Film preparation

Titanium isopropoxide (TIP) was used as the titian precur-
sor. The solution was prepared by the hydrolysis and conden-
sation of Ti(OC3H7O2/4 in C2H5OH in the presence of HCl
in a molar ratio of 1 : 8 : 0.1. In order to control the reaction
kinetics, acetic acid was used as the chemical additive to mod-
erate the reaction rate. Thewater used for hydrolysis in solution
was added gradually under magnetic stirring. The molar ratio
of the reactants was 1 mol of TIP Ti(i-C3H7O2/4 of 99.9% pu-
rity is mixed with 8 mol of ethanol absolute grade. TIP was
hydrolyzed by a slow addition of cold water and 0.1 mol of
acetic acid was added to catalyze the hydrolysis. The final mix-
ture was maintained under magnetic agitation at 85 ıC for 45
min. To obtain the film, the substrate was placed on a spin-
ner (home-made) and drops of the above mentioned solution
were placed on the substrate. The substrate was then allowed
to spin for 1 min at a spinning rate of 2000 rpm. The sample
was removed from the spinner and baked for 20 min at 95 ıC.
Successive spin coating cycles (sol–gel deposition plus heat
treatment) of the substrate were carried out in the sol-mixture.
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Fig. 1. XRD pattern of a TiO2 film deposited on silicon wafer. (a) Annealed at 550 ıC in air (sol–gel method). (b) 100 W target power (DC
sputtering method).

Fig. 2. SEM images of TiO2 samples annealed at 550 ıC. (a) Deposited TiO2 sol–gel. (b) Deposition rate: 2.0 nm/min (sputtering).

After each spin coating cycle, the filmwas annealed in dynamic
air at 550 ıC for 30 min. While in the DC reactive magnetron
sputtering, Ar (60%) and O2 (40%) with 99.9 purity were used
as sputtering and reactive gas respectively. A rotary and dif-
fusion pump combination was used to get the desired vacuum.
After attaining the base pressure, the oxygen partial pressure
was set at 10�3 mbar. Later on, the argon was let in and the
sputtering pressure was maintained. Before each run the target
was pre-sputtered in an Ar atmosphere for 5–10 min in order to
remove the surface oxide layers of the target. All the samples
were deposited at a pressure of 1 � 10�3 mbar.

2.2. Measurement

The thickness of the deposited film was measured by a sty-
lus profilometer. The refractive index of the films was found
to be 2.16 and 2.42 by ellipsometry. The grain size as well
as crystalline phase of TiO2 has been determined using an X-
ray diffractometer. The target consisted of copper metal where
ac nickel metal is used as a ˇ-filter. To determine various
peaks obtained in the XRD spectrum, Joint Committee pow-
der Diffraction Standards (JCDPS) files were used. The C–V

(capacitance–voltage) curve was obtained usingC–V analyzer
(Keithley 590). Capacitance curves were measured from �5 to
C5 V. SEM micrographs were obtained using a JEM-1200 Ex
(JEOL) model. The accelerating voltage was kept at 5 kV and
tube current was 10 mA. The aluminum (Al) metal was de-

posited by the thermal evaporation system on the back side of
the sample for the ohmic contact. A physical mask was used to
make dots on the front side of the TiO2 film. Before the depo-
sition of dots, samples were annealed in vacuum at 300 ıC for
good ohmic contact.

3. Results

3.1. Thickness, composition and structure

The thickness of the film was found to be 39 nm and 43 nm
by the stylus profilometer for sol–gel and sputtering method
respectively. Figure 1(a) shows the XRD pattern of TiO2 thin
films deposited by the sol–gel method on siliconwafers and an-
nealed at 550 ıC. XRD exhibits the different crystalline phases
of the TiO2 thin film and the grain size was calculated by
Scherer’s formula D D 0.89�=ˇ1=2 cos � , where � is the X-
ray wavelength, ˇ1=2 is full width at half maximum (FWHM)
of the diffraction lines and � is the diffraction angle. XRD ex-
hibits the different crystalline phases of the TiO2 thin film and
the calculated grain size of TiO2 (004), (200) and (211) phases
are 38, 47, and 65 nm respectively. Better crystallinity was de-
termined at higher deposition rates of the sputtering method
shown in Fig. 1(b). The two dimensional SEM images of the
TiO2 film of thickness 39 nm and 43 nm were shown in Fig. 2.
The surface morphology of the TiO2 films was investigated
by FESEM (using JEOL-JM-6510). Its porous nature is clearly
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Table 1. Calculated parameters with the help of C–V curves.
Deposition method Flat band volt-

age (V)
Threshold volt-
age (V)

Dielectric
constant (K)

Interface trap charge den-
sity Dit (cm�2�eV�1/

Oxide charge density
Qit (cm�2/

Sol–gel spin coating �1:34 �2:28 73 4.32 � 1013 7.48 � 1012

DC reactive sputtering �0:53 �1:8 18 7.4 � 1012 1 � 1012

Fig. 3. C–V characteristics of MOS capacitors of structure Si/
TiO2/Al at room temperature. (a) Sol–gel (39 nm). (b) DC reactive
sputtering (43 nm).

visible. The refractive index of the TiO2 film as measured by
spectroscopic ellipsometry was found to be 2.43 for the Sol-
Gel sample and 2.31 for the sputtered samples.

3.2. Electrical analysis

MOS capacitors were fabricated for the electrical evalua-
tion of the TiO2 films. Al top contacts were deposited using a
shadow mask by vacuum evaporation with a contact area of
3.14 � 10�4 cm2 for capacitance–voltage measurement and
leakage current–voltage measurement.

3.3. Capacitance–voltage analysis

The variation of the capacitance (C ) with gate voltage (VG)
ranging from�5:0 toC5:0Vwith frequency of 10 kHzwas ob-
tained using a Keithley 590CV analyzer as shown in Figs. 3(a)
and 3(b). The oxide capacitance (Cox/ is the high frequency ca-
pacitance when the device is biased for strong accumulation as
shown in Fig. 3(a) with the sol–gel method and found to be 55
�F, while it was 440 pF for the DC reactive sputtering method
as shown in Fig. 3(b).

Fig. 4. Gate leakage current versus electric field for sol–gel (39 nm)
and DC sputtering sample (43 nm).

By comparing the C–V characteristics of the capacitor
with the ideal simulated C–V curves, the flat band voltage of
the capacitors is calculated by CFB D

Cox"sA=.1 � 10�4�/

.1 � 10�12Cox/ C "sA
=.1 �

10�4�/, where � is the extrinsic Debye length, as calculated by
� D

q
"skT

q2Nx
. Here kT is the thermal energy at room tempera-

ture. The calculated values are shown in Table 1. The dielectric
constant .K/ 73 was observed for the sol–gel sample by cal-
culation using capacitance (Cox/, film thickness (d ), the free
space charge permittivity (Co) and the area of the capacitor (A)
using the relationship K D Cd=CoA.

The oxide charge density (shown in Table 1) of the ca-
pacitor was calculated by Qi D Cox(WMS � VFB)/A where
Cox, WMS, and VFB are oxide capacitance, metal semiconduc-
tor work function difference, and flat band voltage. The value
of the oxide charge density for structure Si/TiO2/Al (sol–gel
sample) was calculated as (Qit) 7.48 � 1012 and interface trap
density (Dit) 4.32 � 1013 eV�1�cm�2. The values of Qit and
Dit were slightly higher than the values reported in Ref. [19].
The gate leakage current density of the fabricatedMOS capaci-
tor (Si/TiO2/Al) shown in Fig. 4 shows that the leakage current
is higher than the value reported in the literature. A MOS ca-
pacitor was fabricated and it presented a leakage current den-
sity of 10 mA/cm2, which is acceptable for high performance
logic circuit (maximum of 100 A/cm2/ and low power circuit
(10 mA/cm2/ devicesŒ20�.

4. Conclusion

In this work we have successfully fabricated MOS capac-
itors with a top Al electrode to study structural and electrical
properties. The nanocrystalline TiO2 thin films were deposited
by sol–gel spin coating and DC reactive sputtering methods.
The dielectric constant achieved was 18 for the DC sputter-
ing sample and 73 for the sol–gel sample by CV characteri-
zation of MOS samples. The refractive index of the films was
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found to be 2.16 for sputtered and 2.42 for sol–gel samples. The
refractive index value was in the range reported in the litera-
ture, so the deposited film was stoichiometric in nature. It was
also confirmed by XRD. The minimum leakage current den-
sity achieved is 1.54 � 10�6 A/cm2 at a gate bias of 1 V for the
magnetron sputtering method and 2.3 � 10�4 A/cm2. So this
range of leakage current may be acceptable for high perfor-
mance logic circuit and low power circuit fabrication. These
results indicate that TiO2 deposited on silicon with the right
recipe may be a strong candidate to substitute the current di-
electric in CMOS fabrication.
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