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We report a self-aligned and gate-first TiLaO/La2O3 n-MOSFET with an equivalent oxide thickness (EOT)
of 0.57 nm and low threshold voltage (Vt) of 0.3 V. The small EOT MOSFET can be reached using La-based
interfacial layer with strong bond enthalpy (La–O, 799 kJ/mol) to suppress the formation of defect-rich
low- interfacial layer and simultaneously block titanium atom inter-diffusion to avoid additional EOT
increase. This gate-first low-EOT MOSFET exhibits the potential to integrate with current CMOS process.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

To gain higher capacitance density and effectively decrease gate
leakage, the TiO2 dielectrics with very high j value (>80) were pro-
posed for realizing a sub-nm EOT metal-gate/high-j CMOS [1–13].
However, its narrow bandgap and weak bond enthalpy (Ti–O,
672 kJ/mol) would lead to large gate leakage current and related
reliability issue. A solution for solving this dilemma is to employ
mixed TiO2-based dielectrics with La2O3 doping [14], [15], but also
suffer from thermal issue of Ti atom inter-diffusion that largely de-
grade EOT at current gate-first process. Although a thin SiO2 inter-
face layer have been used for 45 nm node technology with a 1 nm
EOT [9], this scheme may not work when the EOT is scaled down to
0.6 nm due to the nature of SiO2 with very low j value. Since atom
inter-diffusion between gate dielectric and Si substrate follows
thermodynamics, it may be reduced by using lanthanide-based
silicate with good thermal stability and high compatibility for
gate-first process [5–8]. To address these issues, we employ the
gate dielectric of high-j TiLaO and compatible La2O3 interface
layer with high bond enthalpy (799 kJ/mol) close to those of the
SiO2 (800 kJ/mol) and high-j HfO2 (802 kJ/mol) [3] for aggressive
EOT scaling.

In this paper, the self-aligned n-MOSFETs with a small EOT
was achieved using higher j TiLaO and compatible La-based sili-
cate layer to gain a high gate capacitance density and decrease
leakage current at a scaled EOT, even with a conventional gate first
process.
ll rights reserved.
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).
2. Experimental procedure

Standard p-type Si wafers were used in this study. The simple,
self-aligned, gate-first TaN/TiLaO/La2O3 n-MOSFETs were made
by depositing TiO2-doped La2O3 on Si substrate using physical-va-
por deposition, followed by a post-deposition anneal (PDA) of
400 �C. The adding TiO2 in TiLaO increases the dielectric constant
(j value), which allows using a thicker layer to decrease the gate
leakage current and still maintains the small EOT. Then 150-nm-
thick TaN were subsequently deposited on these gate stacks and
RTA annealed at 700–900 �C to form the MOS capacitors. For com-
parison, the same MOS process was also used to fabricate another
TaN/TiLaO/[SiO2 or LaAlO3]/p-Si n-MOS capacitors. After pattern-
ing, self-aligned As+ implantation for source-drain doping was
applied and activated at 900 �C RTA. After etching non-reacted
metal, Al contact metal was added on source-drain to form the
n-MOSFETs with 10-lm � 100-lm size. The interface reaction
was investigated by Transmission Electron microscopy (TEM).
The fabricated n-MOSFETs were characterized by capacitance–
voltage (C–V) and current–voltage (I–V) measurements. The EOT
extractions of experimental C–V curves were well fitted by CVC
simulators.
3. Results and discussion

Fig. 1(a) and (b) show the C–V and J–V curves of TaN/TiLaO/
La2O3/p-Si n-MOS devices at various RTA temperatures. High
capacitance density of 3.7 lF/cm2 (extracted EOT = 0.65 nm by
CVC simulation), negative Vfb of �0.85 V and leakage current of
3.4 � 10�2 A/cm2 at �1 V were measured after 700 �C RTA, but
anomalous hump in the depletion region indicates that it is associ-
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Fig. 1. (a) Capacitance (C–V), (b) leakage current (J–V) characteristics and (c)
cross-sectional TEM picture (900 �C RTA) of TiLaO n-MOS capacitors.
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Fig. 2. (a) Capacitance (C–V) and (b) leakage current (J–V) characteristics of TiLaO/
[ La2O3 or LaAlO3] n-MOS capacitors.
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ated with high interface states due to the presence of silicon dan-
gling bond defects. The interface defects lead to electron trapping
and peak mobility reduction. Such interface silicate formation is
unavoidable because of the bond enthalpy of La–O (799 kJ/mol),
which is close to Si–O (800 kJ/mol) [3]. Fortunately, the interface
quality can be further improved using a higher annealing temper-
ature of 900 �C RTA. The well-behaved C–V curves at 900 �C RTA
exhibit a very high capacitance density of 4.3 lF/cm2 and low gate
leakage current of 1 A/cm2 at �1 V, which gives a small EOT of
0.57 nm. Furthermore, the frequency dispersion of C–V curves in
accumulation is low where only 7% degradation in capacitance
density can be observed in the range from 100 kHz to 300 kHz.
As shown the TEM image of Fig. 1(c), the thickness of gate stack
is about 3.4 nm where the calculated j value is about 23. Both
the increased capacitance density and negative Vfb shift from
�0.85 to �0.56 V were observed with increasing thermal budget
from 700 �C RTA to 900 �C RTA, indicating that the reduction of
oxygen vacancies in TiLaO gate dielectric after 900 �C RTA and also
means the formation of robust La-silicate interfacial layer at the
same time. The high-density gate capacitance exhibits the aggres-
sive scaled EOT of 0.57 nm and acceptable leakage density, which
can be applied for 16 nm technology node with a EOT requirement
of <0.6 nm.

Additionally, to evaluate thermal stability of lanthanum-based
oxides as interface buffered layers at gate-first process, the LaAlO3

dielectric with large bandgap and medium j value close to La2O3
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Fig. 3. (a) Capacitance (C–V) and (b) leakage current (J–V) characteristics of TiLaO/
[La2O3 or SiO2] n-MOS capacitors at close capacitance density.
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Fig. 4. (a) Id–Vd and (b) Id–Vg characteristics of TiLaO/La2O3 n-MOSFETs.
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was integrated with higher-j TiLaO gate stack. Fig. 2(a) and (b)
show the C–V and J–V curves of TiLaO/[La2O3 or LaAlO3] n-MOS de-
vices after 900 �C RTA. Compared to TiLaO/La2O3 n-MOS capacitors,
a lower capacitance density of 3.4 lF/cm2 at a higher leakage cur-
rent of 1.9 A/cm2 at �1 V were observed in TiLaO/LaAlO3 ones.
According to these MOS results, the LaAlO3 dielectric may have
the potential for sub-nm EOT scaling, but ternary structure may
face the issue of high temperature instability at a conventional
gate-first process.

To further investigate the scaling limitation of traditional SiO2

at sub-nm EOT CMOS, we also fabricated TiLaO/SiO2 n-MOS devices
with close capacitance densities for a performance comparison.
Fig. 3(a) and (b) show the C–V and J–V curves of TiLaO/[La2O3 or
SiO2] n-MOS capacitors after 900 �C RTA. Although the measured
gate leakage currents are similar for both MOS capacitors with
close capacitance densities, we clearly observe a very negative Vfb

of �1.4 V in TiLaO/SiO2 n-MOS device. Such large negative Vfb shift
is generally believed to be caused by high interface defects and
positive charged charges in gate stack. Therefore, the thin SiO2

buffered layer may not prevent from the formation of unstable
Ti-rich silicate interface, resulting in the issues of large Vfb

roll-off and peak mobility reduction at a high-temperature gate
first process.
Fig. 4(a) and (b) show the Id–Vd and Id–Vg characteristics of
TiLaO/La2O3 n-MOSFET. In addition to output transistor character-
istics, this transistor featuring self-aligned-gate first process and
sub-0.6-nm EOT presents a low Vt of 0.3 V. Fig. 5(a) shows the
effective mobility derived directly from the Id–Vg curves. A mobility
of 103 cm2/Vs at 0.8 MV/cm was obtained in TiLaO/La2O3 n-MOS-
FET with a 0.57-nm EOT. Besides, the gate leakage current at
Vfb + 1 V can maintain >3 orders of magnitude lower than that of
benchmark SiO2 while EOT scaling from 1 nm to 0.57 nm, as shown
in Fig. 5(b). Such low EOT and Vt can be attributed to the unique
negative Vfb of La2O3 dielectric and robust compatible La-silicate
with high bond enthalpy. However, the mobility degradation at
small sub-0.6-nm EOT is unavoidable due to a combined effect of
remote charge scattering from charged defects in high-j dielectric
and remote phonon scattering [16–18]. Further mobility improve-
ment can be expected in narrow-fin 3D FinFET devices with the
integration of high-j/metal-gate technology.

4. Conclusions

Using a simple self-aligned and gate-first process, we have dem-
onstrated TiLaO/La2O3 n-MOSFET with a low 0.57 nm EOT and Vt of
0.3 V. This device showed the potential to reach the requirement of
sub-0.6-nm EOT for 16 nm technology node.
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