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a b s t r a c t

In future nanoscale complementary metal-oxide-semiconductor (CMOS) devices, the high dielectric
constant (high-k) gate dielectric film will be shrunk down to a couple of nanometers or down to the
sub-nanometer range in the sense of oxide equivalent thickness (EOT). However, as high-k materials,
including La2O3 which has been considered to be one of the promising next generation gate dielectric
materials, are only marginally stable on the silicon substrate, some nominal temperature processes used
for the device fabrication may still give rise to interface reactions and result in a low-k interface layer
which will be a critical constraint for achieving the ultrathin EOT gate dielectric film. In this work,
some issues related to the material interaction at the lanthanum oxide/Si and lanthanum oxide/metal
interfaces will be discussed with the supports of interface bonding structures as revealed by using angle-
resolved x-ray photoelectron spectroscopy (ARXPS) measurements. We show that thermal annealing at
temperature above 500 �C would result in the migration of Si atoms deep into the bulk of the La2O3 film
and formation of silicate phases both at the interface and in the bulk. These effects would significantly
lower the dielectric constant and thus increases the effective thickness of the dielectric film from the
equivalent silicon oxide thickness (EOT) point of view.

© 2015 Elsevier Ltd. All rights reserved.

1. Scaling of CMOS gate length and equivalent oxide thickness
(EOT)

The device feature size in the state-of-the-art CMOS technology,
which has empowered the information technology revolution for
decades, is being shrunk to a decananometer and that calls for a
sub-nanometer EOT gate dielectric film [1e5]. In order to induce a
sufficient amount of channel carriers with reasonable bias voltages,
the gate capacitance should be scaled up accordingly by using
either a thinner dielectric film or a higher dielectric constant
(high-k) material. The gate dielectric thickness or EOT scaling is
roughly in the same factor as the gate length reduction in earlier
technology nodes. Aggressive gate dielectric scaling is even more
favorable in several aspects [6]. However, the gate dielectric
thickness scaling has been slowed down in the last decade partially
due to relative conservative scaling scheme adopted for supply

voltage, whichmade the devicewith thicker gate dielectric film still
function well, but also the main reason was the difficulties
encountered in producing subnanometer EOT gate dielectric films.
For example, it was reported that EOTof over 1 nm or even SiO2 was
still used in 45 nm technology and in some advanced trigate
structures [3,4]. The EOT reduction reported by Intel for 45 nm
technology, based on Hf material, was 1 nm [3], and it reduced by
0.05 nm only for each generation. The EOT of Intel's 22 nm tech-
nology nodewas 0.9 nm [5,7]. Toomuch difficulty was encountered
for further down scaling the hafnium-based, or other transition
metal (TM) oxide gate high-k gate dielectrics from the technolog-
ical point of view [8e10]. Fig. 1 illustrates the scaling trend of
physical gate length and gate dielectric EOT as predicted by the
International Technology Roadmap for Semiconductors (ITRS) in
2013 [11]. It can be seen that the gate length scaling is still quite
optimistic. The physical gate length will be scaled from 20 nm to
about 8 nm in a decade but the reduction rate in gate dielectric EOT
is much slower. The EOT downsizing will be slowed down to about
0.03 nm for each technology node.

A feasible physical film thickness of high-k materials should be
above 3 nm. With this connection, gate dielectric materials with

* Corresponding author. Department of Information Sciences and Electronic En-
gineering, Zhejiang University, Hangzhou, China.

E-mail address: heiwong@ieee.org (H. Wong).

Contents lists available at ScienceDirect

Vacuum

journal homepage: www.elsevier .com/locate/vacuum

http://dx.doi.org/10.1016/j.vacuum.2015.01.028
0042-207X/© 2015 Elsevier Ltd. All rights reserved.

Vacuum 118 (2015) 2e7

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:heiwong@ieee.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vacuum.2015.01.028&domain=pdf
www.sciencedirect.com/science/journal/0042207X
http://www.elsevier.com/locate/vacuum
http://dx.doi.org/10.1016/j.vacuum.2015.01.028
http://dx.doi.org/10.1016/j.vacuum.2015.01.028
http://dx.doi.org/10.1016/j.vacuum.2015.01.028


higher dielectric constant will be indispensable. It was demon-
strated that the rare earth (RE) lanthanum oxide or lanthana should
be a promising candidate in the quest to satisfy this ultimate
challenge [12e14]. Lanthana (La2O3), having a dielectric constant of
27 and a large conduction band offset of 2.3 eV with silicon, is well
suited for this application. In principle, a 5-nm thick La2O3 should
be equivalent to the conventional silicon dioxide of 0.7 nm thick-
ness which is the physical limit of SiO2 [2]. However, the actual EOT
was found to bemuch larger mainly because of the transition low-k
silicate layer between the La2O3/Si interface and the bulk dielectric
constant of La2O3, depending on the preparation and processing
conditions, was also found to be smaller than the expected k value
[1,15e18]. In fact, the interfacial silicate layer becomes the lower
boundary of the achievable EOT. For a high-k dielectric layer with a
silicate interlayer (IL) of tIL thickness, the minimum EOT will be
given by:

EOT ¼ tIL þ
εox

khigh�k
thigh�k (1)

where εox and khigh-k are the dielectric constants of silicon dioxide
and the high-k material, respectively; thigh-k is the physical thick-
ness of the high-k film.

Thermal treatment of the stack can significantly increase the
thickness of the low-k transition layer. The transition low-k layer
has received much attention over the decades [19e21]. The inter-
face layer was also found to have a strong influence on the device
performance and reliability [1,20e24].

2. Instability and material interaction of lanthanum oxide

There are several fundamental problems associated with
lanthanum and lanthanum oxide. Beside the higher k value, all
the other aspects of high-k materials are poorer than the con-
ventional silicon-based dielectric materials [1,2]. In particular,
lanthanum oxide is an extrinsic material to the substrate silicon,
it has a hygroscopic nature; it is marginally stable on silicon
oxide and that causes the growth of a low-k interfacial layer at
the normal processing temperature of the standard CMOS pro-
cess [1,22]. The chemical reactions at the high-k/silicon interface
cause most of the performance degradation issues. The conven-
tional MOS layout for large scale integration is in a surface
structure. The channel mobility of the transistors is predomi-
nately governed by the dielectric/silicon interface. Improvement
of the SiO2/Si interface property had been one of the major

concerns since the invention of the MOS transistor even though
the SiO2/Si interface is almost perfect [26e29]; whereas the
quality of high-k metal/Si interface was found to be much poorer.
Transistors with higher channel mobility and other electrical
performances were realized with a SiO2 buffer layer inserted in
between the high-k/silicon interface [3,20,21]. Lanthanum has
low valance electron energy, larger oxygen chemical potential,
and larger electronegativity [1]. These fundamental properties
are much poorer than those of conventional silicon dioxide and
may lead to several material interactions with silicon as well as
silicon dioxide. Fig. 2 illustrates the possible reactions that may
take place amongst these materials. These reactions are governed
by the processing temperature. It was found that thermal
annealing of high-k oxides has several impacts on the high-k/Si
interfaces and makes the interface quality poorer than that of
the SiO2/Si interface. Fig. 3 illustrates the possible consequences
at the high-k/Si interface and in the bulk of high-k materials
when a thermal treatment takes place [1,2]. A low-temperature
treatment, such as post-metallization or during deposition
anneal, will help to release the interface strain created during
previous processing steps. Higher temperature treatment will
result in partial (in the nanometer scale) crystallization although
the crystallization temperatures for bulk-type metal oxides are
reported to be much higher. Different modifications of crystal-
lized films would result in different band-gaps and effective
masses [30] which may lead to quite different values of gate
leakage current [22,23]. Thermal processing above 500 �C will
result in interface oxidation and the formation of an interfacial
silicate layer; both effects result in significant EOT enhancement.
With the presence of a metal with a positive Gibbs-free-energy
for oxygen change at high temperature, a reduction of the
interfacial SiO2 (so-called scavenging process) may also be
possible [31,32]. This process leads to the EOT improvement.
However, the La2O3/Si structure was found to have an EOT
degradation at high temperature because of the formation of a
low-k silicate layer although La has a quite large positive Gibbs-
free-energy [31,32]. It was reported that a silicate layer of about
1 nm thick with dielectric constant in the range of 8e14 [18] was
found in a 5 nm thick La2O3 film. That layer is too thick and the k
value is too low for the present-day technology node. Since EOT
is the primary concern of this work, we shall focus on the
interface reactions that may be taking place during thermal
treatment at temperatures in the range of 500e600 �C. At tem-
peratures higher than 900 �C, serious crystallization, phase sep-
aration of silicate, or even, decomposition of the metal oxide will
also be possible [1,29].

Fig. 1. Downsizing trends in gate length and gate dielectric EOT for high-performance
logic technology as predicted by ITRS in 2013. EOT values were calculated based on
data extracted from ITRS 2013 update [11].

Fig. 2. Paradigm showing the possible chemical reactions amongst Si, La, SiO2, La2O3,
and LaSixOy.
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