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Abstract

In this talk, we pick up three materials, Ge, HfO, and
VO,. These three materials have been studied for a long
time but still provide exciting research aspects exhibiting
new functional properties, which will hopefully add new
values to the next generation electron devices. It is im-
portant to recognize their potential with great fun, even
though the material in itself is not really new.

I. Introduction

30 years have passed since I gave a talk at SSDM for
the first time [1]. I have been mainly involved in gate
stack related technology. In this talk, however, we would
like to discuss about three materials issues, Ge, HfO», and
VO,. Most of you would comment that those are o/d ma-
terials investigated in the past. But they are still quite
interesting to study and quite new to us. The plenary
speakers usually talk about their remarkable outputs car-
ried out up to the present. I would like to, however, chal-
lenge to take this opportunity for discussing about mate-
rials still open to debate. I believe that a number of mate-
rials studied in the past are still like treasure islands to
enjoy the research for going beyond.

I1. Fixed functionality at metal/Ge interface

Ge is certainly not new. In fact, quite interesting Ge
papers with deep investigation was reported 100 years
ago [2]. In addition, we have been working for high per-
formance Ge CMOS very hard for a decade. In this talk,
however, we will not talk about gate stack technology,
but would discuss about the Fermi-level pinning (FLP) at
metal/Ge interface.

I have been long interested in FLP since I started the
professional carrier in the semiconductor technology. But,
since so many great seniors had already proposed brilliant
models to explain the phenomena and so many other in-
teresting issues to study were in Si technology, I had hes-
itated to investigate it elaborately. Meanwhile, after we
started working for Ge, we encountered this issue again
as one of the most serious challenges in Ge MOSFETs, in
particular n-channel MOSFETSs [3], because the FLP on
Ge makes the low ohmic contact resistance impossible.
Such a strong negative impact on Ge n-FETs has en-
couraged us to study about the FLP harder than before [4].
We conjectured the FLP mechanism at metal/Ge interface
was derived from an “intrinsic” origin, because metal and
its interface properties seemed to actually have nothing to
do with the Schottky barrier height. Among models re-
ported in literatures, metal-induced gap states (MIGS)

model has the purely intrinsic origin [5]. Thus, we have
been willingly “trapped” by the beauty of MIGS.

Two attempts were made to manipulate the FLP from
the viewpoint of the suppression of electron wave func-
tion evanescent inherent in MIGS. One was the insertion
of a tunnel-oxide into metal/Ge interface [6], and the oth-
er was to employ the low electron density metals [7].
Both should definitely reduce the wave function evanes-
cent, though other extrinsic effects might be included as
well. Both were experimentally quite successful for the
FLP alleviation. Now we can make the ohmic contact to
n-Ge without any doping. Those experimental facts
strongly support the MIGS model for the FLP at met-
al/Ge interfaces. Even “intrinsic” phenomenon can be
tuned.

I11. Hard functionality in HfO,

People involved in Si technology should know HfO, as
the high-k gate dielectric film since the intel 45 nm tech-
nology [8]. The first proposal of using HfO, for electron
devices was for DRAM MIM capacitors 30 years ago [9].
HfO, as the material was rather old, because it is in the
family of ZrO,. Although we have worked for high-k
HfO, for more than 15 years, I would like to discuss
about ferroelectric HfO, rather high-k gate stacks.

Why HfO, becomes ferroelectric? It is said that the or-
thorhombic phase of HfO, might be responsible for fer-
roelectric phase formation of HfO, [10], while the mono-
clinic HfO; is used for the high-k gate dielectric film. The
doping is the key to the manifestation of ferroelectric
properties, and many kinds of cation doping can actually
make HfO, ferroelectric. Even the anion (N) doping can
make it as well [11]. Therefore, we infer the dopant may
play two roles, physically (structural tolerance and bond-
ing constrain) and chemically (charge balance), in the
ferroelectric phase formation [12].

Ferroelectric materials have been already studied quite
intensively and are partly used in FERAM. What’s new in
ferroelectric HfO,? In case of HfO,, physical thickness
can be reduced down to a few nanometer-thick level,
while in perovskite ferroelectric films, it is hard to
achieve nanometer range of thickness keeping ferroelec-
tric properties. It is a big difference between HfO, and
conventional perovskite ferroelectric materials. So, we
are interested in the ferroelectric tunnel junctions (FTJs).
The idea of FTJ function which utilizes the tunneling
current modulation in conjunction with the polarization
switching was proposed in 1971 [13]. But it has not been
intensively studied so far [14]. Therefore, we think ferro-



electric HfO; has a big chance for FTJ applications.

3-nm-thick Y-doped HfO, was deposited on TiN, fol-
lowed by PDA. The HfO, FTJ successfully exhibits more
than two orders of resistance change [15]. Meanwhile, it
is hard to confirm the ferroelectricity in the tunneling
oxide region. The piezo-response force microscopy
(PFM) helps us to verify the ferroelectricity of a few na-
nometer-thick films [16]. I-V characteristic in FTJ looks
like the bipolar type ReRAM, but there is a distinct dif-
ference between them in terms of no conductive filament
formation. FTJ characteristics obtained so far are not at
the practical application stage, but plenty of room is left
for the improvement of junction properties including
electrode  material  engineering. Moreover, the
two-terminal operations with non-linear I-V characteris-
tics in FTJs will also be potentially attractive for neuro-
morphic devices.

IV. Soft functionality in VO,

VO, is called as the Mott insulator and exhibits the
metal-insulator-transition around the room temperature
[17]. Although this peculiar behavior was studied by
many researchers in the past, it is still open to debate
whether it is really the Mott transition or the Peierls tran-
sition. Therefore, it is definitely exciting for us to inves-
tigate the field-effect metal-insulator-transition (FE-MIT)
to clarify whether only electron accumulation may drive
the Mott transition or not, as well as to develop potential
applications of FE-MIT. The VO, film was 6-nm-thick
and epitaxially grown on single crystalline TiO,. The
VO, FE-MIT shows that the electric conductivity expo-
nentially increases with the gate voltage increase [18].
This fact suggests that VO, in principle shows the elec-
tron density triggered MIT, resulting in the structural
change from monoclinic (insulator) to tetragonal (metal
phase). Furthermore, we found that the phase transition
transient had two kinds of time constants [19]. One was
fast, and the other was very slow. We conjecture that the
fast one might be from the electronic transition, while the
slow one through the electron-phonon interaction. If it is
the case, the pure Mott transition might have been ob-
served for the first time by the gating.

The key feature of the Mott transition in VO, is with
only a very small bi-stable barrier. Therefore, in
two-terminal VO, devices, I-V characteristic exhibits
hysteresis in the voltage sweeping, but the resistance goes
back to the initial state at zero bias. This is quite different
from other memristive devices such as ReRAM, PCRAM
or FTJ. Although it is difficult to distinguish between
electronic and Joule heating effects in two-terminal de-
vices, nonlinear transport property seems to be more
useful in analog than in digital applications. We infer that
it will be likely for practical applications in neuromorphic
or IoT devices, because adjustable threshold switching
can be achieved only by the simple two-terminal geome-

try [20].

V. Conclusion and future outlook

We have discussed three kinds of popular materials,
Ge, HfO,, and VO,. Each function observed in these ma-
terials is derived from the bi-stability inherent in materi-
als or interfaces. The wave-function evanescent realizes
the mono-stable state of the directional dipole formation
in metal/Ge interface, while the strong bi-stable polariza-
tion occurs in a few nm-thick ferroelectric HfO,. Gated
Mott transition is observed in VO, with a small
bi-stability barrier.

These materials are well known, but show rather re-
markable functional properties than expected, depending
on the bi-stability strength. In addition, they provide us
with great opportunities to think about materials science
and engineering and to develop even new devices. Such
material-based functions will hopefully have a connection
with versatile electron devices and systems in the next
generation.

Although it goes without saying that something really
new is important in the research, old materials studied in
the past may also exhibit really new features. New does
not necessarily mean new in the timeline. You may find
out a number of new opportunities next to you, even
though they look small things. In that sense, we occa-
sionally need to step back for going beyond by carefully
looking at details of things.
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