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ABSTRACT

Abstract— MOS capacitors with TiO, and TiO,/SiO, dielectric layer were fabricated and character-
ized. TiO, films where physical characterized by Rutherford Backscattering, Fourier Transform
Infrared Spectroscopy and Elipsometry measurements. Capacitance-voltage (1MHz) and current-
voltage measurements were utilized to obtain, the effective dielectric constant, effective oxide thick-
ness (EQT), leakage current density and interface quality. The results show that the obtained TiO,
films present a dielectric constant of approximately 40, a good interface quality with silicon and a
leakage current density, of 70 mA/cm2 for Vg = 1V, acceptable for high performance logic circuits and
low power circuits fabrication, indicating that this material is a viable substitute for current dielectric

layers in order to prevent tunneling currents.

Index Terms: high-x dielectrics, TiO,, MOS Capacitors, double dielectric layer.

1. INTRODUCTION

The progress in complexity and efficiency of
CMOS circuits has been achieved throughout the last
decades by scaling the geometric dimensions of the
metal oxide-semiconductor field-effect-transistor
(MOSFET) [1-5]. This scaling had to be accompa-
nied by a decrease in the gate oxide thickness in order
to maintain electrostatic control of the charges
induced in the channel [3,4,6,7].

The silicon industry has been scaling SiO,
aggressively for the past 15 years for low power, high
performance CMOS logic applications. SiO, thin
films as thin as 1.2 nm have already been utilized,
however tunneling current increases exponentially for
decreasing dielectric thickness, becoming significant
for SiO, films thinner than 3 nm. Another problem
for ultra-thin SiO, dielectric layers, when p+ polysili-
con is used as gate contact in p-MOSFET’s, is the low
barrier against boron diffusion which causes a shift in
the device threshold voltage [8-11]. To overcome
these problems, much research is directed to the sub-
stitution of SiO, by high — ¥ materials making possi-
ble the use of thicker films [3,4,5,7,11]. An alterna-
tive material, in spite of its relatively low dielectric
constant ( 4 —7), is SiO.N; because it is totally com-
patible with the silicon MOS technology and has
improved properties, such as enhanced resistance to
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high field stress, enhanced hot carrier immunity,
resistance against boron penetration, higher dielectric
strength and higher dielectric constant, over conven-
tional SiO, [11-13]. This material, obtained through
a thermal oxynitridation, is already utilized in the
MOS technology. However, according with the
International Technology Roadmap for Semicon-
ductors, to meet the scaling goals and at the same
time keep the gate leakage current within tolerable
limits (10 A/cm?) a dielectric constant higher than 25
will be needed by 2008 [14]. There are numerous
challenges associated with implementing such an
advanced gate stack, including ensuring adequate
channel carrier mobility with the new high-x dielec-
tric, and reducing to tolerable levels the defects,
charge trapping, and instabilities at the high-x/ Si
interface. Its important to observe that electric permi-
tivity is not the unique criterion for dielectric per-
formance, it is also desirable that the material present
the following properties: to be amorphous, in order to
climinate leakage along grain boundaries, have a large
optical bandgap, have a large band offset between its
conduction/valence band and Si conduction/valence
band, be thermodynamically stable and a good barri-
er against boron diffusion and present a good sili-
con/dielectric interface quality [5].

Several high-k materials are considered to
replace SiO, gate dielectric, among all these candi-
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dates, HfO, has been mentioned as the most promis-
ing, because is more thermodynamically stable on Si
than other high-k materials, it has a reasonably high
dielectric constant (~25) and a relatively large band
gap (5.68 ¢V). [15,16] However this film presents a
poor interface quality with Si, high oxygen diffusion
rate through the film, causing a low-« interfacial layer
growth, and a low crystallization temperature
(500°C) [17,18]. To produce good interface quality
an ultra-thin SiO, film is grown between both mate-
rials, producing a high k/SiO, stack. The SiO, layer
between the high k film and the Si substrate reduces
the equivalent dielectric constant [19]. Some works
report that nitrogen incorporation in HfO,
(HfON,) produces a film with improved interface
properties, suppressing impurity penetration, enhanc-
ing reliability and increasing the crystallization tem-
perature (>1000°C) [17]. On the other hand this
HfO\N, film presents a lower dielectric constant of
approximately 13.

In this way, the study of other metal oxides,
with a dielectric constant higher than 25, is very inter-
esting [ 3-5]. However with the large number of crite-
ria, mentioned above, required for SiO, or SiON,
substitution it is not surprising that no definite solu-
tion to the problem has yet been presented. Thus, up
to this moment, the I'TRS does not have an adequate
material to substitute them. In this work we present a
study of titanium dioxide (TiO,) as gate dielectric
layer. Even though the electronic bandgap of this
material is relatively small (3.5 eV), its dielectric con-
stant can be varied from 40 to 110. Depending on the
growth process TiO, presents two important phases,
Anatase and Rautile. The last one is the thermally sta-
ble phase that presents the higher dielectric constant,
approximately 80, Anatase is a thermally unstable
phase with lower dielectric constant transforming in
Rutile phase at temperatures over 600° C [20].
However this material presents high leakage current
values, unacceptable for transistor fabrication, it pres-
ents also a higher silicon /dielectric interface state den-
sity, when deposited onto Silicon and submitted to
high temperature it can segregate into a SiO, and
metallic oxide (M,Oy) [4]. In order to minimize these
problems it is interesting to utilize a thin SiO, layer
separating the TiO, film from the Si substrate. In this
way, the interface quality is preserved and the other
problems minimized, turning this material viable and
very attractive to substitute the current dielectric
material.

In this work a set of MOS Capacitors utilizing
TiO, and Si/TiO, films as gate dielectric layer were
fabricated. The TiO, films were deposited by reactive
sputtering at room temperature and the SiO, films
were thermally grown. We characterize these capaci-
tors by I =V and high frequency C-V measurements.
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2. EXPERIMENT
A. Films deposition

TiO, films were deposited by reactive sput-
tering, utilizing a gaseous mixture of argon (60%)
and oxygen (40%) and a titanium target. SiO, films
were thermally grown at 1000°C in O, ambient.

All the films studied were deposited onto p-
type (100) single crystalline silicon substrates in the
1-10 Q.cm resistive range, for Fourier Transform
Infrared (FTIR), Rutherford Backscattering
Spectroscopy (RBS) and Ellipsometry measure-
ments.

The refractive index and the thickness of the
samples were obtained by ellipsometry measure-
ments performed in a Gaertner equipment having a
He-Ne laser (632.8 nm) as light source. The
amount of Ti and O per unit area (atoms cm-2) was
obtained by RBS experiments at LAMFI/USP, Sao
Paulo, using a He™ beam with an energy E=1.7 MeV
and a detection angle 6 = 170°. To simulate the
spectra we utilize the SIMNRA program.

B. MOS Capacitors Fabrication

Two sets of MOS Capacitors were fabricated
on p-type (100) — oriented silicon wafers with resistiv-
ity in the 1-10 Q.cm range. The silicon substrates
were chemically cleaned by standard RCA procedure
and subsequent etching in diluted HF solution to
remove the native SiO, layer. In sequence ~ 58 nm of
TiO, insulating layer was deposited by reactive sput-
tering from Ar (60%) and O, (40%). In the case of the
double gate layer, firstly a SiO, thin film was thermal-
ly grown at 1000°C in O, ambient following by the
TiO, film deposition. In the table I, are shown the set
of fabricated MOS capacitors and studied in this work.
The metallic contacts for all of the studied capacitors
were obtained by the sputtering technique depositing
300 nm of Al. The 9x10# cm? capacitor contact area
was defined by photolithography and subsequent
chemical etching, the contacts were annealed in form-
ing gas atmosphere (4% of H, and 96% of N,) at
450°C for 30 min.

The high (1MHz) frequency C-V measure-
ments were performed in a Keithley, model 82 — DOS

Table I. MOS Capacitors fabricated

Capacitor Dielectric TiO, Sio,
gate thickness (nm) thickness (nm)
1 TiO2 58 —
2 SiOo/TiO2 58 6
3 SiO2/TiO2 58 14
4 SiO2 — 49
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Simultaneous C — V, equipment and the I-V charac-
teristics were measured in a HP 5156A. From these
curves, the equivalent dielectric constant, the equiva-
lent oxide thickness (EOT) and the leakage current
density were calculated.

3. RESULTS
A. Films physical characterization

In figures 1 and 2, are shown, respectively, the
RBS and FTIR spectra for the TiO, material, utilized
as gate dielectric layer in the MOS capacitors. A
chemical composition of 65% O, and 34% Ti was
obtained, indicating that this film is stoichiometric
TiO, material. In the FTIR spectrum we observe
absorption bands around 423 and 443 cm-!, close to
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Figure 2.TiO, FTIR spectrum.
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the anatase band at 438 cm1[21].An absorption
band around 605 cm-1; close to the rutile phase band
(610cm!) is also observed [21], indicating that the
deposited film presents a mixture of phases. The ellip-
sometry measurements, gave a refractive index of

approximately 2.47, close to the obtained for anatase
phase (2.56) [21].

B. MOS Capacitors results

The high frequency (1 MHz) C-V curves for
the fabricated MOS capacitors are shown in figure 3.

The curve for the MOS capacitor with just
TiO, layer does not present saturation of C,, (oxide
capacitance), probably due to the high leakage current
through the dielectric. However it is possible to
observe that the curve presents just a small shift
towards higher or lower values of Vg, indicating that
the effective charge density remains within acceptable
values. This effective charge density might be the
cause of the lateral inversion effect, observed through
the small step in inversion. MOS capacitors fabricated
with thermally grown SiO, present a shift to negative
voltage values indicating the presence of a significant
amount of positive charge probably due to furnace
contamination.

To analyze the interface quality, the curves
were normalized (figure 4).

It is possible to observe that the capacitor uti-
lizing 14 nm SiO, presents the best interface quality
together with the device with only SiO, as gate dielec-
tric layer, since they present a very abrupt C.,;, to C,,
increase. The capacitor with only a TiO, layer, pres-
ents good interface properties too, but this is masked
by the leakage current through the film, that prevents
the saturation of the dielectric capacitance value.
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Figure 3. C-V curves for MOS capacitor with (a) SiO,, (b) TiO,
(c) TiOo/6nm (d) TiO,/14nm SiO, dielectric layer.
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In figure 5 the leakage current density curves
as function of the applied gate voltage are shown. In
table II, are presented the results for effective dielec-
tric constant, equivalent oxide thickness (EOT) and
the leakage current density for 1 V of V , extracted
from the C-V and I-V measurements, and is present
too this values to a SiO, thermally grown with high
quality extracted to a review report [4], to compare
with our results.

The deposited TiO, analyzed presented a
dielectric constant value of approximately 40, an
order of magnitude higher than the obtained for
SiO, (3.9). A device with EOT of 5 nm was fabri-
cated with this material and it presented a leakage
current density of 70 mA/cm?2, acceptable for high
performance logic circuits (maximum of 100 A/cm2)
and low power circuits (maximum 10A/cm?2) fab-
rication, but not sufficiently low for power-limited
applications (1 mA/cm?2) [3,14]. This leakage den-
sity current value, when compared with a thin film
of high quality thermally grown SiO, film with the
same thickness of 5nm (< 10 nA/cm?2), is still high.
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Figure 5. Leakage current density x V.
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Table Il. Dielectric Constant, Equivalent oxide thickness (EOT)
and Leakage current density to Vg=1V extracted from C-V and I-
V curves.

Leakage cur-

Capacitor Di (iat? 3 szele(:tmt: EOT rent density to
ielectric onstant (nm) Vg= 1V (Alcm?)
1 TiO, (58nm) 40 5 0.07
2 TiO,(58nm)/ 20 12 4.7x106
SiO, (6nm)
3 TiOx(58nmy 15 19 3.2x10
SiO, (14nm)
4 SiO, (49nm) 3.9 49 1.3x108
SiO, thermally
grown grown 3.9 5 <109
(high quality) [4]

Some works report that adding a thin SiO, film
between the TiO, and the Si interface, reduces the
leakage current density in 3 to 4 orders of magni-
tude. In this work we utilize a 6 and a 14 nm thin
Si0, film at the TiO,/Si interface, as it can be
observed in table II, a layer of 6 nm of SiO, is suf-
ficient to reduce the leakage current in 3 orders of
magnitude. These results indicate that TiO,
deposited onto a thin silicon dioxide layer at the
Si interface is a strong candidate to substitute the
current dielectric in CMOS fabrication.

4. CONCLUSIONS

MOS capacitors with TiO, and TiO,/SiO,
gate diclectric were fabricated and characterized. The
physical characterization of the TiO, films show that
it is a stoichiometric material and its phase is closer to
anatase.

The C-V and I-V results show that the
obtained TiO, films present a dielectric constant of
approximately 40, with a good interface quality with
silicon and with a leakage current density, for Vg = 1V,
of 70 mA/cm?2, acceptable for fabricating high per-
formance logic circuits (maximum of 100 A/cm?2) and
low power circuits (maximum 10A/cm?) fabrication.
However, this leakage current is higher yet, when
compared to a SiO, thermally film (high quality) with
the same thickness (< 10 nA/cm?). To reduce this
leakage current we utilize a thin SiO, film layer
between Si and the TiO, layer, sufficient to reduce
this current 3 orders of magnitude, but increase a
dielectric constant. More research is needed to solve
the leakage current problem without a significant
decrease in the effective dielectric constant, also stud-
ies are on the way to analyze thermal stability against
phase transformation.
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