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Description
Technical Field

[0001] The present invention relates to a metal oxide
thin film manufacturing method.

Background Art

[0002] Research and development aimed at a wider
multimedia information society, and more particularly, re-
alization of a ubiquitous service are flourishing. Especial-
ly, a device (to be referred to as a memory hereinafter)
which is mounted in a network equipment or information
terminal to record information is an important key device.
The memory mounted in a ubiquitous terminal is required
to implement a high-speed operation, long-term holding,
environmental resistance, and low power consumption.
In addition, a function of inhibiting any erase of stored
information even in a power-off state, i.e., nonvolatility is
indispensable.

[0003] Conventionally, semiconductor devices are
widely used as memories. One of the widely used mem-
ories is a DRAM (Dynamic Random Access Memory).
The unit storage element (to be referred to as a memory
cell hereinafter) of a DRAM includes one storage capac-
itor and one MOSFET (Metal-Oxide-Semiconductor
Field Effect Transistor). A voltage corresponding to the
state of charges stored in the storage capacity of a se-
lected memory cell is extracted from a bit line as "on" or
"off" of an electrical digital signal, thereby reading out
stored data (S.M. Sze, "Physics of Semiconductor De-
vices", John Wiley and Sons, Inc., 1981, and Fujio Mas-
uoka, "Applied Physics", Vol. 73, No. 9, p. 1166, 2004).
[0004] Inthe power-off state, however, the DRAM can-
not maintain the state of the storage capacitor, and the
stored information is erased. In other words, the DRAM
is a volatile memory device. Additionally, since the DRAM
requires a refresh operation to rewrite data, as is well
known, the operation speed is low.

[0005] As a nonvolatile memory having the function of
inhibiting volatilization of data even in the power-off state,
a ROM (Read Only Memory) is well known. However,
this memory cannot erase or change recorded data. As
a rewritable nonvolatile memory, a flash memory using
an EEPROM (Electrically Erasable Programmable Read
Only Memory) has been developed (Japanese Patent
Laid-Open No. 8-031960, and Fujio Masuoka, "Applied
Physics", Vol. 73, No. 9, p. 1166, 2004). The flash mem-
ory is used in various fields as a practical nonvolatile
memory.

[0006] In a memory cell of a typical flash memory, the
gate electrode portion of the MOSFET has a stacked
gate structure including a plurality of layers with a control
gate electrode and floating gate electrode. The flash
memory enables data recording by using a phenomenon
that the threshold value of the MOSFET changes de-
pending on the amount of charges stored in the floating
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gate.

[0007] The data write of the flash memory is done on
the basis of a phenomenon that hot carriers generated
by applying a high voltage to the drain region move over
the energy barrier of the gate insulating film. When charg-
es (generally, electrons) are injected from the semicon-
ductor substrate to the floating gate by applying a high
field to the gate insulating film and supplying an F-N
(Fowler-Nordheim) tunnel current, data is written. The
datais erased by removing charges from the floating gate
by applying a high field in a reverse direction to the gate
insulating film.

[0008] The flash memory requires no refresh opera-
tion, unlike the DRAM. However, since the F-N tunnel
phenomenon is used, the time necessary for the data
write and erase is much longer as compared to the
DRAM. In addition, when the data write/erase is repeat-
ed, the gate insulating film degrades. Hence, the number
of times of writes is limited to some extent.

[0009] As anew nonvolatile memory different from the
above-described flash memory, a ferroelectric memory
(to be referred to as an FeRAM (Ferroelectric RAM) here-
inafter) using polarization of a ferroelectric or a ferromag-
netic memory (to be referred to as an MRAM (Magne-
toresist RAM) hereinafter) using the magnetoresistance
of a ferromagnetic has received a great deal of attention
and been studied extensively. The FERAM is already put
into practical use and therefore expected to replace not
only a portable memory but also a logic DRAM if various
problems can be solved.

[0010] Examples of the ferromagnetic are an oxide fer-
roelectric (also called a ferroelectric ceramic), a polymer
ferroelectric represented by polyvinylidene fluoride
(PVDF), and a fluoride ferroelectric such as BaMgF,. In
the oxide ferroelectric and fluoride ferroelectric, polariza-
tion reverses due to a slight displacement of atoms which
are causing the polarization. On the other hand, in the
polymer ferroelectric, polarization reverses as individual
molecular chains rotate, whose elementary process is a
change in conformation (bonding form) of molecular
chains which are bonded long by covalent bond.

[0011] Oxide ferroelectrics are classified into per-
ovskite ferroelectrics such as BaTiO3 and PbTiO3, pseu-
do-ilmenite ferroelectrics such as LiNbO5; and LiTaOg,
tungsten-bronze (TB) ferroelectrics such as PbNb3Og
and BayNaNbsO,5, bismuth layer-structured ferroe-
lectrics (BLSF) such as SrBi,Ta,Oq and Bi,Ti;O4,, and
pyrochlore ferroelectrics such as La,Ti,O5.

[0012] Polymer ferroelectrics represented by polyvi-
nylidene fluoride (PVDF) also includes P(VDF/TrFF), i.e.,
a copolymer of vinylidene fluoride (PDV) and ethylene
trifluoride and is prepared by polymerization of a polymer.
For further information about ferroelectrics, see "Devel-
opment and Application of Ferroelectric Materials" edited
by Tadashi Shiosaki, CMC Co.Ltd.

[0013] Of the above-described ferroelectric materials,
the oxide ferroelectrics are mainly used for an FeRAM.
Of the oxide ferroelectrics, ferroelectrics having a per-
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ovskite structure (to be referred to as perovskite ferroe-
lectrics hereinafter) and, more particularly, lead-based
ferroelectrics represented by Pb(Zr,Ti)O3(PZT) are wide-
ly used. However, use of lead-containing substances and
lead oxides is restricted by the Industrial Safety and
Health Law because of concerns about influence on the
ecological systemand an increase in environmental load.
They are therefore being restricted in Europe and U.S.A.
from the viewpoint of ecology and pollution control.
[0014] Non-lead (lead-free) ferroelectric materials
equivalent to the performance of lead-based ferroe-
lectrics have received a great deal of attention on a world-
wide basis under the recent necessity for reducing the
environmental load. Especially, lead-free perovskite fer-
roelectrics and bismuth layer-structured ferroelectrics
(BLSF) are thought to be most promising. In fact, polar-
ization amounts in these materials are smaller than in
the lead-based ferroelectrics, and many unsolved prob-
lems still remain in both film formation and process.
[0015] FeRAMs that are expected to replace flash
memories are mainly classified into stacked memories
and FET memories. Stacked FeERAMs are also called
1-transistor/1-capacitor FeRAMs which are categorized
in accordance with the structure into FERAMs with a
stacked capacitor as shown in Fig. 127, FeERAMs with a
planar capacitor, and FeRAMs with a solid capacitor. The
stacked FeERAMs include 1-transistor/1-capacitor FeR-
AMs and 2-transistor/2-capacitor FeERAMs formed by
stacking two 1-transistor/1-capacitor FERAMs to stabi-
lize the operation.

[0016] The stacked FeRAM shown in Fig. 127 com-
prises, on a semiconductor substrate 12701, a MOS tran-
sistor including a source 12702, a drain 12703, and a
gate electrode 12705 provided on a gate insulating film
12704. A capacitor including a lower electrode 12711, a
dielectric layer 12712 made of a ferroelectric, and an up-
per electrode 12713 is connected to the source 12702
of the MOS transistor. In the example shown in Fig. 127,
the capacitor is connected to the source 12702 by a
source electrode 12706. A drain electrode 12707 is con-
nected to the drain 12703. An ammeter is connected to
the drain electrode 12707.

[0017] This structure has a function of extracting "on"
or "off" data by detecting the direction of polarization of
the dielectric layer 12712 made of a ferroelectric as a
current flowing between the source and drain (channel
12721). The structure has nonvolatility because the po-
larization of the ferroelectric can be held even without
voltage application. In this structure, however, since data
is destroyed in the data read, the data must be rewritten,
and the speed is therefore low. Additionally, since the
area occupied by one element is large, the structure is
unsuitable for increasing integration.

[0018] In addition to the above-described stacked
FeRAMs, FET FeERAMs are expected as FeERAMs of next
generation. FET FeRAMs are also called 1-transistor
FeRAMs which are categorized in accordance with the
structure into MFS (Metal-Ferroelectric-Semiconductor)
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FeRAMs in which ferroelectric films are arranged in place
of the gate electrode of a MOSFET and the gate insulat-
ing film in the channel region, MFMIS (Metal-Ferroelec-
tric-Metal-Insulator-Semiconductor) FeERAMs in which a
ferroelectric film is arranged on the gate electrode of a
MOSFET, and MFIS (Metal-Ferroelectric-Insulator-
Semiconductor) FERAMs as shown in Fig. 128 in which
aferroelectricfilmis arranged between the gate electrode
of a MOSFET and the gate insulating film (Koichiro Ino-
mata, Shuichi Tahara, & Yoshihiro Arimoto, "MRAM
Technology - from Fundamentals to LS| Applications",
SIPEC).

[0019] Inthe MFIS shown in Fig. 128, a source 12802
and drain 12803 are provided on a semiconductor sub-
strate 12801. A dielectric layer 12805 made of a ferroe-
lectric is provided on a gate insulating film 12804 ar-
ranged between the source and drain. A gate electrode
12806 is provided on the dielectric layer 12805. A source
voltage is applied to the source 12802 through a source
electrode 12807. An ammeter is connected to the drain
12803 through a drain electrode 12808.

[0020] In this FERAM, polarization of a ferroelectric is
applied to the operation of a MOSFET. The FERAM has
a function of creating, by the polarization state, a state
wherein a channel 12821 is formed in the semiconductor
surface immediately under the gate insulating film 12804
and a state wherein no channel is formed, reading the
current value between the source and drain, and extract-
ing the state as "on" or "off" of an electrical digital signal.
[0021] Inthe FET FERAM, nondestructive read is pos-
sible owing to the operation principle because the polar-
ization amount of the ferroelectric does not change even
when data is read out. Hence, a high-speed operation is
expected. Since the occupation area can be reduced as
compared to the 1-transistor/1-capacitor FeRAM, the
FET FeRAM is advantageous in increasing integration.
Actually, of the 1-transistor FERAMs, the MFIS FeRAM
(Fig. 128) has the gate insulating film between the ferro-
electric film and the semiconductor, and for this reason,
a polarization reducing field to cancel the polarization
amount of the ferroelectric is generated.

[0022] To implementthe above-described structure, a
high-quality high-K dielectric film having a polarization
characteristic and orientation is formed on an insulating
film generally made of an amorphous material. It is how-
ever difficult to form a ferroelectric with a high orientation
on an insulating film by using an existing film formation
method to be described later. For this reason, in the MFIS
FeRAM manufactured by the conventional technique,
polarization cannot hold because of the polarization re-
ducing field, and data cannot be held for a long time. If
the quality of the insulating film formed on the semicon-
ductoris poor, the polarization amount of the ferroelectric
further decreases due to a leakage current generated by
the electric field. For these reasons, the data holding pe-
riod (data life) of the operation of the current MFIS FeR-
AM serving as a memory remains about 10 days. Itis far
from commercialization.
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[0023] In the MFMIS FeRAM, a ferroelectric can be
formed on a crystal metal electrode (generally Pt or
SrRuO,). Hence, a high-quality film can be formed be-
cause the ferroelectric need not be formed on an insu-
lating film, unlike the MFIS FeRAM structure. However,
no method to stably form a ferroelectric on a metal has
been proposed yet. Since the decrease in polarization
by the polarization reducing field generated by the insu-
lating film on the semiconductor poses a problem even
in this case, long-term data holding cannot be implement-
ed.

[0024] In the MFS FeRAM, since no insulating film is
necessary on the semiconductor, the decrease in polar-
ization by the polarization reducing field can be avoided
in principle. However, since a ferroelectric film formation
method such as a sol-gel process or MOCVD requires a
high film formation temperature, the surface of the sem-
iconductor such as Si is oxidized or deteriorated, result-
ing in an oxide film or many defects on the interface. If
an oxide film (interface oxide film) is consequently formed
in the interface between the semiconductor and ferroe-
lectric, a polarization reducing field is generated, like the
MFIS FeRAM.

[0025] If no interface oxide film but a number of defect
levels are formed on the interface, the influence of stored
charges becomes large, and no accurate memory oper-
ation is performed. If the formed ferroelectric film has a
poor quality, the leakage current flows in the film, and
the polarization characteristic cannot be held for a long
time, as is pointed out in many reports.

[0026] In the above-described FeRAMs, formation of
an oxide ferroelectric on a substrate is important. Various
formation apparatuses and various thin film formation
methods have been tested until now. Examples are CSD
(Chemical Solution Deposition) including a sol-gel proc-
ess and MOD (Metal-Organic Deposition), MOCVD (Met-
al-Organic Chemical Vapor Deposition) or MOVPE, PLD
(Pulse Laser Deposition), LSMCD (Liquid Source Misted
Chemical Deposition), EPD (Electro-Phoretic Deposi-
tion), RF-sputtering (also called RF sputtering or magn-
etron sputtering), and ECR sputtering (Electron Cyclo-
tron Resonance sputtering).

[0027] The mainstream of these film formation meth-
ods is the CSD called a sol-gel process or MOD. In the
CSD, afilm is formed by dissolving the matrix of a ferro-
electric in an organic solvent and repeatedly applying
and sintering the resultant solution on a substrate. As a
characteristic feature, a ferroelectric film with a relatively
large area can be formed by a simple method. As is re-
ported from many institutions, the CSD can form a ferro-
electricfilm having an arbitrary composition by controlling
the composition of the solution to be applied.

[0028] There are however problems that it may be im-
possible to form a film because of poor wettability of the
substrate to which the solution is applied and that the
solvent used to prepare the solution may remain in the
formed film so no high film quality can be obtained. Ad-
ditionally, in the CSD, the sintering temperature must be
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higher than the Curie temperature of the ferroelectric film.
If the temperature or atmosphere cannot be controlled
well, no high-quality film is obtained at all.

[0029] Ferroelectric film formation by methods except
the CDS have also been tested. For example, the PLD
has attracted attention, in which a ferroelectric film having
high quality can be formed by sputtering a target of a
ferroelectric material with a strong laser source such as
an excimer laser. In this method, however, the area of
the laser irradiated portion in the target plane is very
small, and the material sputtered and supplied from the
small irradiated plane has a large distribution. For this
reason, in the PLD, a large in-plane distribution is formed
in the thickness or quality of the ferroelectric formed on
the substrate. There is also a serious problem in repro-
ducibility because the properties change even under the
same formation conditions.

[0030] However, these properties are suitable for spe-
cifically examining conditions. A combinatorial method
has received attention as a method of examining the film
formation properties by using the above-described prop-
erties. However, from the industrial viewpoint, a method
capable of forming a large-area film with good reproduc-
ibility is essential. It is difficult to industrially use the cur-
rent PLD.

[0031] In addition to the above-described various film
formation methods, a sputtering method (to be also sim-
ply referred to as sputtering) has received a great deal
of attention as a ferroelectric film formation method. Sput-
tering is a promising film formation apparatus/method be-
cause neither dangerous gas nor toxic gas need be used,
and a deposited film can have a relatively good surface
roughness (surface morphology). In sputtering, a reac-
tive sputtering apparatus/method is considered as a
promising apparatus/method for obtaining a ferroelectric
film with a stoichiometric composition, in which any oxy-
gen or nitrogen defect is prevented by supplying oxygen
gas or nitrogen gas.

[0032] In the conventionally used RF sputtering meth-
od (conventional sputtering), a compound (sintered
body) target is used to deposit an oxide ferroelectric. In
the conventional sputtering, however, when an oxide fer-
roelectric is formed by using argon as an inert gas and
oxygen as a reactive gas, oxygen in the ferroelectric film
formed on the substrate is not sufficiently captured so no
ferroelectric with high quality can be obtained.

[0033] For this reason, after the ferroelectric is depos-
ited, the quality of the ferroelectric film formed on the
substrate must be improved by executing a heat treat-
ment called annealing in oxygen by using a furnace. In
the conventional sputtering, hence, a process called an-
nealing is added, and the manufacturing process be-
comes complex. In the annealing process, since control
is done to obtain a predetermined quality, the conditions
such as the temperature must be controlled strictly. Fur-
thermore, annealing may be impossible depending on
the material of the formed film.

[0034] An example of the method of improving the
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quality of a sputter film is ECR (Electron Cyclotron Res-
onance) sputtering. In this method, plasma is produced
by ECR. The substrate is irradiated with a plasma flow
generated by using the divergent magnetic field of the
plasma. Simultaneously, a high frequency or negative
DC voltage is applied between the target and ground.
lons in the plasma flow generated by ECR are introduced
and made to collide against the target to execute sput-
tering, thereby depositing a film on the substrate.
[0035] Inthe conventional sputtering, no stable plasma
can be obtained without a gas pressure of about 0.1 Pa
ormore. In the ECR sputtering, stable plasmais obtained
at a pressure on the order of 0.01 Pa. In the ECR sput-
tering, since particles generated by ECR by using a high
frequency or high negative DC voltage are caused to
strike the target to execute sputtering, sputtering can be
done at a low pressure.

[0036] Inthe ECR sputtering, the substrate isirradiated
with the ECR plasma flow and sputtered particles. lons
in the ECR plasma flow have an energy of 10 to several
ten eV by the divergent magnetic field. In addition, since
the plasma is produced and transported at such a low
pressure that a gas behaves as a molecular flow, the ion
current density of the ions that arrive at the substrate can
also be ensured high. Hence, the ions in the ECR plasma
give an energy to the material particles which are sput-
tered and come onto the substrate and also promote the
bonding reaction between the material particles and ox-
ygen. Hence, the quality of the deposited filmis improved.
[0037] As a characteristic feature of ECR sputtering, a
high-quality film can be formed at a low substrate tem-
perature. For further information about how to deposit a
high-quality thin film by ECR sputtering, see, e.g., Japa-
nese Patent Nos. 2814416 and 2779997 and Amazawa
et al., "J. Vac. Sci. Technol.", B 17, No. 5, 2222 (1999).
The ECR sputtering is suitable for forming a very thin film
such as a gate insulating film while controlling the thick-
ness well because of the relatively stable film deposition
rate. The surface morphology of the film deposited by
ECR sputtering is flat on the order of atomic scale. Hence,
the ECR sputtering can be regarded as a promising meth-
od not only for forming a gate insulating film with high
permittivity but also for forming a ferroelectric film nec-
essary for the above-described FERAM or a metal elec-
trode film.

[0038] In some reports, a ferroelectric film using ECR
sputtering is also examined. For example, Japanese Pat-
ent Laid-Open Nos. 10-152397 and 10-152398 and Mat-
suoka etal.,"J. Appl. Phys.", 76 (3), 1768 (1994) include
reports of a ferroelectric containing barium or strontium.
Watazu et al., "Powder and Powder Metallurgy", No. 44,
p. 86, 1997 reports the manufacture of Ba,NaNigOs.
Masumoto et al., "Appl. Phys. Lett.", 58, 243 (1991).
[0039] Predecessors tried to select conditions to form
a film made of a ferroelectric material by regarding the
ECR sputtering as similar to the conventional sputtering.
Hence, even when a ferroelectric film is formed by using
the ECR sputtering, no satisfactory ferroelectricity appli-
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cable to the FeRAM cannot be obtained so far.

[0040] Underthe above-described circumstances sur-
rounding the memories, a technique has been proposed
(Japanese Patent Laid-Open No. 7-263646), in which
the resistance value of a ferroelectric layer 12902 directly
formed on a semiconductor substrate 12901 is changed,
thereby implementing the memory function, as shown in
Fig. 129, instead of implementing a memory by changing
the state of a semiconductor (forming a channel) by the
polarization amount of a ferroelectric. The resistance val-
ue of the ferroelectric layer 12902 is controlled by apply-
ing a voltage between electrodes 12903 and 12904.
[0041] Furthermore, Patent Document EP 0 716 162
A1 discloses a close a-axis orientating film having a
smooth surface and ferroelectric characteristics. The film
is manufactured at a low temperature with preferable re-
producibility to apply ferroelectric Bi;Ti;O4, to develop-
ment of various kinds of devices such as a ferroelectric
non-volatile memory, a pyroelectric sensor, etc. A ferro-
electric BiyTizO4, thin film is formed on a substrate
through a titanium oxide buffer layer so that closeness
and surface smoothness of the Bi,Ti3O45 thin film man-
ufactured on the titanium oxide buffer layer can be im-
proved. Preferably it is considered that a structure of the
thin film obtained is constructed by diffusing fine crystal
grains of BisTi3O4, into an amorphous medium having
the titanium oxide as a principal component.

Disclosure of Invention
Problems to be Solved by the Invention

[0042] The structure proposed in patent reference 6
shown in Fig. 129 has a ferroelectric layer on the semi-
conductor, like the structure immediately under the gate
electrode of the above-described MFS FeRAM. Hence,
in the element shown in Fig. 129, it is difficult to form a
high-quality ferroelectric layer on the semiconductor, like
the largest challenge in the manufacturing process of the
MFS FeRAM. In addition, a semiconductor oxide is
formed between the semiconductor and the ferroelectric
layer. It is conceivable that a polarization reducing field
ora number of defects will greatly influence the properties
and make it impossible to hold data for a long time. In
fact, the element shownin Fig. 129 can achieve a holding
period of only about 2 min. That is, a data rewrite must
be done in about 1 min.

[0043] The current-voltage hysteresis observed in the
element shown in Fig. 129 is supposed to occur because
defects generated in the interface between the semicon-
ductor substrate 12901 and the ferroelectric layer 12902
capture (trap) electrons or holes. In patent reference 6,
a material with a small number of carriers related to elec-
trical conduction is preferable, and the semiconductor
substrate 12901 is suitable. However, since the carrier
trap phenomenon of interface defects is used, an in-
crease in the number of traps to capture carriers gener-
ates a leakage current and shortens the data holding
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period accordingly. When the ferroelectric layer 12902
is formed on the semiconductor substrate 12901 without
any interface to reduce the leakage current, no carrier
capture occurs, and the memory effect is lost. Because
of this contradiction, the element shown in Fig. 129 is
unsuitable for long-term data holding in principle.
[0044] The presentinvention has been made to solve
the above-described problems, and has as its object to
provide a method of forming a metal oxide thin film, by
which a memory device is capable of obtaining a stable
operation and of holding data more stably.

Means of Solution to the Problems

[0045] A metal oxide thin film forming method accord-
ing to the present invention comprises the step of pro-
ducing a first plasma made of an inert gas and oxygen
gas which are supplied at a predetermined composition
ratio, applying a negative bias to a target made of titanium
as a first metal and bismuth as a second metal and caus-
ing particles generated from the first plasma to collide
against the target to cause a sputtering phenomenon,
and depositing a material of the target on a substrate,
thereby forming, on the substrate, a metal oxide thin film
including at least a base layer which is made of titanium
and oxygen, and a plurality of fine particles which are
made of titanium, bismuth , and oxygen and dispersed
in the base layer, wherein the first plasma is an electron
cyclotron resonance plasma which is produced by elec-
tron cyclotron resonance and receives kinetic energy
from a divergent magnetic field, and the substrate is heat-
ed to a predetermined temperature. According to the
present invention, the first metal is titanium, and the sec-
ond metal is bismuth.

Effect of the Invention

[0046] As described above, according to the present
invention, an element capable of obtaining a stable op-
eration by using the method of forming a metal oxid thin
film can be provided so that, e.g., a memory device ca-
pable of holding data more stably can be formed.

Brief Description of Drawings
[0047]

Fig. 1A is a sectional view showing a structure ex-
ample of a bistable resistance value acquisition de-
vice (ferroelectric element) according to an embod-
iment of the present invention;

Fig. 1B is a sectional view showing a portion of the
element shown in Fig. 1A;

Fig. 2 is a graph showing a current-voltage charac-
teristic of the element shown in Fig. 1A;

Fig. 3 is a graph showing data holding of the element
shown in Fig. 1A;

Figs. 4A to 4D are views for explaining steps in man-
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ufacturing the element shown in Fig. 1A;

Fig. 5 is a schematic sectional view showing an ar-
rangement example of an ECR sputtering appara-
tus;

Fig. 6 is a graph showing a change in deposition rate
with respect to the flow rate of supplied oxygen when
a Bi,TizO4, film is formed by using ECR sputtering;
Figs. 7A to 7d show results obtained by observing,
with a transmission electron microscope, the sec-
tions of thin films formed as structure examples of a
ferroelectric layer 104, in which Figs. 7A to 7D are
microphotographs, and Figs. 7a to 7d are schematic
views showing the respective states;

Fig. 8 is a graph showing changes in deposition rate
and refractive index with respect to the substrate
temperature condition in forming a film;

Fig. 9 is a schematic sectional view showing another
structure example of the ferroelectric layer 104;
Figs. 10A to 10D are schematic sectional views
showing structure examples of another ferroelectric
element ;

Figs. 11A to 11E are schematic sectional views
showing structure examples of still another ferroe-
lectric element according to the embodiment;

Figs. 12A to 12D are schematic sectional views
showing structure examples of still another ferroe-
lectric element according to the embodiment;

Fig. 13is aschematic sectional view showing a struc-
ture example of still another ferroelectric element ac-
cording to the embodiment;

Fig. 14 is aschematic sectional view showing a struc-
ture example of still another ferroelectric element ac-
cording to the embodiment;

Fig. 15 is a graph showing a result obtained by ob-
serving the value of a current which flows when a
predetermined voltage is applied to the ferroelectric
layer 104 of the element shown in Fig. 1 to flow a
predetermined current, and then, a voltage of +0.5
V is applied;

Fig. 16 is a timing chart showing an operation exam-
ple in which the element shown in Fig. 1 is driven by
a pulse voltage;

Fig. 17 is a graph showing a change in current value
by drive control shown in Fig. 16;

Fig. 18 is a view for explaining the multilevel opera-
tion of the element shown in Fig. 1;

Fig. 19 is a view for explaining the multilevel opera-
tion of the element shown in Fig. 1;

Fig. 20 is a view for explaining the multilevel opera-
tion of the element shown in Fig. 1;

Fig. 21 is a graph showing the current-voltage char-
acteristic when the electrode is made of another met-
al material;

Fig. 22 is a graph showing the current-voltage char-
acteristic when the electrode is made of another met-
al material;

Fig. 23 is a graph showing the current-voltage char-
acteristic when the electrode is made of another met-
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al material;

Fig. 24 is a graph showing data holding when the
electrode is made of another metal material;
Figs.25A and 25B are graphs each showing the gen-
eral current-voltage characteristic of a ferroelectric
(thin film) made of an oxide containing at least two
metals;

Fig. 26 is a graph showing the process of dielectric
breakdown (breakdown);

Fig. 27 is a graph showing the current-voltage char-
acteristic of the ferroelectric layer 104 having a pre-
determined thickness or more;

Fig. 28 is a view for explaining a state

wherein an EO process is executed by irradiating a
plurality of elements with ECR plasma;

Fig. 29 is an explanatory view showing a change in
resistance value of the element when a voltage of
+1 V is applied to the element which moderately
changes to a low resistance state at +1.6 V;

Fig. 30 is a graph showing a time-rate change in
resistance value of the element when a predeter-
mined voltage (e.g., 1.2 V) is applied between the
upper electrode and the lower electrode layer;

Fig. 31 is a sectional view schematically showing a
structure example of still another element;

Figs. 32A to 32E are views showing steps in manu-
facturing the element shown in Fig. 31;

Fig. 33 is a graph showing a change in current den-
sity when a voltage is applied between a lower elec-
trode layer 3103 and an upper electrode 3106 of the
element shown in Fig. 31;

Fig. 34 is a view for explaining the data holding time
of the element shown in Fig. 31;

Figs. 35A to 35D are sectional views schematically
showing structure examples of still another element;
Fig. 36 is a sectional view schematically showing a
structure example of still another element;

Fig. 37 is a sectional view schematically showing a
structure example of still another element;

Figs. 38A to 38C are sectional views schematically
showing structure examples of still another element;
Fig. 39 is a graph showing the relationship between
the current density and the material and thickness
of an insulating layer 3105 on a ferroelectric layer
3104,

Figs. 40A to 40E are sectional views schematically
showing structure examples of still another element;
Fig. 41 is a graph showing the relationship between
the value of a current flowing between a lower elec-
trode layer 3103 and an upper electrode 3106 and
a current measured when a voltage for current de-
tection is applied between the electrodes;

Fig. 42 is a timing chart showing an operation exam-
ple in which the element shown in Fig. 31 is driven
by a pulse voltage;

Fig. 43 is a graph showing a change in current value
by drive control shown in Fig. 42;

Figs. 44A and 44B are views for explaining a case
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wherein the element shown in Fig. 31 is used as a
switching element to control a current;

Fig. 45 is a timing chart showing a control sequence
when the element shown in Fig. 31 is used as a
switching element to control a current;

Fig. 46 is a view for explaining the multilevel opera-
tion of the element shown in Fig. 31;

Fig. 47 is a sectional view schematically showing a
structure example of still another element;

Figs. 48A to 48E are views showing steps in manu-
facturing the element;

Fig. 49 is a graph showing a change in current when
a voltage is applied between a lower electrode layer
4703 and an upper electrode 4706 of the element
shown in Fig. 47;

Figs. 50A to 50D are sectional views schematically
showing structure examples of still another element;
Fig. 51 is a sectional view schematically showing a
structure example of still another element;

Fig. 52 is a sectional view schematically showing a
structure example of still another element;

Figs. 53A to 53C are sectional views schematically
showing structure examples of still another element;
Figs. 54A to 54E are sectional views schematically
showing structure examples of still another element;
Fig. 55 is a sectional view schematically showing a
structure example of still another element;

Fig. 56 is a sectional view schematically showing a
result obtained by observing, with a transmission
electron microscope, the section state of a metal ox-
ide layer containing bismuth and titanium and formed
on a silicon substrate;

Fig. 57 is a microphotograph showing a result ob-
tained by observing, with a transmission electron mi-
croscope, the section state of a metal oxide layer
containing bismuth and titanium and formed on a
ruthenium electrode layer;

Fig. 58 is a sectional view schematically showing a
result obtained by observing, with a transmission
electron microscope, the section state of a metal ox-
ide layer containing bismuth and titanium and formed
on a ruthenium electrode layer;

Fig. 59 is a graph showing the electrical character-
istics of an insulating layer having a layered struc-
ture;

Fig. 60 is a microphotograph showing a result ob-
tained by observing, with a transmission electron mi-
croscope, the section state of a metal oxide layer
containing bismuth and titanium and formed on a
ruthenium electrode layer via an insulating layer
which is formed by stacking a tantalum pentoxide
layer, silicon dioxide layer, and tantalum pentoxide
layer in this order;

Fig. 61 is a sectional view schematically showing a
result obtained by observing, with a transmission
electron microscope, the section state of a metal ox-
ide layer containing bismuth and titanium and formed
on aruthenium electrode layer via an insulating layer
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which is formed by stacking a tantalum pentoxide
layer, silicon dioxide layer, and tantalum pentoxide
layer in this order;

Fig. 62 is a sectional view schematically showing a
structure example of an element using a metal oxide
layer;

Figs. 63A to 63F are views showing steps in manu-
facturing the functional element shown in Fig. 62;
Fig. 64 is a graph showing a change in current when
avoltage is applied between a lower electrode layer
6203 and an upper electrode 6207 of the element
shown in Fig. 62;

Figs. 65A and 65B are sectional views schematically
showing structure examples of still another element;
Figs. 66A and 66B are sectional views schematically
showing structure examples of still another element;
Figs. 67A and 67B are sectional views schematically
showing structure examples of still another element;
Fig. 68 is a sectional view schematically showing a
structure example of still another element;

Figs. 69A to 69E are sectional views 5 schematically
showing structure examples of still another element;
Fig. 70 is a sectional view schematically showing a
structure example of still another element;

Fig. 71 is a view for explaining the multilevel opera-
tion of the element shown in Fig. 62;

Fig. 72 is a graph showing another current-voltage
characteristic of the element shown in Fig. 1A;

Fig. 73 is a microphotograph showing a result ob-
tained by observing, with a transmission electron mi-
croscope, the section of a thin film formed as a struc-
ture example of the ferroelectric layer 104;

Fig. 74 is a graph showing still another current-volt-
age characteristic of the element shown in Fig. 1A;
Fig. 75 is a graph showing another current-voltage
characteristic of the element shown in Fig. 31;

Fig. 76 is a graph showing data holding of the ele-
ment which exhibits the current-voltage characteris-
tic shown in Fig. 75;

Fig. 77 is a graph showing still another current-volt-
age characteristic of the element shown in Fig. 1A;
Fig. 78 is a view for explaining a low resistance state;
Fig. 79is a view for explaining a low resistance state;
Fig. 80is a view for explaining a low resistance state;
Fig. 81is aview for explaining a low resistance state;
Fig. 82is aview for explaining a low resistance state;
Fig. 83 is aview for explaining a low resistance state;
Fig. 84 is a graph showing still another current-volt-
age characteristic of the element shown in Fig. 1A;
Fig. 85 is a graph showing still another current-volt-
age characteristic of the element shown in Fig. 1A
in pulse driving;

Figs. 86A to 86C are schematic sectional views and
a graph schematically showing a structure example
of a 3-terminal element;

Fig. 87 is a graph showing a change in current which
flows between a source electrode 8605 and a drain
electrode 8606 when different gate voltages are ap-
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plied through a gate electrode 8603;

Fig. 88 is an explanatory view showing a change in
each of ON and OFF states by a gate voltage;

Fig. 89 is a graph showing the state of a current which
flows when a gate voltage of +1 V is applied to set
the OFF state, and then, a read voltage applied be-
tween the between the source and drain is raised
from0OVto0.2V,

Figs. 90A to 90D are views for explaining steps in
manufacturing the 3-terminal elementshown in Figs.
86A and 86B;

Fig.91is aschematic sectional view showing a struc-
ture example of another 3-terminal element;

Figs. 92A and 92B are schematic sectional views
showing structure examples of still another 3-termi-
nal element;

Figs. 93A and 93B are schematic sectional views
showing structure examples of still another 3-termi-
nal element;

Fig. 94 is a graph showing the current-voltage char-
acteristic of a metal oxide layer 8604 when a DC
gate voltage is applied to the gate electrode 8603;
Fig. 95 is a view for explaining the state of a prede-
termined pulse voltage having a predetermined
pulse width and applied to the 3-terminal element
shown in Figs. 86A and 86B;

Fig. 96 is a graph showing a change in current value
read from the source-to-drain path every time a pre-
determined pulse voltage with a predetermined
pulse width is applied a predetermined number of
times;

Figs. 97A and 97B are schematic sectional views
showing structure examples of a 3-terminal element;
Figs. 98A to 98E are views for explaining steps in
manufacturing the 3-terminal element shown in Figs.
97A and 97B;

Fig. 99is a schematic sectional view showing a struc-
ture example of still another 3-terminal element;
Figs. 100A and 100B are schematic sectional views
showing structure examples of still another 3-termi-
nal element;

Fig. 101 is a timing chart showing an operation ex-
ampleinwhich the 3-terminal element shown in Figs.
97A and 97B is driven by a pulse voltage;

Figs. 102A and 102B are schematic sectional views
showing structure examples of still another 3-termi-
nal element ;

Figs. 103A to 103E are views for explaining steps in
manufacturing the 3-terminal elementshown in Figs.
102A and 102B;

Fig. 104 is a schematic sectional view showing a
structure example of still another 3-terminal element;
Figs. 105A and 105B are schematic sectional views
showing structure examples of still another 3-termi-
nal element;

Figs. 106A and 106B are schematic sectional views
showing structure examples of still another 3-termi-
nal element;
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Figs. 107A to 107F are views for explaining steps in
manufacturing the 3-terminal element shown in Figs.
106A and 106B;

Fig. 108 is a schematic sectional view showing a
structure example of still another 3-terminal element;
Figs. 109A and 109B are schematic sectional views
showing structure examples of still another 3-termi-
nal element;

Fig. 110 is a schematic sectional view showing a
structure example of a memory element ;

Fig. 111 is a timing chart showing read and write
operations;

Figs. 112A to 112F are views for explaining steps in
manufacturing the memory element shown in Fig.
110;

Figs. 113A and 113B are schematic sectional views
showing structure examples of another memory el-
ement;

Figs. 114A to 114C are schematic sectional views
showing structure examples of another memory el-
ement;

Figs. 115A to 115F are schematic sectional views
showing structure examples of another memory el-
ement;

Fig. 116 is a graph showing the current-voltage char-
acteristic of a memory layer 11006 when a DC volt-
age is applied to a bit electrode 11005;

Fig. 117 is a view for explaining the state of a pre-
determined pulse voltage having a predetermined
pulse width and applied to the memory element
shown in Fig. 110;

Fig. 118is agraph showing a change in currentvalue
read from the electrode-to-electrode path every time
a predetermined pulse voltage with a predetermined
pulse width is applied a predetermined number of
times;

Figs. 119A to 119F are views showing steps in man-
ufacturing an element isolation structure;

Fig. 120 is a sectional view showing a structure ex-
ample of the element isolation structure;

Figs. 121A to 121E are views for explaining steps in
manufacturing the element isolation structure;

Fig. 122 is an explanatory view showing the relation-
ship between a substrate temperature and the state
of a formed metal oxide layer;

Fig. 123 is a graph showing a result obtained when
a voltage from a power supply is applied between a
lower electrode layer 103 and an upper electrode
136, and a current flowing when the voltage is ap-
plied is measured by an ammeter;

Fig. 124 is a graph showing a result obtained when
a voltage from the power supply is applied between
the lower electrode layer 103 and the upper elec-
trode 136, and a current flowing when the voltage is
applied is measured by an ammeter;

Fig. 125 is a sectional view showing a structure ex-
ample of another element isolation structure;

Figs. 126A to 126E are views for explaining steps in
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manufacturing another element isolation structure;
Fig. 127 is a view showing a structure example of a
conventional element;

Fig. 128 is a view showing a structure example of a
conventional element; and

Fig. 129 is a view showing a structure example of a
conventional element.

Best Mode for Carrying Out the Invention

[0048] Fig. 1A is a schematic sectional view showing
a structure example of a bistable resistance value acqui-
sition device. Fig. 1B is a partial sectional view. Applica-
tion to a ferroelectric element which uses a metal oxide
layer (ferroelectric layer 104) exhibiting ferroelectric
properties will be described below. The element shown
in Fig. 1A comprises, on a substrate 101 made of, e.g.,
single-crystal silicon, an insulating layer 102, a lower
electrode layer 103, the ferroelectric layer 104 contain-
ing, e.g., Biand Ti and having a thickness of about 30 to
200 nm, and an upper electrode 105.

[0049] The substrate 101 can be made of any one of
asemiconductor, insulator, and conductive material such
as a metal. When the substrate 101 is made of an insu-
lating material, the insulating layer 102 can be omitted.
Whenthe substrate 101 is made of a conductive material,
the insulating layer 102 and lower electrode layer 103
can be omitted. In this case, the substrate 101 made of
the conductive material serves as a lower electrode.
[0050] The lower electrode layer 103 and upper elec-
trode 105 need only be made of a transition metal includ-
ing noble metals such as platinum (Pt), ruthenium (Ru),
gold (Au), and silver (Ag). The lower electrode layer 103
and upper electrode 105 may be made of a compound
such as a nitride, oxide, or fluoride of a transition metal,
such as titanium nitride (TiN), hafnium nitride (HfN),
strontium ruthenate (SrRuO,), zinc oxide (ZnO), indium
tin oxide (ITO), or lanthanum fluoride (LaF3), or a com-
posite film formed by stacking them.

[0051] The ferroelectric layer 104 is made of an oxide
ferroelectric. The ferroelectric layer 104 need only be
made of, e.g., a material having a perovskite structure,
a material having a pseudo-ilmenite structure, a material
having a tungsten-bronze structure, a material having a
bismuth layer-structure, or a material having a pyrochlore
structure. Examples are BaTiO3, Pb(Zr,Ti)O5, (Pb,La)
(Zr,Ti)O3, LiNbOg, LiTaO;, PbNbsOg, PbNaNbsO,s,
Cd,Nb,O4, Pb,Nb,y,O, BiygTisO45, (Bi, La),TizO040, and
SrBi; Tay0,.

[0052] The ferroelectric layer 104 is made of a material
such as an oxide, nitride, or fluoride which contains at
least two metals and generally exhibits ferroelectric prop-
erties. A state wherein no ferroelectric properties are ex-
hibited depending on the film thickness condition is also
included. A "ferroelectric" to be described below also in-
dicates a metal compound which contains at least two
metals and generally exhibits ferroelectric properties.
[0053] A detailed example of the ferroelectric element
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shown in Figs. 1A and 1B will be described. For example,
the lower electrode layer 103 is a ruthenium film having
a thickness of 10 nm. The ferroelectric layer 104 is a
BisTi3O45 film having a thickness of 40 nm. The upper
electrode 105 is made of gold. The structures of the sub-
strate 101 and insulating layer 102 are not limited to those
described above, and any other material can also be se-
lected appropriately if it has no effect on the electrical
characteristics.

[0054] The ferroelectric layer 104 will be described
next in more detail. As shown in the enlarged view of Fig.
1B, the ferroelectric layer 104 is formed by dispersing a
plurality of microcrystalline grains 142 of Bi,Ti;O4, crys-
tal with a grain size of about 3 to 15 nm in a base layer
141, i.e., a layer containing titanium in an excessive
amount relative to the stoichiometric composition of
Bi, TizO4,. Thisis confirmed by observation using a trans-
mission electron microscope. The base layer 141 may
be TiO, with a bismuth contentof almost 0. In other words,
the base layer 141 is made of a metal oxide which con-
tains two metals and in which the content of one metal
is smaller in comparison with the stoichiometric compo-
sition. Fig. 1B is a sectional view schematically showing
the approximate state of the ferroelectric layer 104.
[0055] According to the ferroelectric element using the
ferroelectric layer 104, a functional element that holds
two states can be implemented, as will be described later.
The characteristics of the ferroelectric element shown in
Figs. 1A and 1B will be described. The characteristics
were investigated by applying a voltage between the low-
erelectrode layer 103 and the upper electrode 105. When
a voltage from a power supply was applied between the
lower electrode layer 103 and the upper electrode 105,
and a current flowing when the voltage was applied was
measured by an ammeter, a result shown in Fig. 2 was
obtained. Referring to Fig. 2, the ordinate represents the
current density obtained by dividing the current value by
the area.

[0056] Fig. 2 and the operation principle of the ferroe-
lectricelementshownin Figs. 1A and 1B will be described
below. The voltage values and current values to be de-
scribed here are mere examples measured in an actual
element. Hence, the phenomenon is not limited to the
following numerical values. Other numerical values can
also be measured depending on the material and thick-
ness of each film actually used in the element and other
conditions.

[0057] Fig. 2 shows the hysteresis characteristics of
the values of currents which flow in the ferroelectric layer
104 when the voltage applied to the upper electrode 105
is increased from 0 in the positive direction, returned to
0, decreased in the negative direction, and finally re-
turned to 0 again. When the voltage applied to the upper
electrode 105 is gradually increased from 0 V in the pos-
itive direction, the positive current flowing in the ferroe-
lectric layer 104 is relatively small (about 0.014 A/cm? at
0.1V).

[0058] When the voltage exceeds 0.5 V, the positive
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current value starts abruptly increasing. After the voltage
is increased up to about 1 V, the positive voltage is de-
creased. Even when the voltage decreases from 1V to
about 0.7 V, the positive current value further increases.
When the voltage is lower than about 0.7 V, the current
value also starts decreasing. At this time, the positive
current readily flows as compared to the previous state.
The current value is about 1.3 A/cm2 at 0.1 V (100 times
the previous current value). When the applied voltage is
returned to 0, the current value also becomes 0.

[0059] Next, a negative voltage is applied to the upper
electrode 105. In this state, when the negative voltage is
low, a relatively large negative current flows according
to the previous hysteresis. When the applied negative
voltage is changed up to about -0.5 V, the negative cur-
rent suddenly starts decreasing. Even when the applied
negative voltage is changed up to about-1V, the negative
current value continuously decreases. Finally, the ap-
plied negative voltage is decreased from -1 Vto 0V, the
negative current value further decreases together and
returns to 0. In this case, the negative current hardly flows
and about -0.035 A/cm2 at -0.1 V.

[0060] The above-described hysteresis of the current
flowing in the ferroelectric layer 104 can be regarded as
being generated because the resistance value of the fer-
roelectric layer 104 changes depending on the voltage
applied to the upper electrode 105. When a positive volt-
age V4 with a predetermined magnitude or more is ap-
plied, the ferroelectric layer 104 changes to a "low resist-
ance state" (data "1") wherein the current easily flows.
When a negative voltage V,y o with a predetermined mag-
nitude is applied, the ferroelectric layer 104 changes to
a "high resistance state" (data "0") wherein the current
hardly flows.

[0061] The ferroelectric layer 104 has the two stable
states, i.e., low resistance state and high resistance
state. Each state remains unless the above-described
positive or negative voltage with a predetermined mag-
nitude or more is applied. The value of V4 is about +1
V. The value of Vyy, is about -1 V. The resistance ratio
of the high resistance state to the low resistance state is
about 10 to 100. When the above-described phenome-
non that the resistance of the ferroelectric layer 104 is
switched by the voltage is used, a nonvolatile functional
element capable of a nondestructive read operation can
be implemented by the ferroelectric element shown in
Figs. 1A and 1B.

[0062] When a DC voltage is used, the memory oper-
ation of the ferroelectric element shown in Fig. 1A is ex-
ecuted in the following way. First, a positive voltage with
the magnitude V,y4 or more is applied to change the fer-
roelectric layer 104 to the low resistance state. This se-
quence corresponds to writing data "1" in the memory.
The data "1" can be read out by measuring a current
value Jgr4 at a read voltage Vg. It is important to select,
as VR, such asmall value to obtain a sufficient resistance
ratio and not to cause state transition (about 0.1 V in the
above example). Hence, the read can be done many
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times without destroying the low resistance state, i.e.,
data "1".

[0063] Ontheotherhand, when anegative voltage with
the magnitude Vo or more is applied, the ferroelectric
layer 104 changes to the high resistance state so that
data "0" can be written. This state can be read out by
measuring a current value Jrq at the read voltage Vg
(Jr4/Jro = 10 to 100). When the electrodes are not en-
ergized, the ferroelectric layer 104 has nonvolatility to
hold each state. Except in the write and read, no voltage
need be applied. This element can also be used as a
switching element to control the current.

[0064] Fig. 3 shows the data holding characteristic of
the ferroelectric element shown in Fig. 1A. For example,
the positive voltage V4 is applied to the upper electrode
105 to change the ferroelectric layer to the low resistance
state (data "1") shown in Fig. 2. Then, the read voltage
VR is applied, and the current value Jg, is measured.
Next, the negative voltage V\y is applied to the upper
electrode 105 to change the ferroelectric layer to the high
resistance state to write data "0". After that, the read volt-
age VR is applied to the upper electrode 105 for every
predetermined time, and the current value Jg is meas-
ured. The ON/OFF ratio of the ferroelectric element can
be represented by the value Jg4,Jro. Fig. 3 plots the value
Jr1/JRo along the ordinate and shows a time-rate change
in value Jg4/Jgg Obtained by the above-described meas-
urement.

[0065] The calculated ON/OFF ratio tends to gradually
decrease over time but falls within a range where data
discrimination is sufficiently possible. The ON/OFF ratio
1,000 min after, which is predicted from the extrapolated
line (broken line) by the calculation result indicated by
dots in Fig. 3, is about 21. Discrimination is possible even
at this point. As is apparent, the ferroelectric element
shown in Fig. 1A has a holding time of at least 1,000 min.
In the above-described embodiment, a DC voltage is ap-
plied. However, the same effect can be obtained even
by applying a pulse voltage having appropriate width and
magnitude.

[0066] An example of a method of manufacturing the
ferroelectric element shown in Fig. 1A will be described
next. A method of forming each thin film by using ECR
plasma sputtering will be described below. However, the
present invention is not limited to this, and any other film
formation technique or method comprising the features
of claim 2 can be used, as a matter of course.

[0067] AsshowninFig.4A, the p-type silicon substrate
101 having a plane orientation of (100) on the principal
plane and a resistivity of 1 to 2 Qcm is prepared. The
surface of the substrate 101 is cleaned by a solution mix-
ture of sulfuric acid and a hydrogen peroxide solution,
pure water, and a hydrogen fluoride solution and dried.
The insulating layer 102 is formed on the claned and
dried substrate 101. In forming the insulating layer 102,
the above-described ECR sputtering apparatus and pure
silicon (Si) as a target are used. The insulating layer 102
in a metal mode by Si-O molecules is formed on the sub-
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strate 101 to a thickness to just cover its surface by ECR
sputtering using argon (Ar) as a plasma gas and oxygen
gas.

[0068] For example, Ar gas is supplied at a flow rate
of 20 sccm into a plasma production chamber whose
internal pressure is set on the order of 10-° Pa. The in-
ternal pressure is set to about 10-3 to 10-2 Pa. A micro-
wave of 2.45 GHz (about 500 W) and a magnetic field of
0.0875 T are supplied to set the electron cyclotron res-
onance condition, thereby producing Ar plasma in the
plasma production chamber. Note that sccm is the unit
of flow rate and indicates that a fluid at 0°C and 1 atmos-
pheric pressure flows 1 cm3 in 1 min. T (tesla) is the unit
of magnetic flux density, and 1 T=10,000 gauss.

[0069] The plasma produced by the above-described
method is output from the plasma production chamber
to the process chamber side by the divergent magnetic
field of the magnetic coil. In addition, a high-frequency
power of 13.56 MHz (e.g., 500 W) is supplied from a high-
frequency power supply to the silicon target placed at the
outlet of the plasma production chamber. When Ar ions
collide against the silicon target, a sputtering phenome-
non occurs to sputter Si particles. The Si particles sput-
tered from the silicon target reach the surface of the sub-
strate 101 together with the plasma output from the plas-
ma production chamber and the oxygen gas which is
supplied and activated by the plasma and are oxidized
to silicon dioxide by the activated oxygen. With the above
process, the insulating layer 102 made of silicon dioxide
and having a thickness of, e.g., about 100 nm can be
formed on the substrate 101 (Fig. 4A).

[0070] The insulating layer 102 ensures insulation to
prevent a voltage from leaking to the substrate 101 and
influencing desired electrical characteristics when a volt-
age is applied between the lower electrode layer 103 and
upper electrode 105 to be formed later. For example, a
silicon oxide film formed by oxidizing the surface of the
silicon substrate by thermal oxidation may be used as
the insulating layer 102. The insulating layer 102 may be
made of any other insulating material except silicon oxide
if the insulating properties can be ensured. The thickness
of the insulating layer 102 need not always be 100 nm
and may be smaller or larger. In the above-described
formation of the insulating layer 102 by ECR sputtering,
the substrate 101 is not heated. However, the film may
be formed while heating the substrate 101.

[0071] After the insulating layer 102 is formed in the
above-described manner, a ruthenium film is formed on
the insulating layer 102 by similar ECR sputtering using
pure ruthenium (Ru) as a target, thereby forming the low-
er electrode layer 103, as shown in Fig. 4B. Formation
of the Ru film will be described in detail. In an ECR sput-
tering apparatus using a Ru target, for example, the sil-
icon substrate with the insulating layer formed on it is
heated to 400°C. Ar gas as a rare gas is supplied into
the plasma production chamber at a flow rate of, e.g., 7
sccm. In addition, Xe gas is supplied at a flow rate of,
e.g., 5 sccm to set the internal pressure of the plasma
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production chamber on the order of, e.g., 10-2to 10-3 Pa.
[0072] The magnetic field of the electron cyclotron res-
onance condition is given to the plasma production cham-
ber. Then, a microwave of 2.45 GHz (about 500 W) is
supplied into the plasma production chamber to produce
ECR plasmaof Arand Xeinit. The produced ECR plasma
is output from the plasma production chamberto the proc-
ess chamber side by the divergent magnetic field of the
magnetic coil. In addition, a high-frequency power of
13.56 MHz (e.g., 500 W) is supplied to the ruthenium
target placed at the outlet of the plasma production cham-
ber. The sputtering phenomenon occurs to sputter Ru
particles from the ruthenium target. The Ru particles
sputtered from the ruthenium target reach the surface of
the insulating layer 102 on the substrate 101 and are
deposited.

[0073] Withthe above process, the lower electrode lay-
er 103 having a thickness of, e.g., about 10 nm can be
formed on the insulating layer 102 (Fig. 4B). The lower
electrode layer 103 enables voltage application to the
ferroelectric layer 104 when a voltage is applied between
the lower electrode layer 103 and the upper electrode
105 to be formed later. The lower electrode layer 103
may be made of any other material except ruthenium if
the conductivity can be ensured. The lower electrode lay-
er 103 may be made of, e.g., platinum. A platinum film
formed on silicon dioxide readily peels off, as is known.
To prevent this, a layered structure is formed by inserting
a titanium layer, titanium nitride layer, or ruthenium layer
under the platinum layer. The thickness of the lower elec-
trode layer 103 need not always be 10 nm and may be
smaller or larger.

[0074] As described above, in forming the Ru film by
ECR sputtering, the substrate 101 is heated to 400°C.
However, the substrate need not always be heated. How-
ever, if the substrate is not heated, the adhesion of ru-
thenium to silicon dioxide becomes low, and the film may
peel off. To prevent peeling, the film is formed preferably
while heating the substrate.

[0075] After the lower electrode layer 103 is formed in
the above-described manner, the ferroelectric layer 104
is formed according to an embodiment of the invention
on the lower electrode layer 103 to a thickness to just
cover its surface, as shown in Fig. 4C, by ECR sputtering
using argon (Ar) as a plasma gas and oxygen gas and a
target formed from an oxide sintered body (Bi-Ti-O) in
which the ratio of Bito Tiis 4 : 3.

[0076] Formation of the ferroelectric layer 104 will be
described in detail. The substrate 101 is heated to 300°C
to 700°C. Ar gas as arare gas is supplied into the plasma
production chamber at a flow rate of, e.g., 20 sccm to set
the pressure on the order of, e.g., 10-3to 10-2 Pa. In this
state, the magnetic field of the electron cyclotron reso-
nance condition is given to the plasma production cham-
ber. Then, a microwave of 2.45 GHz (about 500 W) is
supplied into the plasma production chamber to produce
ECR plasma in it.

[0077] The produced ECR plasma is output from the

10

15

20

25

30

35

40

45

50

55

12

plasma production chamber to the process chamber side
by the divergent magnetic field of the magnetic coil. In
addition, a high-frequency power of 13.56 MHz (e.g., 500
W) is supplied to the sintered body target placed at the
outlet of the plasma production chamber. When Ar par-
ticles collide against the sintered body target, the sput-
tering phenomenon occurs to sputter Bi particles and Ti
particles.

[0078] The Bi particles and Ti particles sputtered from
the sintered body target reach the surface of the heated
lower electrode layer 103 together with the ECR plasma
output from the plasma production chamber and the ox-
ygen gas activated by the output ECR plasma and are
oxidized by the activated oxygen. The oxygen (O,) gas
serving as a reactive gas is supplied at a flow rate of,
e.g., 1 sccm separately from the Ar gas, as will be de-
scribed later. Although the sintered body target contains
oxygen, any shortage of oxygen in the deposited film can
be prevented by supplying oxygen. With the above-de-
scribed film formation by ECR sputtering, the ferroelectric
layer 104 having a thickness of, e.g., about 40 nm can
be formed (Fig. 4C).

[0079] The film quality may be improved by irradiating
the formed ferroelectric layer 104 with ECR plasma of an
inert gas and a reactive gas. As the reactive gas, not
oxygen gas but nitrogen gas, fluorine gas, or hydrogen
gas can be used. The film quality improvement can also
be applied to formation of the insulating layer 102. The
ferroelectric layer 104 may be formed at a low substrate
temperature of 300°C or less and then annealed
(heat-treated) in an appropriate gas atmosphere such as
oxygen atmosphere to greatly improve the properties of
the film.

[0080] After the ferroelectric layer 104 is formed in the
above-described way, the upper electrode 105 made of
Au and having a predetermined area is formed on the
ferroelectric layer 104, as shown in Fig. 4D, thereby ob-
taining the element using a layer formed from a metal
oxide thin film according to this embodiment. The upper
electrode 105 can be formed by a well-known lift-off meth-
od and gold deposition by resistance heating vacuum
deposition. The upper electrode 105 may be made of
another metal material or conductive material such as
Ru, Pt, or TiN. When Pt is used, the adhesion is poor,
and the film may peel off. Hence, the upper electrode
105 must be formed as an electrode with a predetermined
area by using a structure such as Ti-Pt-Au that hardly
peels off and executing a patterning process such as
photolithography or lift-off on that structure.

[0081] The above-described layer formation by ECR
sputtering is done by using an ECR sputtering apparatus
shown in Fig. 5. The ECR sputtering apparatus shown
in Fig. 5 will be described. The ECR sputtering apparatus
comprises a process chamber 501 and a plasma produc-
tion chamber 502 communicating with the process cham-
ber 501. The process chamber 501 communicates with
a vacuum pumping apparatus (not shown). The vacuum
pumping apparatus evacuates the process chamber 501
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and plasma production chamber 502. A substrate holder
504 to fix the substrate 101 as the film formation target
is provided in the process chamber 501. The substrate
holder 504 can be tilted at a desired angle and rotated
by a tilting/rotating mechanism (not shown). When the
substrate holder 504 is tilted and rotated, the film in-plane
uniformity and step coverage of a deposited material can
be improved.

[0082] Aring-shaped target 505 surrounds the opening
region of the process chamber 501 to which plasma is
supplied from the plasma production chamber 502. The
target 505 is placed in a container 505a made of an in-
sulator. The inner surface of the target 505 is exposed
to the interior of the process chamber 501. A high-fre-
quency power supply 522 is connected to the target 505
through a matching unit 521 so that a high frequency of,
e.g., 13.56 MHz can be applied. If the target 505 is made
of a conductive material, a negative DC voltage may be
applied. The target 505 may have not the circular shape
but a polygonal shape when viewed from the upper side.
[0083] The plasma production chamber 502 commu-
nicates with a vacuum waveguide 506. The vacuum
waveguide 506 is connected to a waveguide 508 through
a quartz window 507. A magnetic coil (magnetic field for-
mation means) 510 is provided around the plasma pro-
duction chamber 502 and at the upper portion of the plas-
ma production chamber 502. The microwave generation
unit, waveguide 508, quartz window 507, and vacuum
waveguide 506 form a microwave supply means. Amode
converter may be provided midway in the waveguide 508.
[0084] Anoperation example of the ECR sputtering ap-
paratus shown in Fig. 5 will be described. The process
chamber 501 and plasma production chamber 502 are
evacuated to 10-5 to 10-4 Pa. Argon gas as an inert gas
is supplied from an inert gas supply unit 511, and a re-
active gas such as oxygen gas is supplied from a reactive
gas supply unit 512 to set the internal pressure of the
plasma production chamber 502 to about 10-3to 10-2 Pa.
In this state, a magnetic field of 0.0875 T is generated in
the plasma production chamber 502 by the magnetic coil
510. Then, a microwave of 2.45 GHz is supplied into the
plasma production chamber 502 through the waveguide
508 and quartz window 507 to produce electron cyclotron
resonance (ECR) plasma.

[0085] The ECR plasma forms a plasma flow in the
direction of the substrate holder 504 by the divergent
magnetic field from the magnetic coil 510. Of the pro-
duced plasma, electrons are passed through the target
505 and attracted to the side of the substrate 101 by the
divergent magnetic field formed by the magnetic coil 510
so that the surface of the substrate 101 is irradiated with
the electrons. Simultaneously, positive ions in the ECR
plasma are attracted to the side of the substrate 101 to
neutralize negative charges by the electrons, i.e., weak-
en the electric field so that the formed layer is irradiated
with the positive ions. During irradiation of the particles,
some of the positive ions are bonded to the electrons to
form neutral particles.
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[0086] In the thin film formation apparatus shown in
Fig. 5, the microwave supplied from the microwave gen-
eration unit (not shown) is temporarily branched by the
waveguide 508 and connected to the vacuum waveguide
506 at the upper portion of the from the side of the plasma
production chamber 502 through the quartz window 507.
With this structure, an adhesion of scattering particles
from the target 505 to the quartz window 507 can be
prevented, and the running time can largely be pro-
longed.

[0087] The properties of the Bi,Ti;O4, film as the fer-
roelectric layer 104 formed by the ECR sputtering will be
described next in more detail. The present inventors
carefully and repeatedly observed Bi,Ti3O4, film forma-
tion using ECR sputtering and found that the composition
of the Bi4TizO4, film to be formed can be controlled by
the temperature and the flow rate of supplied oxygen. In
this sputtering film formation, an oxide sintered body tar-
get (BiyTi;Ox) whose composition ratio of bismuth and
titaniumis4 : 3isused. Fig. 6is agraph showinga change
in deposition rate with respect to the flow rate of supplied
oxygen when a Bi,TizO45 film is formed by using ECR
sputtering. Fig. 6 shows a result when single-crystal sil-
icon is used as the substrate, and the substrate temper-
ature is set to 420°C.

[0088] As is apparent from Fig. 6, there are a range
corresponding to a low oxygen flow rate of 0 to 0.5 sccm,
a range corresponding to an oxygen flow rate of 0.5 to
0.8 sccm, and a range corresponding to an oxygen flow
rate of 0.8 sccm or more. For this characteristic, induc-
tively coupled plasma (ICP) atomic emission spectro-
chemical analysis and section observation by a trans-
mission electron microscope were executed to specifi-
cally examine formed films. As a result of examination,
when the oxygen flow rate was as low as 0 to 0.5 sccm,
a crystal film few Bi but mainly Ti-O was formed, although
the Bi-Ti-O sintered target was used as the target 205.
This oxygen range will be defined as an oxygen range A.
[0089] When the oxygen flow rate was as low as 0.8
to 3 sccm, a film of microcrystal or column crystal with
the stoichiometric composition of Bi,Ti;O4, was formed.
This oxygen range will be defined as an oxygen range
C. When the oxygen flow rate was 3 sccm or more, a film
with a large proportion of Bi was formed, and the com-
position deviated from the stoichiometric composition of
BisTi3O45. This oxygen range will be defined as an oxy-
gen range D. When the oxygen flow rate was 0.5 to 0.8
sccm, a film with an intermediate characteristic between
the oxygen range A and the oxygen range C was formed.
This oxygen range will be defined as an oxygen range B.
[0090] It has not been known so far that the composi-
tion changes between the four ranges of the flow rate of
supplied oxygen. This is a characteristic feature in form-
ing a Bi, T304, film by using a Bi-Ti-O sintered target by
ECR sputtering. When film formation is controlled in con-
sideration of these ranges, a film having a desired com-
position and quality can be obtained. It was also con-
firmed from another strict measurement result that the
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film formation condition to make an obtained film certainly
exhibit ferroelectricity was the oxygen range C where the
stoichiometric composition was realized.

[0091] The states of Biy TizO45 thin films formed under
various oxygen flow rate conditions, i.e., o in the oxygen
range A, B in the oxygen range B, and vy in the oxygen
range C shown in Fig. 6 will be described next with ref-
erence to Figs. 7A to 7d. Figs. 7A to 7d show results
obtained by observing the sections of the formed thin
films with a transmission electron microscope. Figs. 7A
to 7D are microphotographs, and Figs. 7ato 7d are sche-
matic views showing the respective states. Under the
condition a corresponding to an oxygen flow rate of 0,
the entire film is formed from a column crystal, as shown
in Figs. 7A and 7a. When the composition of the elements
of the thin film formed under the condition a is analyzed
by EDS (Energy Dispersive X-ray Spectroscopy), this film
is made of titanium oxide and contains no bismuth.
[0092] Under the condition B corresponding to an ox-
ygen flow rate of 0.5 sccm, the formed thin film includes
two layers, i.e., a metal oxide monolayer 144 containing
titanium in an excessive amount relative to the stoichio-
metric composition of Bi,Ti;O4, and the base layer 141
containing titanium in an excessive amount relative to
the stoichiometric composition of Bi; Ti3O4,, as shown in
Figs. 7B and 7b. The plurality of microcrystalline grains
142 of Bi4 Ti3O4, crystal with a grain size of about 3 to 15
nm are dispersed in the base layer 141. The base layer
141 is amorphous.

[0093] Under the condition y corresponding to an oxy-
gen flow rate of 1 sccm, the microcrystalline grains 142
are dispersed in the base layer 141, as shown in Figs.
7C and 7c. Both the base layer 141 and the metal oxide
monolayer 144 rarely contain bismuth. The microphoto-
graph shown in Fig. 7C indicates the same state as in
Fig. 1B. The above-described states are obtained when
the temperature in film formation is 420°C. Figs. 7D and
7d show an observation result of a film formed when the
oxygen flow rate is 1 sccm but the temperature condition
in film formation is different, as will be described later.
[0094] The properties of the Bi,TizO4, film formed by
ECR sputtering also depend on the film formation tem-
perature. Fig. 8 shows changes in deposition rate and
refractive index with respect to the substrate tempera-
ture. Fig. 8 shows changes in deposition rate and refrac-
tive index for the oxygen flow rates corresponding to the
oxygen range A, oxygen range C and oxygen range D
shown in Fig. 6. As shown in Fig. 8, both the deposition
rate and refractive index change with respect to the tem-
perature.

[0095] The refractive index behaves similarly in all the
oxygen range A, oxygen range C, and oxygen range D.
More specifically, in a low temperature range up to about
250°C, the refractive index is as small as about 2, and
the characteristic of an amorphous state is indicated. In
an intermediate temperature range from 300°C to 600°C,
the refractive index is about 2.6, i.e., close to a bulk re-
ported in papers. It is apparent that crystallization of
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Bi,Ti;O4, progresses. For further information about
these numerical values, see, e.g., Yamaguchietal.,"Jpn.
J. Appl. Phys.", No. 37, p. 5166 (1988).

[0096] Inatemperature range more than about 600°C,
however, the refractive index is high, and the surface
morphology (surface roughness) is large. It seems that
the crystallinity changes. The temperature is lower than
the Curie temperature (675°C) of BisTizO4,. However, if
ECR plasma irradiation on the substrate surface during
film formation supplies an energy to increase the sub-
strate temperature and cause deterioration of crystallinity
such as oxygen defects, the above-described result has
no contradiction. As for the dependence of deposition
rate on the temperature, the oxygen ranges exhibit a be-
havior with same tendency. More specifically, up to about
200°C, the deposition rate increases together with the
temperature. However, in the range from about 200°C to
300°C, the deposition rate abruptly decreases.

[0097] When the temperature reaches about 300°C,
the deposition rate is constant up to 600°C. The deposi-
tion rate was about 1.5 nm/min in the oxygen range A,
about 3 nm/min in the oxygen range C, and about 2.5
nm/min in the oxygen range D. From the above-de-
scribed result, the temperature suitable for forming a
Bi, T304, crystal film falls in the range where the refrac-
tive index is close to the bulk, and the deposition rate is
constant, i.e., 300°C to 600°C.

[0098] The state of the ferroelectric layer 104 changes
depending on the above-described temperature condi-
tion in film formation. When the film formation tempera-
ture is set as high as 450°C under the oxygen flow rate
condition to obtain the state shown in Fig. 7C, the micro-
crystalline grains 142 with a size of about 3 to 15 nm are
observed in a plurality of column crystal portions 143 of
Bi, TizO4, column crystal with a size (grain size) of about
20 to 40 nm, as shown in Figs. 7D and 7d. In this state,
the column crystal portion 143 corresponds to the base
layer 141 shown in Figs. 7C and 7c. In all the films shown
in Fig. 7, a peak of a (117) axis of Bi; Ti;O, is measured
by XRD (X-Ray Diffraction). In the above-described ob-
servation by a transmission electron microscope, it was
confirmed by electron diffraction of the microcrystalline
grains 142 that they have the (117) plane of BisTizO45.

[0099] Generally, a material which exhibits ferroelec-
tricity cannot maintain the crystallinity at the Curie tem-
perature or more so no ferroelectricity appears. For ex-
ample, the Curie temperature of a ferroelectric material
such as Bi, Ti;O4, containing Bi, Ti, and oxygen is about
675°C. For this reason, at a temperature of about 600°C
or more, the energy given from ECR plasma is also add-
ed, and oxygen defects are readily generated. Hence,
the crystallinity deteriorates, and the ferroelectricity hard-
ly appears.

[0100] It was found by X-ray diffusion analysis that the
BisTi3O 4, film formed at the oxygen flow rate C in the
above-described temperature range (450°C) is a
(117)-oriented film. The Bi,TizO45 film formed under
these conditions has a thickness of about 100 nm, a suf-
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ficient breakdown voltage exceeding 2 MV/cm is ob-
tained. As described above, when a BisTi3O4, film is
formed in the range shown in Fig. 6 or 8 by ECR sput-
tering, the composition and properties of the film can be
controlled.

[0101] In the ferroelectric layer 104, the state shown
in Fig. 9 is also observed. The ferroelectric layer 104
shown in Fig. 9 has alayered structure including the metal
oxide monolayer 144 containing titanium in an excessive
amount relative to the stoichiometric composition of
BisTi;O4, and the base layer 141 in which the plurality
of microcrystalline grains 142 are dispersed. The state
shown in Fig. 9 is also confirmed by observation with a
transmission electron microscope, like the states shown
in Figs. 1B and 7. The above-described states of the fer-
roelectric layer 104 change depending on the state of the
underlayer on which the ferroelectric layer 104 is to be
formed, the film formation temperature, and the oxygen
flow rate in film formation. For example, when a film is
formed on an underlayer made of a metal material at an
oxygen flow rate corresponding to § shown in Fig. 8, the
state shown in Fig. 7B or 9 is obtained.

[0102] As described above, in the film formation con-
dition range where microcrystalline grains are observed,
the base layer has an amorphous state or contains a
column crystal. In either case, the state of microcrystal-
line grainsis the same, and the observed microcrystalline
grains have a size of about 3 to 15 nm. The ferroelectric
layer 104 in which microcrystalline grains are observed
has two stable states, i.e., low resistance state and high
resistance state. In a thin film with the state shown in
Figs. 7A and 7a, the two states are considerably poor.
[0103] According tothe metal oxide thin film having the
states shown in Figs. 1B, 7B to 7d, and 9, a ferroelectric
element having a function of holding the state can be
implemented, as described with reference to Fig. 2.
When a film is formed by the above-described ECR sput-
tering, this characteristic is obtained by a film formed in
the oxygenrange B or Cin Fig. 6. As for the film formation
temperature condition shown in Fig. 8, a thin film having
the above above-described characteristic can be formed
in a temperature range where the deposition rate de-
creases and stabilizes, and the refractive index increases
and stabilizes at about 2.6.

[0104] Anoxide containing a binary metal, i.e., bismuth
and titanium has been exemplified above. The charac-
teristic to hold two states can be obtained by any other
metal oxide thin film containing at least two metals and
oxygen. The characteristic described with reference to
Fig. 2 can appear when a plurality of microcrystalline
grains with a stoichiometric composition are dispersed
in a layer which contains at least two metals and oxygen
and in which the content of one metal is smaller in com-
parison with the stoichiometric composition.

[0105] Forexample, even a metal oxide thin film made
of BaTiOj3, Pb(Zr,Ti)O5, (Pb,La) (Zr,Ti)O3, LiNbOg,
LiTaO3, PbNbsOg,  PbNaNbsO45, CdyNb,Oo,
Pb,Nb,O7, (Bi,La),TizO45, or SrBiTa,0g can obtain the
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same function and effect as in the above-described em-
bodiment if a plurality of microcrystalline grains with a
stoichiometric composition are dispersed in a layer in
which the content of one metal is smaller in comparison
with the stoichiometric composition. In addition, for an
oxide containing a binary metal such as bismuth and ti-
tanium, when (La,Bi)TiO or (Sr,Bi)TiO is formed by dop-
ing lanthanum (La) or strontium (strontium) in the metal
oxide thin film, the state of each resistance value can
variably be controlled.

[0106] In the above-described example, each of the
insulating layer on the silicon substrate, the lower elec-
trode layer on the insulating layer, and the ferroelectric
layer on the lower electrode layer is formed by ECR sput-
tering. However, the method of forming each layer is not
limited to ECR sputtering. For example, the insulating
layer to be formed on the silicon substrate may be formed
by thermal oxidation or CVD (Chemical Vapor Deposi-
tion) or a conventional sputtering method.

[0107] The lower electrode layer may be formed by
any other film formation method such as EB deposition,
CVD, MBE, IBD, or hot deposition. The ferroelectric layer
can also be formed by the above-described MOD, con-
ventional sputtering method, or PLD. However, when
ECR sputtering is used, flat and excellent insulating film,
metal film, and ferroelectric film can easily be obtained.
[0108] The layers may be formed by a continuous proc-
ess without unloading the structure into the atmospheric
by using an apparatus which connects, through vacuum
transfer chambers, the process chambers torealize ECR
sputtering to form the respective layers. With this ar-
rangement, the substrate to be processed can be trans-
ported in vacuum and is therefore prevented from being
influenced by disturbance such as water adhesion.
Hence, the film quality and interface properties can be
improved.

[0109] Arraying elements and storing a plurality of data
simultaneously in a memory is called "integration". The
degree of integrating elements is called a degree of in-
tegration. The structure shown in Fig. 1A is very simple
and can greatly increase the degree of integration as
compared to a conventional memory cell. For DRAMs,
SRAMSs, or flash memories based on MOSFETs which
must ensure gate, source, and drain regions, limitation
on integration has been pointed out recently. However,
the element shown in Fig. 1A uses the simple structure
and can therefore increase the degree of integration with-
out being affected by the current limitation on integration.
[0110] Abasicideaissandwiching the ferroelectric lay-
er 104, especially according to an embodiment of the
present invention, by two electrodes, as shown in Fig.
1A. With this structure, when a predetermined voltage
(DC or pulse) is applied between the two electrodes to
change the resistance value of the ferroelectric layer and
switch the stable high resistance state and low resistance
state, a memory function can be implemented conse-
quently.

[0111] For example, as shown in Fig. 10A, an insulat-
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ing substrate 101a may be used, and stacked lower elec-
trode layers 103a and 103b may be used. As shown in
Fig. 10B, the insulating substrate 101a may be used, and
a contact electrode 103c may be provided on the lower
electrode layer 103. As shown in Fig. 10C, the insulating
substrate 101a may be used, and stacked upper elec-
trodes 105a and 105b may be used. As shown in Fig.
10D, the stacked lower electrode layers 103a and 103b
and the stacked upper electrodes 105a and 105b may
be used.

[0112] As shown in Fig. 11A, an insulating substrate
1101 made of glass or quartz may be used. With this
structure, the present invention can be applied to, e.g. a
glass substrate easy to process. In this case, as shown
in Fig. 11B, a through hole may be formed in the substrate
1101 to form a plug, and an electrical contact may be
formed on the lower surface of the substrate 1101 (the
side opposite to the surface where the lower electrode
layer 103 is formed). Since the ferroelectric layer 104
which has a refractive index of about 2.6 measured at a
wavelength of 632.8 nm is optically transparent, the
structures shown in Figs. 11A and 11B can be applied
to a display. When the ferroelectric layer 104 is formed
so thick in the range of 10 to 200 nm that an interference
coloris generated, the visual effect of a colored state can
be obtained.

[0113] As shown in Fig. 11C, a conductive substrate
1111 made of, e.g., a metal may be used. As shown in
Fig. 11D, alower electrode 1102 contacting the substrate
1111 may be formed, and a ferroelectric layer 1103 and
upper electrode 1104 may be provided on it. In the struc-
ture shown in Fig. 11D, a predetermined electrical signal
canbe applied between the substrate 1111 and the upper
electrode 1104.

[0114] AsshowninFig. 11E, aferroelectric layer 1112
and upper electrode 1113 may be provided on a metal
plate 1121. In this structure, the metal plate 1121 serves
as a lower electrode layer. With the structure shown in
Fig. 11E in which the constituent elements are formed
on the metal plate 1121 with high thermal conductivity,
a higher cooling effect can be obtained, and a stable el-
ement operation can be expected.

[0115] Astheferroelectric layer 104, 1103, or 1112 be-
comes thick, the current flows more hardly, and the re-
sistance increases. When a memory is implemented by
using a change in resistance value, the resistance value
of in each of the low resistance state and high resistance
state is important. For example, when the ferroelectric
layer 104, 1103, or 1112 becomes thick, the resistance
value in the low resistance state increases. Since it is
difficultto ensure a high S/N ratio, the state of the memory
is hard to determine. On the other hand, when the ferro-
electric layer 104, 1103, or 1112 becomes thin, and the
leakage current is dominant, memory information can
hardly be held, and the resistance value in the high re-
sistance state decreases. ltis therefore difficult to ensure
a high S/N ratio.

[0116] Hence, the ferroelectric layer 104, 1103, or
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1112 preferably has an optimum thickness. For example,
when the problem of leakage current is taken into con-
sideration, the ferroelectric layer 104, 1103, or 1112 need
only have a thickness of at least 10 nm. When the resist-
ance value in the low resistance state is taken into con-
sideration, the ferroelectric layer 104, 1103, or 1112 is
preferably thinner than 300 nm. In experiments conduct-
ed by the present inventors, a memory operation was
confirmed when the thickness of the ferroelectric layer
104, 1103, or 1112 was 30 to 200 nm.

[0117] In the above description, one ferroelectric ele-
ment has been exemplified. However, a plurality of fer-
roelectric elements may be arrayed and integrated, as
will be described later. For example, as shown in Fig.
12A, a common lower electrode layer 602 and ferroelec-
tric layer 603 are formed on an insulating substrate 601.
A plurality of upper electrodes 604 spaced apart from
each other by a predetermined distance are formed on
the ferroelectric layer 603. That is, a plurality of ferroe-
lectric elements are arrayed in correspondence with the
plurality of upper electrodes 604. When the distance be-
tween the elements corresponding to the upper elec-
trodes 604 is setin consideration of, e.g., the conductivity,
a stable operation can be expected.

[0118] As shown in Fig. 12B, the common lower elec-
trode layer 602 may be formed on the insulating substrate
601, and a plurality of elements each including a ferroe-
lectric layer 613 and upper electrode 614 may be arrayed
on the lower electrode layer 602. For example, when a
metal oxide thin film is formed and processed by using
a method such as RIE, ICP etching, or ECR etching, the
individual ferroelectric layers 613 can be formed. When
the elements are separated in this way, the distance be-
tween them can further be shortened, and the degree of
integration can be made higher.

[0119] As shown in Fig. 12C, the side surface of the
ferroelectric layer 613 of each element may be covered
with an insulating sidewall 615. As shown in Fig. 12D,
the plurality of ferroelectric layers 613 may be formed in
correspondence with the elements, and an insulating lay-
er 625 may be formed to fill spaces on the sides of the
plurality of ferroelectric layers 613 that are spaced apart
from each other. When the portions between the plurality
of ferroelectric layers 613 formed separately in corre-
spondence with the elements are covered with an insu-
lator, the leakage current between the elements can be
reduced, and their stability can be increased.

[0120] As shown in Fig. 13, a plurality of elements are
arrayed. More specifically, n elements are arrayed in the
Xdirection, and m elements are arrayed inthe Y direction.
X-direction buses are connected to the lower electrode
layers, and Y-direction buses are connected to the upper
electrodes. A processor unit having a selection signal
switching function is connected to each of the X- and Y-
direction buses. With this structure, a memory capable
of accessing each element at random can be implement-
ed.

[0121] For example, as shown in the perspective view
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of Fig. 14, elements each including a lower electrode
801, ferroelectric layer 802, and upper electrode 803 are
arrayed. A Y-direction bus 812 is commonly connected
to the lower electrodes 801 of each column, and an X-
direction bus 811 is commonly connected to the lower
electrodes 803 of each row. When a predetermined volt-
age is applied to the X-direction bus 811 and Y-direction
bus 812 which cross in a selected element, as described
above, data can be written or read out. In this structure,
the memory cell can be formed by only the ferroelectric
elementwith the above-described structure without using
any memory cell select transistor. Hence, the degree of
integration can be increased.

[0122] The change in resistance value of the ferroe-
lectric layer 104 can also be controlled by a current. The
value of a current which flows when a predetermined
voltage is applied to the ferroelectric layer 104 to flow a
predetermined current, and then, a voltage of +0.5 V is
applied is observed. As shown in Fig. 15, a current value
observed after a current of 1 X 10-3 A is supplied to the
ferroelectric layer 104 is almost 0 A. A current value ob-
served after a current up to 1 X 10-4 A is supplied to the
ferroelectric layer 104 is about 0.02 A or less.

[0123] To the contrary, a current value observed after
a current of 1 X 104 A or more is supplied to the ferro-
electric layer 104 abruptly changes to 0.7 A. As is appar-
ent from this, the resistance of the ferroelectric layer 104
also changes depending on the current flowing to it. That
is, two resistance values representing a high resistance
state and low resistance state are present. Hence, the
ferroelectric element shown in Fig. 1, 10, 11, or 12 can
be driven by both a voltage and a current.

[0124] The resistance change in the ferroelectric layer
104 can also be controlled by a pulse voltage. For exam-
ple, the value of a current which flows when a DC voltage
of +0.3 V is applied to the above-described element in
the early stage is measured, as shown in Fig. 16. A volt-
age or current is applied between the lower electrode
layer 103 and the upper electrode 105. Next, the value
of a current which flows when a pulse voltage of -4 V
having a width of 10 ps is applied between the upper
electrode 105 and the lower electrode layer 103 once,
and then a DC voltage of +0.3 V is applied is measured.
The value of a current which flows when a pulse voltage
of +5 V having a width of 10 ps is applied between the
upper electrode 105 and the lower electrode layer 103
four times, and then a DC voltage of +0.3 V is applied is
measured.

[0125] The value of a current which flows when a pulse
voltage of -4 V having a width of 10 ws is applied between
the upper electrode 105 and the lower electrode layer
103 once, and then a DC voltage of +0.3 V is applied is
measured. Then, the value of a current which flows when
a pulse voltage of +5 V having a width of 10 ws is applied
between the upper electrode 105 and the lower electrode
layer 103 four times, and a DC voltage of +0.3 V is applied
is measured. These measurements are repeated a pre-
determined number of times. After that, the value of a
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current which flows when a pulse voltage of -4 V having
a width of 1 ps is applied between the upper electrode
105 and the lower electrode layer 103 10 times, and then
aDC voltage of +0.3 V is applied is measured. The value
of a current which flows when a pulse voltage of +5 V
having a width of 1 ws is applied between the upper elec-
trode 105 and the lower electrode layer 103 100 times,
and then a DC voltage of +0.3 V is applied is measured.
Finally, the value of a current which flows when a pulse
voltage of -3 V having a width of 100 ws is applied be-
tween the upper electrode 105 and the lower electrode
layer 103 100 times, and then a DC voltage of +0.3 V is
applied is measured.

[0126] Thecurrentvalue measured after the above-de-
scribed pulse voltage application changes as shown in
Fig. 17. As shown in Fig. 17, in the initial state, a high
resistance state representing a current value of 10-5 A
or less is obtained. When a pulse voltage of -4 V having
a width of 10 ps is applied once, the state changes to a
low resistance state representing a current value of 10-5
A or more. In addition, when a pulse voltage of +5 V
having a width of 10 us is applied four times in this state,
the high resistance state representing a current value of
10-5 A or less is obtained. This indicates that the resist-
ance value of the ferroelectric layer 104 changes when
a positive voltage pulse or negative voltage pulse is ap-
plied. Hence, for example, when a positive voltage pulse
or negative voltage pulse is applied, a memory operation
can be executed so that the memory state of the element
changes from an "on" state to an "off" state or from an
"off" state to an "on" state.

[0127] The voltage and time of the voltage pulse ca-
pable of changing the resistance state of the ferroelectric
layer 104 can be changed in accordance with the situa-
tion. For example, when a voltage pulse of +5 V having
a width of 10 us is applied four times to set the high
resistance state, and a short pulse of -4 VV having a width
of 1 us is applied 10 times, the state can be changed to
the low resistance state. When a short pulse of +5 V
having a width of 1 us is applied 100 times in this state,
the state can be changed to the high resistance state.
When a low voltage pulse of -3 V having a width of 100
ws is applied 100 times in this state, the state can be
changed to the low resistance state.

[0128] According to the ferroelectric element shown in
Fig. 1, a multilevel memory operation is also possible.
For example, in the current-voltage characteristic when
a DC voltage is applied between the upper electrode 105
and the lower electrode layer 103, when the positive-side
applied voltage is changed, the low resistance state
changes to a different low resistance state, as shown in
Fig. 18. In Fig. 18, the current value at the read voltage
shown in Fig. 18 changes between the low resistance
state after a voltage up to 0.5 V is applied, the low resist-
ance state after a voltage up to 1.0 V is applied, and the
low resistance state after a voltage up to 1.5 V is applied.
A memory which can have three states (three values)
"0","1", and "2"in correspondence with the current values
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at the read voltage in the respective states can be imple-
mented.

[0129] Accordingto the elementshowninFig. 1,a mul-
tilevel memory can be implemented by the difference in
pulse voltage value. As shown in Fig. 19, every time a
predetermined pulse voltage with a predetermined pulse
width is applied a predetermined number of times, the
current value is read out at a read voltage of -0.2 V at a
point indicated by a triangle. Then, as shown in Fig. 20,
three states (three values) "0", "1", and "2" are obtained.
In this example, the memory is reset by the state "2".
[0130] Other metal materials usable for each electrode
of the element shown in Fig. 1 will be described next. A
case wherein the lower electrode layer 103 which the
ferroelectric layer 104 contacts in the ferroelectric ele-
mentshown in Fig. 1is made of platinum will be described
first. In this case, the lower electrode layer 103 is a mul-
tilayered film formed by stacking ruthenium and platinum
in this order from the side of the insulating layer 102. The
lower electrode layer 103 may be a multilayered film
formed by stacking titanium and platinum in this order
from the side of the insulating layer 102. When a ruthe-
nium or titanium layer is provided on the side of the in-
sulating layer 102, the adhesion to the insulating layer
102 increases.

[0131] The ferroelectric element in which the ferroe-
lectric layer 104 is formed in contact with the lower elec-
trode layer 103 made of platinum has a current-voltage
characteristic shown in Fig. 21. Fig. 21 shows the hys-
teresis characteristics of the values of currents which flow
in the ferroelectric layer 104 when the voltage applied to
the upper electrode 105isincreased from 0 in the positive
direction, returned to 0, decreased in the negative direc-
tion, and finally returned to 0 again. When the voltage
applied to the upper electrode 105 is gradually increased
from 0 V in the positive direction, the positive current
flowing in the ferroelectric layer 104 is relatively small
(high resistance state).

[0132] When the voltage exceeds 1V, the positive cur-
rent value starts abruptly increasing. After the voltage is
increased up to about 1.6 V, the positive voltage is de-
creased to a voltage value of about 0.5 or less. Then, the
current value starts decreasing (low resistance state). At
this time, the positive current readily flows as compared
to the above-described high resistance state. The current
value is about 50 pA at 0.2 V. When the applied voltage
is returned to 0, the current value also becomes 0.
[0133] Next, a negative voltage is applied to the upper
electrode 105. In this state, when the negative voltage is
low, a relatively large negative current flows according
to the previous hysteresis. When the applied negative
voltage is changed up to about -0.3 V, the negative cur-
rent suddenly starts decreasing. When the applied neg-
ative voltage is changed up to about-0.4 V, the negative
current value continuously decreases and returns to 0.
Atfter that, even when the voltage applied to the upper
electrode 105 is changed up to about -0.1 V and then to
0V, the current rarely flows.
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[0134] As described above, even when the lower elec-
trode layer 103 made of platinum is used, the ferroelectric
layer 104 has the two stable states, i.e., low resistance
state and high resistance state. Each state remains un-
less the above-described positive or negative voltage
with a predetermined magnitude or more is applied.
Hence, even when the lower electrode layer 103 of the
ferroelectric element shown in Fig. 1 is made of platinum,
anonvolatile functional element capable of a nondestruc-
tive read operation can be implemented by the ferroelec-
tric element shown in Fig. 1.

[0135] A case wherein the lower electrode layer 103
which the ferroelectric layer 104 contacts in the ferroe-
lectric element shown in Fig. 1 is made of titanium nitride
will be described next. In this case, the lower electrode
layer 103 is formed from a titanium nitride monolayer film.
The ferroelectric element in which the ferroelectric layer
104 is formed in contact with the lower electrode layer
103 made of titanium nitride has a current-voltage char-
acteristic shown in Fig. 22.

[0136] When the lower electrode layer 103 is made of
titanium nitride, and the positive voltage applied to the
upper electrode 105 is swept from 0 V to V,y, the high
resistance state is held, as indicated by filled circles in
Fig. 22. When the positive voltage applied to the upper
electrode 105 is increased to V\y¢ higher than Vyy,, the
state changes to the low resistance state indicated by
open circles in Fig. 22. When the voltage Vy is applied
to the upper electrode 105, the state changes to the high
resistance state.

[0137] As described above, even when the lower elec-
trode layer 103 made of titanium nitride is used, the fer-
roelectric layer 104 has the two stable states, i.e., low
resistance state and high resistance state. Each state
remains unless the above-described positive or negative
voltage with a predetermined magnitude or more is ap-
plied. Hence, even when the lower electrode layer 103
of the ferroelectric element shown in Fig. 1 is made of
titanium nitride, a nonvolatile functional element capable
of a nondestructive read operation can be implemented
by the ferroelectric element shown in Fig. 1.

[0138] A case wherein the lower electrode layer 103
formed on the insulating substrate 1101 made of quartz
in the ferroelectric element shown in Fig. 11 is made of
ruthenium, and the upper electrode 105 is made of tita-
nium nitride will be described. When the upper electrode
105 made of titanium nitride is formed on the ferroelectric
layer 104, a current-voltage characteristic shown in Fig.
23 is obtained, which exhibits the same tendency as in
Fig. 21. Hence, even when the upper electrode 105 is
made of titanium nitride, the ferroelectric layer 104 has
the two stable states, i.e., low resistance state and high
resistance state. Each state remains unless the above-
described positive or negative voltage with a predeter-
mined magnitude or more is applied.

[0139] Hence, even when the upper electrode 105 of
the ferroelectric element shown in Fig. 11A is made of
titanium nitride, a nonvolatile functional element capable
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of a nondestructive read operation can be implemented
by the ferroelectric element shown in Fig. 11A. Even in
the ferroelectric element with the above-described struc-
ture, each state is held for a long time, as is apparent
from Fig. 24.

[0140] Generally, a BiyTi;O4, crystal is a bismuth lay-
er-structured ferroelectric having a pseudo-perovskite
structure. When the film thickness is decreased to 40 nm
or less, no clear ferroelectricity is observed because a
large leakage current flows, as is known. Even in the
ferroelectric layer (metal oxide thin film) of this embodi-
ment, which is made of Bi;Ti;O4, and has the structure
shown in Fig. 1B, when the film thickness is 40 nm or
less, alarge currentflows (measured value), and no clear
ferroelectricity is observed. To the contrary, when the
thickness of the metal oxide thin film exceeds 40 nm, the
flowing current (measured value) becomes small in a
state immediately after film formation, and ferroelectricity
is slightly observed.

[0141] When the leakage current (measured value) is
so small that ferroelectricity is observed, the metal oxide
thin film of the ferroelectric layer 104 shown in Fig. 1
exhibits a current-voltage characteristic shown in Fig.
25A. The state shown in Fig. 25A will be described. When
apositive DC voltage is applied in the initial state wherein
the voltage is 0 V at 0 A, a positive current starts flowing.
The value of the flowing current moderately increases
first. When a voltage of +4 V or more is applied, the cur-
rent value becomes large. A current of +2.5 nA flows at
+5.3 V.

[0142] The applied voltage is sequentially decreased
from this state. Unlike the current-voltage characteristic
from the initial value, the characteristic shows a tendency
not to flow the current. This is because since the voltage
is swept and decreased, the amount of charges stored
between capacitors decreases over time, and this de-
crease appears as a negative displacement current.
Hence, the leakage current measured here equals a val-
ue obtained by adding the above-described displace-
ment current to the leakage current actually flowing in
the film. For example, when the voltage is decreased up
to +4 V, a current of only about +0.1 nA flows, unlike
when the voltage is increased (+1 nA). When the applied
voltage is decreased to 0 V, a current of -0.5 nA flows.
[0143] When a negative voltage is applied further, for
example, a negative current of about -2.3 nA flows at -4
V, and a negative current of about -2.8 nA flows at -5.3
V. When the negative voltage is swept in the positive
direction to make it closer to 0, a displacement current
opposite to the previous case flows. Since the above-de-
scribed positive displacement current is observed as a
leakage currentin addition to the leakage current actually
flowing through the film, a current-voltage characteristic
different from that observed when the voltage is swept
in the negative direction is obtained. For example, a cur-
rent of only about -0.5 nA flows at -4 V. Even when the
applied voltage is set to 0 V, a positive current of + 1 nA
flows.
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[0144] As described above, when the leakage current
is small, the behavior of the displacement current is dom-
inant. For this reason, a change in current-voltage char-
acteristic caused by the difference in voltage sweep di-
rection (increase or decrease in voltage)is conspicuously
observed. However, such a phenomenon occurs be-
cause the time-rate change in charge amount between
capacitors appears as a positive or negative displace-
ment current which changes depending on the sweep
direction. Hence, the phenomenon disappears when the
voltage sweep is slowed down. For example, when the
current-voltage characteristic is measured at different
sweep rates in the same element as described above,
the characteristic changes, as shown in Fig. 25B. As is
apparent from Fig. 25B, when the sweep rate is low, the
current-voltage characteristic largely changes due to the
difference in sweep direction. When quasi-static sweep
is executed by further decreasing the sweep rate, the
same current-voltage characteristic is obtained inde-
pendlety of the sweep direction, and only the character-
istic of the leakage current actually flowing in the film is
observed.

[0145] The phenomenon similar to the hysteresis of
the current-voltage characteristic shown in Fig. 25A is
observed only because the positive or negative displace-
ment current which changes depending on voltage
sweep is superimposed on the leakage current actually
flowing in the film. This phenomenon occurs independ-
ently of the change in resistance of the element (the
change in value of the leakage current actually flowing
in the film) and can be observed in dielectric capacitors
including general ferroelectrics. Such a change in cur-
rent-voltage characteristic cannot be used as a memory
operation in principle, as a matter of course.

[0146] As is generally known, an insulating film or fer-
roelectric film with a high breakdown voltage causes di-
electric breakdown upon application of a high voltage
more than 5 V. For example, a case wherein a high volt-
age is applied to a ferroelectric thin film made of a ferro-
electric with a high breakdown voltage and having a thick-
ness of, e.g., 200 nm or more will be described below.
As shown in Fig. 26, even when the applied voltage is
increased up to +15 V, only a very small current of about
109 A flows. However, when a higher voltage is applied,
the current abruptly flows to cause dielectric breakdown
(breakdown) so that the thin film itself is damaged. From
then, a large current always flows in the thin film that has
caused dielectric breakdown so no state with two or more
resistance values can be obtained.

[0147] Contrary to the above-described characteristic
of ferroelectrics, the "metal oxide thin film (ferroelectric
layer 104) formed by dispersing the plurality of microc-
rystalline grains of Bi, Ti;O4, with a grain size of about 3
to 15 nm in the base layer containing titanium in an ex-
cessive amountrelative to the stoichiometric composition
of BiyTizO45" as shown in Figs. 1B, 7 and 9 exhibits a
current-voltage characteristic shown in Fig. 27 when the
thickness is about 40 nm. In the initial stage after the
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ferroelectric layer 104 is formed by ECR sputtering, and
the element shown in Fig. 4D is formed, as described
with reference to Figs. 4A to 4D and 5, the element ex-
hibits a high breakdown voltage so that only a very small
current of about 10-9 A flows even when a voltage up to
14 V is applied.

[0148] When a voltage more than 15V is applied, the
current abruptly flows, like the characteristic shown in
Fig. 26. When a negative voltage is applied to the ferro-
electric layer 104 after the high voltage is applied to read-
ily flow the current, a current of about -10-2 A flows. How-
ever, if the applied negative voltage is about -2 V, a high
resistance state without flowing a current is abruptly set.
When a positive voltage is applied from this state, a cur-
rent-voltage characteristic in a positive high resistance
state is obtained. The current value abruptly increases
at about +2.5 V to set a positive high resistance state.
This is the same as the characteristic shown in Fig. 21.
[0149] As described above, when a high voltage of
about +15 V is applied to the ferroelectric layer 104 with
a thickness of about 40 nm or more in the film formation
initial state with a high breakdown voltage, a character-
istic current-voltage characteristic as shown in Fig. 2 is
obtained. The initial process for changing the film forma-
tion initial state to a state to exhibit a resistance change
characteristic will be referred to as an EO (Electrical Ori-
entation) process. When the metal oxide thin film accord-
ing to thisembodiment, which is formed thick and ensures
a high breakdown voltage, undergoes the EO process,
the above-described characteristic is obtained, and a fer-
roelectric element can be implemented.

[0150] In the above-described EO process, a voltage
more than 10 V is applied to the element. For this reason,
when elements shown in Fig. 1 are formed in integration
with semiconductor elements and subjected to the EO
process, the semiconductor elements may be broken.
To suppress this, the EO process may be done by using
ECR plasma. In, e.g., an ECR plasma apparatus, a plas-
ma flow can be generated by a divergent magnetic field,
and a substrate to be processed can be irradiated with
the plasma flow with an energy of 20 to 30 eV. In a section
perpendicular to the plasma flow divergent direction, the
plasma flow has an energy distribution from the center
to the periphery because the distribution of the magnetic
field is reflected.

[0151] This energy distribution can be controlled be-
tween several eV and several ten eV by the degree of
divergence of the divergent magnetic field so that a po-
tential difference from several V to several ten V can be
generated between the center and the periphery. Hence,
when one end of the interconnection connected to the
lower electrode layer 103 of the element shown in Fig. 1
is exposed to the peripheral portion of the plasma flow,
and the upper electrode 105 is exposed to the central
portion of the plasma flow, a voltage necessary for the
EO process can be applied between the two electrodes
by the potential difference generated from the distribution
in the plasma flow. For example, when the element is
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irradiated with a plasma mainly containing Ar, the EO
process can be done in a short time of 1 sec to several
ten sec.

[0152] When a plasma is used as described above, a
plurality of elements can be subjected to the EO process,
as shown in Fig. 28. Fig. 28 shows a state wherein a
device on which a plurality of elements are integrated by
the plurality of upper electrodes 604 on the common fer-
roelectric layer 603 shown in Fig. 12A is irradiated with
an ECR plasma flow to execute the EO process. When
the potential difference generated from the distribution
of the ECR plasma flow is controlled to a value exceeding
the potential difference necessary for the EO process of
the plurality of elements, the plurality of elements inte-
grated on the device can undergo the EO process.
[0153] The voltage value to switch (change) the resist-
ance value of the ferroelectric layer 104 can be controlled
by changing the voltage application time, as shown in
Fig. 29. Fig. 29 is an explanatory view showing a change
in resistance value of the element when a voltage of +1
V is applied to the element which moderately changes
to the low resistance state at +1.6 V. Referring to Fig. 29,
the abscissa represents the voltage application time, and
the ordinate represents the resistance value of the ele-
ment. When a normal operation voltage of 1.6 V is ap-
plied, the element can be changed to the low resistance
state in a short time t; 4 (about 150 ms). Even when a
voltage of 1 V slightly lower than the normal operation
voltage is applied, the element can be changed to the
low resistance state by prolonging the application time
to t; , (about 3.7 sec). As described above, when opera-
tion voltage is changed by controlling the voltage appli-
cation time, the element can be driven as a memory.
[0154] A multilevel operation can be implemented in
the following way. A multilevel memory (ternary) opera-
tion will be described below with reference to Fig. 30. Fig.
30 shows a time-rate change in resistance value of the
element when a predetermined voltage (e.g., 1.2 V) is
applied between the upper electrode and the lower elec-
trode layer. For example, when the time of continuously
applying a predetermined voltage between the upper
electrode and the lower electrode layer is changed, two
low resistance states can be obtained. As shown in Fig.
30, when a voltage is applied for t; sec (e.g., 250 ms)
from the high resistance state, the state can be changed
to a low resistance state 1 (data "1"). When the voltage
is applied for a longer time t,, the state can be changed
to a low resistance state 2 (data "2"). The state can be
changed to the high resistance state (data "0") at about
-1.2 V to reset the element. A ternary memory can be
implemented by changing the voltage application time
from the reset state to t; and t,.

[0155] Fig. 31 is a sectional view schematically show-
ing a structure example of a bistable resistance value
acquisition device . Application to a ferroelectric element
which uses a metal oxide layer (ferroelectric layer 3104)
exhibiting ferroelectric properties will be described be-
low. The element shown in Fig. 31 comprises, on a sub-
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strate 3101 made of, e.g., single-crystal silicon, an insu-
lating layer 3102, a lower electrode layer 3103, the fer-
roelectric layer 3104, an insulating layer 3105, and an
upper electrode 3106. The substrate 3101 can be made
of any one of a semiconductor, insulator, and conductive
material such as a metal. When the substrate 3101 is
made of an insulating material, the insulating layer 3102
can be omitted. When the substrate 3101 is made of a
conductive material, the insulating layer 3102 and lower
electrode layer 3103 can be omitted. In this case, the
substrate 3101 made of the conductive material serves
as a lower electrode.

[0156] The lower electrode layer 3103 and upper elec-
trode 3106 need only be made of a transition metal in-
cluding noble metals such as platinum (Pt), ruthenium
(Ru), gold (Au), and silver (Ag). The lower electrode layer
3103 and upper electrode 3106 may be made of a com-
pound such as a nitride, oxide, or fluoride of a transition
metal, such as titanium nitride (TiN), hafnium nitride
(HfN), strontium ruthenate (SrRuQ5,), zinc oxide (ZnO),
indium tin oxide (ITO), or lanthanum fluoride (LaFj), or
a composite film formed by stacking them.

[0157] The insulating layer 3105 need only be made
of silicon dioxide, silicon oxynitride, alumina, an oxide
such as LiNbO4 containing a light metal such as lithium,
beryllium, magnesium, or calcium, or a fluoride such as
LiCaAlFg , LiSrAlFg, LiYF,, LiLuF,, or KMgF5. Alterna-
tively, the insulating layer 3105 need only be made of an
oxide or nitride of a transition metal such as scandium,
titanium, strontium, yttrium, zirconium, hafnium, tanta-
lum, or lanthanum series, a silicate (ternary compound
of a metal, silicon, and oxygen) containing the above-
described elements, an aluminate (ternary compound of
a metal, aluminum, and oxygen) containing these ele-
ments, or an oxide or nitride containing at least two of
the above elements.

[0158] The ferroelectric layer 3104 is made of, e.g., an
oxide ferroelectric, like the above-described ferroelectric
layer 104. The ferroelectric layer 3104 is made of a ma-
terial such as an oxide, nitride, or fluoride which contains
at least two metals and generally exhibits ferroelectric
properties. A state wherein no ferroelectric properties are
exhibited depending on the film thickness condition is
also included, as described above.

[0159] A detailed example of the ferroelectric element
shown in Fig. 31 will be described. For example, the lower
electrode layer 3103 is a ruthenium film having a thick-
ness of 10 nm. The ferroelectric layer 3104 is a Bi, TizO4,
film having a thickness of 40 nm. The insulating layer
3105 is a multilayered film made of tantalum pentoxide
and silicon dioxide and having a thickness of 5 nm. The
upper electrode 3106 is made of gold. The upper elec-
trode 3106 may have a multilayered structure formed by
stacking a titanium layer, titanium nitride layer, and gold
layer in this order sequentially from the side of the insu-
lating layer 3105. When the contact surface to the insu-
lating layer 3105 is formed from a titanium layer, the ad-
hesion can be increased. As described above, the struc-
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tures of the substrate 3101 and insulating layer 3102 are
not limited to those described above, and any other ma-
terial can also be selected appropriately if it has no effect
on the electrical characteristics.

[0160] A detailed method of forming the above-de-
scribed insulating layer 3102, lower electrode layer 3103,
ferroelectric layer 3104, insulating layer 3105, and upper
electrode 3106 will be described later. They can be
formed by sputtering a metal target or sintered target in
ECR plasma made of argon gas, oxygen gas, or nitrogen
gas by using an ECR sputtering apparatus shown in Fig.
5, as in Fig. 1A.

[0161] An example of a method of manufacturing the
ferroelectric element shown in Fig. 31 will be described
next with reference to Figs. 32A to 32E. As shown in Fig.
32A, the p-type silicon substrate 3101 having a plane
orientation of (100) on the principal plane and a resistivity
of 1 to 2 Qcm is prepared. The surface of the substrate
3101 is cleaned by a solution mixture of sulfuric acid and
a hydrogen peroxide solution, pure water, and a hydro-
gen fluoride solution and dried.

[0162] The insulating layer 3102 is formed on the
cleaned and dried substrate 3101. In forming the insu-
lating layer 3102, the ECR sputtering apparatus shown
in Fig. 5 is used. The substrate 3101 is fixed on a sub-
strate holder 504 in a process chamber 501. Pure silicon
(Si) is used as a target 505. The insulating layer 3102 in
a metal mode by Si-O molecules is formed on the sub-
strate 3101 to a thickness to just cover its surface by ECR
sputtering using argon (Ar) as a plasma gas and oxygen
gas.

[0163] In ECR sputtering shown in Fig. 5, a plasma
production chamber 502 is evacuated to a high vacuum
state on the order of 10-5 Pa. For example, Ar gas as a
rare gas is supplied at a flow rate of about 20 sccm from
an inert gas supply unit 511 into the plasma production
chamber 502 to set the internal pressure of the plasma
production chamber 502 on the order of, e.g., 10-2to 10-3
Pa. A coil current of, e.g., 28 A is supplied to a magnetic
coil 510 to give the magnetic field of the electron cyclotron
resonance condition to the plasma production chamber
502. The magnetic flux density in the plasma production
chamber 502 is set to, e.g., about 87.5 mT (tesla).
[0164] A microwave of, e.g., 2.45 GHz (e.g., 500 W) is
supplied from a microwave generation unit (not shown)
into the plasma production chamber 502 through a
waveguide 508, quartz window 507, and vacuum
waveguide 506. With this supply of the microwave, Ar
plasma is produced in the plasma production chamber
502. Note that sccm is the unit of flow rate and indicates
that a fluid at 0°C and 1 atmospheric pressure flows 1
cm3in 1 min.

[0165] The plasma produced by the above-described
method is output from the plasma production chamber
502 to the side of the process chamber 501 by the diver-
gent magnetic field of the magnetic coil 510. In addition,
a high-frequency power (e.g., 13.56 MHz or 500 W) is
supplied from a high-frequency power supply 522 to the
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target 505 placed at the outlet of the plasma production
chamber 502. When Ar particles collide against the target
505, a sputtering phenomenon occurs to sputter Si par-
ticles from the target 505.

[0166] Afterthis stateis obtained, a shutter (not shown)
between the process chamber 501 and the substrate
3101isopened. The Siparticles sputtered from the target
505 reach the surface of the substrate 3101 together with
the plasma output from the plasma production chamber
502 and the oxygen gas which is supplied from a reactive
gas supply unit 512 and activated by the plasma and are
oxidized to silicon dioxide by the activated oxygen.
[0167] With the above process, the insulating layer
3102 made of silicon dioxide and having a thickness of,
e.g., about 100 nm can be formed on the substrate 3101
(Fig. 32A). When the insulating layer is formed to a pre-
determined thickness, the above-described shutter is
closed not to make the sputtered material reach the sub-
strate 3101, thereby stopping film formation. After that,
plasma irradiation is stopped by, e.g., stopping supplying
the microwave power. Supply of the gases is stopped.
When the substrate temperature decreases to a prede-
termined value, and the internal pressure of the process
chamber 501 is increased to the atmospheric pressure,
the substrate 3101 which has undergone film formation
is unloaded from the process chamber 501.

[0168] The insulating layer 3102 ensures insulation to
prevent a voltage from leaking to the substrate 3101 and
influencing desired electrical characteristics when a volt-
age is applied between the lower electrode layer 3103
and upper electrode 3106 to be formed later. For exam-
ple, a silicon oxide film formed by oxidizing the surface
of the silicon substrate by thermal oxidation may be used
as the insulating layer 3102. The insulating layer 3102
may be made of any other insulating material except sil-
icon oxide if the insulating properties can be ensured.
The thickness of the insulating layer 3102 need not al-
ways be 100 nm and may be smaller or larger. In the
above-described formation of the insulating layer 3102
by ECR sputtering, the substrate 3101 is not heated.
However, the film may be formed while heating the sub-
strate 3101.

[0169] After the insulating layer 3102 is formed in the
above-described manner, the substrate 3101 is unload-
ed from the apparatus to the atmosphere. The substrate
3101 is fixed on the substrate holder 504 of the same
ECR sputtering apparatus as in Fig. 5 in which pure ru-
thenium (Ru) is used as the target 505. ECR sputtering
using argon (Ar) as a plasma gas and xenon (Xe) is ex-
ecuted to form an Ru film on the insulating layer 3102 to
a thickness to just cover its surface, thereby forming the
lower electrode layer 3103, as shown in Fig. 32B.
[0170] Formation of the Ru film will be described in
detail. In the ECR sputtering apparatus shown in Fig. 5,
the substrate 3101 is heated to, e.g., about 400°C. Next,
Ar gas as a rare gas is supplied at a flow rate of, e.g., 7
sccm from the inert gas supply unit 511 into the plasma
production chamber 502, and Xe gas is supplied at a flow
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rate of, e.g., 5 sccm to set the internal pressure of the
plasma production chamber 502 on the order of, e.g.,
10-2to 103 Pa. A coil current of, e.g., 26 A is supplied to
the magnetic coil 510 to give the magnetic field of the
electron cyclotron resonance condition to the plasma pro-
duction chamber 502.

[0171] A microwave of, e.g., 2.45 GHz (e.g., 500 W) is
supplied from the microwave generation unit (not shown)
into the plasma production chamber 502 through the
waveguide 508, quartz window 507, and vacuum
waveguide 506. With this supply of the microwave, a plas-
ma of Ar and Xe is produced in the plasma production
chamber 502. The produced plasma is output from the
plasma production chamber 502 to the side of the proc-
ess chamber 501 by the divergent magnetic field of the
magnetic coil 510. In addition, a high-frequency power
(e.g., 500 W) is supplied from the high-frequency elec-
trode supply unit to the target 505 placed at the outlet of
the plasma production chamber 502. When Ar particles
collide against the target 505, a sputtering phenomenon
occurs to sputter Ru particles from the target 505. The
Ru particles sputtered from the target 505 reach the sur-
face of the insulating layer 3102 on the substrate 3101
and are deposited.

[0172] Withthe above process, the lower electrode lay-
er 3103 having a thickness of, e.g., about 10 nm can be
formed on the insulating layer 3102 (Fig. 32B). The lower
electrode layer 3103 enables voltage application to the
ferroelectric layer 3104 and insulating layer 3105 when
a voltage is applied between the lower electrode layer
3103 and the upper electrode 3106 to be formed later.
The lower electrode layer 3103 may be made of any other
material except ruthenium if the conductivity can be en-
sured. The thickness of the lower electrode layer 3103
need not always be 10 nm and may be smaller or larger.
[0173] As described above, in forming the Ru film by
ECR sputtering, the substrate 3101 is heated to 400°C.
However, the substrate need not always be heated. How-
ever, if the substrate is not heated, the adhesion of ru-
thenium to silicon dioxide becomes low, and the film may
peel off. To prevent peeling, the film is formed preferably
while heating the substrate. After Ru is deposited to a
desired thickness in the above-described way, an end
process is executed by stopping film formation by, e.g.,
closing the shutter and stopping plasma irradiation by
stopping supply of the microwave power. Then, the sub-
strate 3101 can be unloaded.

[0174] After the lower electrode layer 3103 is formed
in the above-described manner, the substrate 3101 is
unloaded from the apparatus to the atmosphere. The
substrate 3101 is fixed on the substrate holder 504 of the
same ECR sputtering apparatus as in Fig. 5 in which a
sintered body (Bi-Ti-O) with an Bi-Ti ratio of 4 : 3 is used
as the target 505. ECR sputtering using argon (Ar) as a
plasma gas and oxygen gas is executed to form the fer-
roelectric layer 3104 on the lower electrode layer 3103
to a thickness to just cover its surface, as shown in Fig.
32C.
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[0175] Formation of the ferroelectric layer 3104 will be
described in detail. In the ECR sputtering apparatus
shown in Fig. 5 in which the target 505 made of Bi-Ti-O
is used, the substrate 3101 is heated to, e.g., 300°C to
700°C. Next, Ar gas as a rare gas is supplied at a flow
rate of, e.g., 20 sccm from the inert gas supply unit 511
into the plasma production chamber 502, and O, gas
serving as a reactive gas is supplied at a flow rate of,
e.g., 1sccm to set the pressure on the order of, e.g., 102
to 10-3 Pa. A coil current of, e.g., 27 A is supplied to the
magnetic coil 510 to give the magnetic field of the electron
cyclotron resonance condition to the plasma production
chamber 502.

[0176] A microwave of, e.g., 2.45 GHz (e.g., 500 W) is
supplied from the microwave generation unit (not shown)
into the plasma production chamber 502 through the
waveguide 508, quartz window 507, and vacuum
waveguide 506. With this supply of the microwave, an Ar
plasma is produced in the plasma production chamber
502. The produced ECR plasma is output from the plas-
ma production chamber 502 to the side of the process
chamber 501 by the divergent magnetic field of the mag-
netic coil 510. In addition, a high-frequency power (e.g.,
500 W) is supplied from the high-frequency electrode
supply unit to the target 505 placed at the outlet of the
plasma production chamber 502. When Ar particles col-
lide against the target 505, a sputtering phenomenon oc-
curs to sputter Bi particles and Ti particles from the target
505.

[0177] The Bi particles and Ti particles sputtered from
the target 505 reach the surface of the lower electrode
layer 3103 together with the plasma output from the plas-
ma production chamber 502 and the oxygen gas which
is supplied from the reactive gas supply unit 512 and
activated by the plasma and are oxidized by the activated
oxygen. Although the target 505 is a sintered body and
contains oxygen, any shortage of oxygen in the film can
be prevented by supplying oxygen.

[0178] With the above-described film formation by
ECR sputtering, the ferroelectric layer 3104 having a
thickness of, e.g., about 40 nm can be formed (Fig. 32C).
After that, the same end process as described above is
executed to make it possible to unload the substrate. The
film quality may be improved by irradiating the formed
ferroelectric layer 3104 with ECR plasma of an inert gas
and a reactive gas. As the reactive gas, not oxygen gas
but nitrogen gas, fluorine gas, or hydrogen gas can be
used. The film quality improvement can also be applied
to formation of the insulating layer 3102 or formation of
the insulating layer 3105 to be described later.

[0179] Atfter the ferroelectric layer 3104 is formed in
the above-described manner, the substrate 3101 is un-
loaded from the apparatus to the atmosphere. The sub-
strate 3101 is fixed on the substrate holder 504 of the
same ECR sputtering apparatus as in Fig. 5in which pure
tantalum (Ta) is used as the target 505. The insulating
layer 3105 is formed on the ferroelectric layer 3104 to a
thickness to just cover its surface, as shown in Fig. 32D,
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by ECR sputtering using argon (Ar) as a plasma gas and
oxygen gas. A metal mode film by Ta-O molecules is
formed as the insulating layer 3105, as will be described
below.

[0180] Formation of a metal mode film by Ta-O mole-
cules will be described in detail. In the ECR sputtering
apparatus shown in Fig. 5 in which the target 505 made
of tantalum is used, Ar gas as a rare gas is supplied at
aflow rate of, e.g., 25 sccm from the inert gas supply unit
511 into the plasma production chamber 502 to set the
internal pressure of the plasma production chamber 502
on the order of, e.g., 10-3 Pa. A coil current of, e.g., 28
Alis supplied to the magnetic coil 510 to give the magnetic
field of the electron cyclotron resonance condition to the
plasma production chamber 502.

[0181] A microwave of, e.g., 2.45 GHz (e.g., 500 W) is
supplied from the microwave generation unit (not shown)
into the plasma production chamber 502 through the
waveguide 508, quartz window 507, and vacuum
waveguide 506. With this supply of the microwave, Ar
plasma is produced in the plasma production chamber
502. The produced plasma is output from the plasma
production chamber 502 to the side of the process cham-
ber 501 by the divergent magnetic field of the magnetic
coil 510. In addition, a high-frequency power (e.g., 500
W) is supplied from the high-frequency electrode supply
unit to the target 505 placed at the outlet of the plasma
production chamber 502.

[0182] When Ar particles collide against the target 505,
a sputtering phenomenon occurs to sputter Ta particles
from the target 505. The Ta particles sputtered from the
target 505 reach the surface of the ferroelectric layer
3104 on the substrate 3101 together with the plasma
output from the plasma production chamber 502 and the
oxygen gas which is supplied from the reactive gas sup-
ply unit 512 and activated by the plasma and are oxidized
to tantalum pentoxide by the activated oxygen.

[0183] With the above process, a tantalum pentoxide
film is formed on the ferroelectric layer 3104. Subse-
quently, a silicon dioxide film is formed on the tantalum
pentoxide film by ECR sputtering using the target 505
made of pure silicon, like silicon dioxide deposition de-
scribed with reference to Fig. 32A. The above-described
formation of a tantalum pentoxide film and silicon dioxide
film is repeated to form a multilayered film including the
tantalum pentoxide films and silicon dioxide films to, e.g.,
about 5 nm, thereby obtaining the insulating layer 3105
(Fig. 32D).

[0184] Theinsulatinglayer 3105 including the tantalum
pentoxide films and silicon dioxide films is used to control
the voltage to be applied to the ferroelectric film upon
voltage application to the ferroelectric layer 3104. The
insulating layer 3105 may have any other structure ex-
cept the multilayered structure of tantalum pentoxide
films and silicon dioxide films if it can control the voltage
applied to the ferroelectric layer 3104. The insulating lay-
er 3105 may be a single layer. The thickness is not limited
to 5 nm, either. In the above-described ECR sputtering,
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the substrate 3101 is not heated but may be heated.
[0185] Whenthe upper electrode 3106 made of Auand
having a predetermined area is formed on the insulating
layer 3105, as shown in Fig. 32E, an element using a
layer formed from a ferroelectric can be obtained. The
upper electrode 3106 can be formed by a well-known lift-
off method and gold deposition by resistance heating
vacuum deposition. The upper electrode 3106 may be
made of another metal material or conductive material
such as Ru, Pt, or TiN. When Pt is used, the adhesion is
poor, and the film may peel off. Hence, the upper elec-
trode 3106 must be formed as an electrode with a pre-
determined area by executing film formation by heating
or using a structure such as Ti-Pt-Au that hardly peels
off and executing a patterning process such as photoli-
thography or lift-off on that structure.

[0186] As described above, when a high-quality
Bis TizO4, film formed by, e.g., ECR sputtering is thinned
to about 50 nm or less, the ferroelectricity tends to be
small. In addition, when the Bi,TizO4, film is made so
thick as to flow a certain leakage current, a unique hys-
teresis appears in the measured current-voltage charac-
teristic. Based on these findings, when these phenomena
are notably used, an element to hold two states can be
implemented by the element shown in Fig. 31, like the
element shown in Fig. 1A.

[0187] The characteristics of the ferroelectric element
shown in Fig. 31 will be described next. The character-
istics were investigated by applying a voltage between
the lower electrode layer 3103 and the upper electrode
3106. When a voltage from a power supply was applied
between the lower electrode layer 3103 and the upper
electrode 3106, and a current flowing when the voltage
was applied was measured by an ammeter, a result
shown in Fig. 33 was obtained. The memory operation
principle will be described below with reference to Fig.
33.Thevoltage values and currentvalues to be described
here are mere examples measured in an actual element.
Hence, the phenomenon is not limited to the following
numerical values. Other numerical values can also be
measured depending on the material and thickness of
each film actually used in the element and other condi-
tions.

[0188] When a negative voltage is applied to the upper
electrode 3106, the flowing current is very small up to
-0.8 V, as indicated by (1) in Fig. 33. However, as indi-
cated by (2), when the voltage exceeds -0.8 V, a negative
current flows abruptly. Actually, a current larger than -15
pA also flows. However, since flowing of a larger current
is inhibited to protect the measurement device, the cur-
rent is not measured. In the range from 0 V to -0.8 V
indicated by (1), a high resistance state is held (main-
tained) by inhibiting flowing of a large current as indicated
by (2).

[0189] When a negative voltage is applied again to the
upper electrode 3106, a locus to flow a negative current
of -10 pA or more is obtained at -0.5 V, as indicated by
(3). When the negative voltage is further applied to the
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upper electrode 3106, a current of -10 . A or more flows
at about -0.5 V, as indicated by (3). When a positive volt-
age is applied to the upper electrode 3106, a positive
current flows up to about +0.2 V, as indicated by (4). The
current increases to 3 pA at maximum. When the abso-
lute value of the voltage is decreased, the current traces
a locus indicated by (4).

[0190] When the positive voltage is applied up to 0.2
V, the current traces the locus indicated by (4). After that,
as indicated by (5), the value of the flowing current de-
creases, and no positive current flows. When the positive
voltage is further applied to the upper electrode 3106, a
locus to rarely flow a current is obtained, as indicated by
(6). Even when the absolute value of the voltage is de-
creased then, the current rarely flows, as indicated by
(6). When a negative voltage is applied to the upper elec-
trode 3106, the current rarely flows up to about 0 to -0.8
V, as indicated by (1). Hence, the high resistance state
wherein no current flows as in (1) is maintained unless
a voltage of -0.8 V or more is applied to the upper elec-
trode 3106 to prevent any sudden current flow as in (2).
The state (1) will be referred to as a "negative high re-
sistance mode".

[0191] For example, as indicated by (2), when a volt-
age of -0.8 VV ormore is applied to abruptly flow a current,
a low resistance state in which the current readily flows
is obtained, as indicated by (3). This state is also main-
tained while a negative voltage is applied to the upper
electrode 3106. The state (3) will be referred to as a "neg-
ative low resistance mode".

[0192] However, when a positive voltage is applied to
the upper electrode 3106, a low resistance state in which
the current flows in a positive voltage range from 0 to 0.2
V is obtained, as indicated by (4). This state is also main-
tained while a positive voltage in the range of 0 to 0.2 V
is applied. The state (4) will be referred to as a "positive
low resistance mode".

[0193] When a positive voltage of 0.2 VV or more is ap-
plied, no current flows, and the state changes to a high
resistance state, as indicated by (5). In this state, the
state wherein the current value has a high resistance is
maintained while a positive voltage in the range of 0 to
2V is applied, as indicated by (6). The state (6) will be
referred to as a "positive high resistance mode".

[0194] As described above, the element using a ferro-
electric layer shown in Fig. 31 apparently has four stable
modes: "positive high resistance mode", "positive low re-
sistance mode", "negative high resistance mode", and
"negative low resistance mode". More specifically, the
"positive high resistance mode" and "negative high re-
sistance mode" are "high resistance modes" which ex-
hibit the same high resistance state. The "positive low
resistance mode" and "negative low resistance mode"
are "low resistance modes" which exhibit the same low
resistance state. That is, two modes are present. In the
state of the "high resistance mode", the "high resistance
mode" is maintained in the voltage range of-0.8 V to +0.8
V. When a voltage of -0.8 VV or more is applied to change
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the state tothe "lowresistance mode", the "low resistance
mode" is maintained in the voltage range of -0.5 V to +2.0
V. Switching between the two, "high resistance mode"
and "low resistance mode" occurs. This also applied to
the negative resistance modes, i.e., "negative high re-
sistance mode" and "negative low resistance mode".
[0195] Asforthe actual current value in each "negative
mode" when a voltage of -0.5 V is applied, the current
value in the "negative high resistance mode" is -5 X 108
A, and that in the "negative low resistance mode" is -1 X
10-5 A. The ratio is as high as 200 times. This facilitates
each mode identification. The presentinventors estimate
that the above-described phenomenon occurs when the
resistance value of the ferroelectric film dramatically
changes depending on the direction and magnitude of
the applied voltage.

[0196] Since the insulating layer 3105 is provided be-
tween the ferroelectric layer 3104 and the upper elec-
trode 3106, carriers can be controlled by the band struc-
ture of the insulating layer 3105. More specifically, for
example, tantalum pentoxide has a band gap of about
4.5 eV. The energy difference viewed from the Fermi
level is about 1.2 eV in the conduction band and 2.3 eV
in the valence band. That is, the barrier is higher on the
valence band side. Hence, the barrier effect is high for
holes in the valence band but low for electrons in the
conduction band. For further information, see Wilk et al.,
"J. Appl. Phys.", No. 87, p. 484 (2000).

[0197] From the above-described characteristic,
when, e.g., a tantalum pentoxide film is used as the in-
sulating layer between the electrode and the ferroelectric
layer, aphenomenon that electrons readily flow but holes
hardly flow can be expected. Actually, as shown in Fig.
33, the value of the flowing current largely changes be-
tween a case wherein a positive voltage is applied to the
upper electrode 3106 and a case wherein a negative volt-
age is applied. In discriminating a memory, this has a
large effect to increase the signal-to-noise ratio (S/N ra-
tio) and facilitate data discrimination. This is the effect of
use of the insulating layer 3105.

[0198] It was found that when the above-described
"low resistance mode" and "high resistance mode"
shown in Fig. 33 are applied as a memory operation, the
element shown in Fig. 31 can be used as a nonvolatile
nondestructive memory. More specifically, initialization
of the element and data erase, i.e., the write of data "off"
is done by changing the mode from the "low resistance
mode" to the "high resistance mode" by applying a neg-
ative voltage of the upper electrode 3106, as indicated
by (4) or (5) in Fig. 33.

[0199] Thewrite ofdata"on"is done by abruptly flowing
a current by applying a negative voltage of -0.8 V or more
to the upper electrode 3106, as indicated by (2) in Fig.
33. With this operation, the mode is changed from the
"high resistance mode" to the "low resistance mode", and
data "on" is written. As described above, when a voltage
is applied to the upper electrode 3106 to set the "high
resistance mode" or "low resistance mode", "off" or "on"
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data (state) can be written.

[0200] The read of data written in the above-described
way can easily be done by reading a current value when
an appropriate voltage of -0.8 V to +0.8 V is applied to
the upper electrode 3106. For example, when the mode
state of the element shown in Fig. 31 is "off", i.e., "high
resistance mode", it can be determined because a cur-
rent hardly flows when an appropriate voltage of -0.8 V
to +0.8 V is applied, as indicated by (1) in Fig. 33.
[0201] When the mode state of the element shown in
Fig. 31 is "on", i.e., "low resistance mode", it can be de-
termined because a current abruptly flows when an ap-
propriate voltage of -0.5 V to +0.2 V is applied, as indi-
cated by (2) in Fig. 33. Since the difference in current
value between the "negative high resistance mode" and
the "negative low resistance mode", i.e., "off" and "on" is
200 times or more, "off" and "on" can easily be deter-
mined. Even in the positive voltage range, "off" and "on"
can be determined in the voltage range of 0 to +0.2 V.
[0202] The above-described read operation of the
memory can easily be done only by checking whether
the element shown in Fig. 31 is in the "high resistance
mode" or "low resistance mode". In other words, while
the element shown in Fig. 31 can hold the two modes,
data is held. Even when a positive voltage is applied to
the electrode to check the mode, the held mode does not
change, and data is not destroyed. Hence, according to
the ferroelectric elementshownin Fig. 31, nondestructive
read is possible. The element shown in Fig. 31 functions
as a nonvolatile memory element since the resistance
value of the ferroelectric layer 3105 changes depending
on the voltage applied between the lower electrode layer
3103 and the upper electrode 3106. This element can
also be used as a switching element to control the current.
[0203] The voltage to operate the element shown in
Fig. 31 is maximized in the write to set the "negative low
resistance mode". However, the voltage is about -0.8 V,
and the power consumption is very low, as shown in Fig.
33. The low power consumption is very advantageous
for devices. Devices using a memory, e.g., not only mo-
bile communication devices, digital general-purpose de-
vices, digital image sensing devices, notebook personal
computers, and PDAs (Personal Digital Appliances) but
also all computers, personal computers, workstations,
office computers, mainframes, communication units, and
multifunction apparatuses can reduce the power con-
sumption.

[0204] Fig. 34 shows the data holding time of the ele-
ment shown in Fig. 31. After a positive voltage is applied
to the upper electrode 3106 to set the "positive high re-
sistance state" shown in Fig. 33, i.e., "high resistance
mode", a voltage of -0.8 VV or more is applied to the upper
electrode 3106 to set the "negative low resistance state"
("low resistance mode"), i.e., data "on" written state. A
voltage of -0.3 V is applied to the upper electrode 3106
every predetermined time, and the value of a current flow-
ing upon voltage application is measured. Fig. 34 shows
the observation result.
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[0205] The measured current is maximized about 10
min after and then moderately decreases up to 1,000
min. However, since the current value at this time is 86%
of the maximum value, the data can be discriminated
without any problem. As is predicted from the extrapo-
lated line of 10,000,000 min corresponding to 10 years
shown in Fig. 34, the current value after 10 years corre-
sponding to 66% (2/3) of the maximum value, and the
data can discriminated. As is apparent from the above
description, the memory using the element shown in Fig.
31 has a data holding period of 10 years.

[0206] In the above-described example , each of the
insulating layer on the silicon substrate, the lower elec-
trode layer on the insulating layer, and the ferroelectric
layer on the lower electrode layer is formed by ECR sput-
tering. However, the method of forming each layer is not
limited to ECR sputtering. For example, the insulating
layer to be formed on the silicon substrate may be formed
by thermal oxidation or CVD (Chemical Vapor Deposi-
tion) or a conventional sputtering method.

[0207] The lower electrode layer may be formed by
any other film formation method such as EB deposition,
CVD, MBE, or IBD. The ferroelectric layer can also be
formed by the above-described MOD, conventional sput-
tering method, or PLD. However, when ECR sputtering
is used, flat and excellent insulating film, metal film, and
ferroelectric film can easily be obtained.

[0208] Inthe above-described embodiment, after each
layer is formed, the substrate is temporarily unloaded
into the atmosphere. However, the layers may be formed
by a continuous process without unloading the structure
into the atmospheric by using an apparatus which con-
nects, through vacuum transfer chambers, the process
chambers to realize ECR sputtering to form the respec-
tive layers. With this arrangement, the substrate to be
processed can be transported in vacuum and is therefore
prevented from being influenced by disturbance such as
water adhesion. Hence, the film quality and interface
properties can be improved.

[0209] As shown in Japanese Patent Laid-Open No.
2003-77911, after each layer is formed, the surface of
the formed layer may be irradiated with ECR plasma to
improve the properties. After each layer is formed, the
formed layer may be annealed (heat-treated) in an ap-
propriate gas atmosphere such as hydrogen atmosphere
to greatly improve the properties of each layer.

[0210] Arraying elements and storing a plurality of data
simultaneously in a memory is called "integration”. The
degree of integrating elements is called a degree of in-
tegration. The structure shown in Fig. 31 is very simple
and can greatly increase the degree of integration as
compared to a conventional memory cell. For DRAMs,
SRAMSs, or flash memories based on MOSFETs which
must ensure gate, source, and drain regions, limitation
on integration has been pointed out recently. However,
the element shown in Fig. 31 uses the simple structure
and can therefore increase the degree of integration with-
out being affected by the current limitation on integration.
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[0211] Inthe above-described embodiment, a DC volt-
age is applied. However, even when a pulse voltage hav-
ing an appropriate width and magnitude is applied, the
same effect as described above can be obtained. A basic
idea is arranging an insulating layer in contact with the
ferroelectric layer and sandwiching these layers by two
electrodes, as shown in Fig. 31. With this structure, when
a predetermined voltage (DC or pulse) is applied be-
tween the two electrodes to change the resistance value
of the ferroelectric layer and switch the stable high re-
sistance mode and low resistance mode, a memory func-
tion can be implemented consequently.

[0212] For example, as shown in Fig. 35A, an insulat-
ing substrate 3101a may be used, and stacked lower
electrode layers 3103a and 3103b may be used. As
shown in Fig. 35B, the insulating substrate 3101a may
be used, and a contact electrode 3103c may be provided
on the lower electrode layer 3103. As shown in Fig. 35C,
the insulating substrate 3101a may be used, and stacked
upper electrodes 3106a and 3106b may be used. As
shown in Fig. 35D, the stacked lower electrode layers
3103a and 3103b and the stacked upper electrodes
3106a and 3106b may be used.

[0213] As shown in Fig. 36A, an insulating substrate
3601 made of glass or quartz may be used. In this case,
as shown in Fig. 37, a through hole may be formed in the
substrate 3601 to form a plug, and an electrical contact
may be formed on the lower surface of the substrate 3601
(the side opposite to the surface where the lower elec-
trode layer 3103 is formed). When an optically transpar-
ent substrate is used, the structure can be applied to a
display.

[0214] As shown in Fig. 38A, a conductive substrate
3801 made of, e.g., a metal may be used. As shown in
Fig. 38B, a lower electrode layer 3802 contacting the
substrate 3801 may be formed, and a ferroelectric layer
3803, insulating layer 3804, and upper electrode 3805
may be provided on it. In the structure shown in Fig. 38B,
a predetermined electrical signal can be applied between
the substrate 3801 and the upper electrode 3805.
[0215] AsshowninFig.38C, aferroelectric layer 1202,
insulating layer 1203, and upper electrode 1204 may be
provided on a metal plate 1201. In this structure, the metal
plate 1201 serves as a lower electrode layer. With the
structure shown in Fig. 38C in which the constituent el-
ements are formed on the metal plate 1201 with high
thermal conductivity, a higher cooling effect can be ob-
tained, and a stable element operation can be expected.
[0216] Astheferroelectriclayer becomes thick, the cur-
rent flows more hardly, and the resistance increases.
When a memory is implemented by using a change in
resistance value, the resistance value of in each of the
ON state and OFF state is important. For example, when
the ferroelectric layer becomes thick, the resistance val-
ue in the ON state increases. Since it is difficult to ensure
a high S/N ratio, the state of the memory is hard to de-
termine. On the other hand, when the ferroelectric layer
becomes thin, and the leakage currentis dominant, mem-
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ory information can hardly be held, and the resistance
value in the OFF state increases. It is therefore difficult
to ensure a high S/N ratio.

[0217] Hence, the ferroelectric layer preferably has an
optimum thickness. For example, when the problem of
leakage current is taken into consideration, the ferroe-
lectric layer need only have a thickness of at least 10 nm.
When the resistance value in the ON state is taken into
consideration, the ferroelectric layer is preferably thinner
than 200 nm. In experiments conducted by the present
inventors, a memory operation was confirmed when the
thickness of the ferroelectric layer was 30 to 100 nm. The
most satisfactory state was obtained when the thickness
of the ferroelectric layer was 50 nm.

[0218] A more preferable thickness is present even in
the insulating layer on the ferroelectric layer. The thick-
ness will be described by using an example in which an
Al,O4film, SiO, film, and Ta,O4 film are formed on silicon
substrates by ECR sputtering using an Al target, Sitarget,
and Ta target. Each film is formed to a predetermined
thickness. An upper electrode made of Al is formed on
each film. A current-voltage characteristic is measured
by applying a voltage between the silicon substrate and
the upper electrode. The current density observed in
each thinfilm at-1V is observed. Fig. 39 shows the result
of the current densities.

[0219] Asshownin Fig. 39, the current density chang-
es depending on the material of the insulating layer. The
smaller the thickness becomes, the more the leakage
current flows to increase the current density. On the other
hand, when the thickness increases, the current density
decreases. This indicates that if the thickness of too
small, the characteristic of an insulating layer cannot be
obtained. If the thickness is large, the voltage applied to
the ferroelectric film is small so it is difficult to ensure a
high S/N ratio, and the memory state is hard to determine.
Hence, the insulating layer preferably has an optimum
thickness in combination with the ferroelectric layer.
[0220] For example, when the problem of leakage cur-
rent is taken into consideration, and an Al,O5 film or SiO,
film is used, the thickness is preferably about 1 to 3 nm.
A Ta,O4 film need only have a thickness of at least 3 nm.
When the problem of magnitude of the resistance value
is taken into consideration, the insulating layer is prefer-
ably thicker than 20 nm. In experiments conducted by
the present inventors, the above-described memory op-
eration was confirmed when an insulating layer made of
SiO, and Ta,04 had a thickness of 3 to 5 nm.

[0221] In the above description, one ferroelectric ele-
ment has been exemplified. However, a plurality of fer-
roelectric elements may be arrayed and integrated, as
will be described later. For example, as shown in Fig.
40A, a common lower electrode layer 4002, ferroelectric
layer 4003, and insulating layer 4004 are formed on an
insulating substrate 4001. A plurality of upper electrodes
4005 spaced apart from each other by a predetermined
distance are formed on the insulating layer 4004. That
is, a plurality of ferroelectric elements are arrayed in cor-
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respondence with the plurality of upper electrodes 4005.
[0222] Aferroelectric orinsulating film has a much low-
er conductivity than a conductor such as a metal and can
therefore be used commonly. In this case, since the work-
ing process can be omitted, the productivity can be in-
creased, resulting in large advantage from the industrial
viewpoint. When the distance between the ferroelectric
elements corresponding to the plurality of upper elec-
trodes 4005 is set in consideration of, e.g., the conduc-
tivity, a stable operation can be expected.

[0223] As shown in Fig. 40B, the common lower elec-
trode layer 4002 may be formed on the insulating sub-
strate 4001, and a plurality of elements each including a
ferroelectric layer 4013, insulating layer 4014, and upper
electrode 4015 may be arrayed on the lower electrode
layer 4002. For example, when a ferroelectric film is
formed and processed by using a method such as RIE,
ICP etching, or ECR etching, the individual ferroelectric
layers 4013 can be formed. When the elements are sep-
arated in this way, the distance between them can further
be shortened, and the degree of integration can be made
higher.

[0224] As shown in Fig. 40C, the side surfaces of the
ferroelectric layer 4013 and insulating layer 4014 of each
element may be covered with aninsulating sidewall4016.
As shown in Fig. 40D, an insulating layer 4024 common
to the elements may be formed to cover the side surface
of the ferroelectric layer 4013. In this case, the insulating
layer 4014 shown in Fig. 40B is formed by part of the
insulating layer 4024.

[0225] As shown in Fig. 40(e), the plurality of ferroe-
lectric layers 4013 may be formed in correspondence
with the elements, the common insulating layer 4014 may
be formed, and an insulating layer 4026 may be formed
to fill spaces on the sides of the plurality of ferroelectric
layers 4013 that are spaced apart from each other. When
the portions between the plurality of ferroelectric layers
4013 formed separately in correspondence with the ele-
ments are covered with an insulator, the leakage current
between the ferroelectric elements can be reduced, and
their stability can be increased.

[0226] Eveninthe elementshownin Fig. 31, as shown
in Fig. 13, a plurality of elements are arrayed. More spe-
cifically, n elements are arrayed in the X direction, and
m elements are arrayed in the Y direction. X-direction
buses are connected to the lower electrode layers, and
Y-direction buses are connected to the upper electrodes.
A processor unit having a selection signal switching func-
tion is connected to each of the X- and Y-direction buses.
With this structure, a memory capable of accessing each
element at random can be implemented.

[0227] The change in resistance value of the ferroe-
lectric layer 3104 can also be controlled by a current. A
predetermined voltage is applied to the ferroelectric layer
3104 to flow a predetermined current. Immediately after
that, a predetermined voltage (e.g., -0.8 V) is applied
between the upper electrode 3106 and the lower elec-
trode layer 3103. The current value then changes as
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shown in Fig. 41. The ordinate in Fig. 41 represents the
current measured when a current detection voltage is
applied between the electrodes.

[0228] For example, after a current from 1 X 109 A
(inclusive) to 1 X 10-6 A (exclusive) is supplied between
the electrodes, the current value is small, and a high re-
sistance state is obtained. After a current of 1 X 106 A
or more is supplied between the electrodes, the value of
the flowing current becomes large (e.g., 10 pA), and the
state changes to a low resistance state. As is apparent
from this, the resistance of the ferroelectric layer 3104
also changes depending on the current flowing to it. That
is, two resistance values representing a high resistance
state and low resistance state are present. Hence, the
element shown in Fig. 31 can be driven by both a voltage
and a current.

[0229] The resistance change in the ferroelectric layer
3104 can also be controlled by a pulse voltage. For ex-
ample, as shown in Fig. 42, a negative pulse voltage’
(e.g., -4 V and 10 ps) is applied once between the upper
electrode 3106 and the lower electrode layer 3103 of the
element shown in Fig. 31 whose ferroelectric layer 3104
is in the high resistance state in the initial state. Then,
the state changes to the low resistance state. After that,
when a positive pulse voltage (e.g., +5 V and 10 ps) is
applied between the electrodes a plurality of number of
times (e.g., four times), the state changes to the high
resistance state.

[0230] The above-described pulse voltage application
is repeated. The current measured after each pulse volt-
age application changes as shown in Fig. 43. As shown
in Fig. 43, the high resistance state is set in the initial
state. After a negative pulse voltage is applied, the state
changes to the low resistance state. When a positive
pulse voltage is applied in this state a plurality of number
of times, the state changes to the high resistance state.
The resistance value of the ferroelectric layer 3104
changes when a positive voltage pulse or negative volt-
agepulse s applied. Hence, for example, when a positive
voltage pulse or negative voltage pulse is applied, a
memory operation can be executed so that the memory
state of the element changes from an "on" state to an
"off" state or from an "off" state to an "on" state.

[0231] The voltage and time of the voltage pulse ca-
pable of changing the resistance state of the ferroelectric
layer 3104 can be changed in accordance with the situ-
ation. For example, when a voltage pulse of +5 V having
a width of 10 ps is applied four times to set the high
resistance state, and a short pulse of -4 V having a width
of 1 us is applied 10 times, the state can be changed to
the low resistance state. When a short pulse of +5 V
having a width of 1 s is applied 100 times in this state,
the state can be changed to the high resistance state.
When a low voltage pulse of -3 V having a width of 100
ws is applied 100 times in this state, the state can be
changed to the low resistance state.

[0232] A case wherein the element shown in Fig. 31 is
used as a switching element to control a current will be
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described next. In an element shown in Fig. 44A, the
current flowing between the upper electrode 3106 and
the lower electrode layer 3103 is set in an OFF state
when the ferroelectric layer 3104 is in the high resistance
state or in an ON state when the ferroelectric layer 3104
is in the low resistance state, as shown in Fig. 44B. For
example, as shown in the sequence of Fig. 45, when a
negative pulse and positive pulse are alternately applied
between the upper electrode 3106 and the lower elec-
trode layer 3103, the ON state and OFF state of the cur-
rent flowing between the upper electrode 3106 and the
lower electrode layer 3103 can alternately be switched.
[0233] According tothe elementshownin Fig. 31 which
uses the ferroelectric layer 3104 of this embodiment, the
current-voltage characteristic when a DC voltage is ap-
plied between the lower electrode layer 3103 and the
upper electrode 3106 is changed to different low resist-
ance states by changing the positive-side applied volt-
age, as shownin Fig. 46. These correspond to the current
values atthe read voltage inthe respective states. Hence,
a memory with three states (three values) can be imple-
mented. For example, when the read voltage is about
0.5 V, a ternary memory can be implemented. Before
change to each state, a voltage of -2 V is applied to the
lower electrode layer 3103 to return the state to the high
resistance state (reset).

[0234] Even in the element shown in Fig. 31, when a
high voltage of about +15 V is applied, a characteristic
current-voltage characteristic as shown in Fig. 33 is ob-
tained, as in the element shown in Fig. 1. Even in the
element shown in Fig. 31, with the EO (Electrical Orien-
tation) process, the above-described characteristic is ob-
tained, and a memory element can be implemented.
[0235] In the above-described EO process, a voltage
more than 10 V is applied to the element. For this reason,
when a plurality of elements are formed in integration
with semiconductor elements as shown in Fig. 40 and
subjected to the EO process, the semiconductor ele-
ments may be broken. Even in this case, to suppress
destruction of the semiconductor elements, the EO proc-
ess may be done by using ECR plasma, as described
above. Forexample, when one end of the interconnection
connected to the lower electrode layer 4002 of the ele-
ment shown in Fig. 15is exposed to the peripheral portion
of the plasma flow, and the upper electrode 4005 is ex-
posed to the central portion of the plasma flow, a voltage
necessary for the EO process can be applied between
the two electrodes by the potential difference generated
from the distribution in the plasma flow. For example,
when the element is irradiated with a plasma mainly con-
taining Ar, the EO process can be done in a short time
of 1 sec to several ten sec.

[0236] Fig. 47 is a sectional view schematically show-
ing a structure example of a bistable resistance value
acquisition device . A ferroelectric element including a
ferroelectric layer 4705 made of a metal oxide exhibiting
ferroelectric properties will be described below. The el-
ement shown in Fig. 47 comprises, on a substrate 4701
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made of, e.g., single-crystal silicon, an insulating layer
4702, a lower electrode layer 4703, an insulating layer
4704, theferroelectriclayer 4705, and an upper electrode
4706. The substrate 4701 can be made of any one of a
semiconductor, insulator, and conductive material such
as a metal. When the substrate 4701 is made of an in-
sulating material, the insulating layer 4702 can be omit-
ted. When the substrate 4701 is made of a conductive
material, the insulating layer 4702 and lower electrode
layer 4703 can be omitted. In this case, the substrate
4701 made of the conductive material serves as a lower
electrode.

[0237] The lower electrode layer 4703 and upper elec-
trode 4706 need only be made of a transition metal in-
cluding noble metals such as platinum (Pt), ruthenium
(Ru), gold (Au), and silver (Ag). The lower electrode layer
4703 and upper electrode 4706 may be made of a com-
pound such as a nitride, oxide, or fluoride of a transition
metal, such as titanium nitride (TiN), hafnium nitride
(HfN), strontium ruthenate (SrRO,), zinc oxide (Zn0O), in-
dium tin oxide (ITO), or lanthanum fluoride (LaF3), or a
composite film formed by stacking them.

[0238] The insulating layer 4704 need only be made
of silicon dioxide, silicon oxynitride, alumina, an oxide
such as LiNbO4 containing a light metal such as lithium,
beryllium, magnesium, or calcium, or a fluoride such as
LiCaAlFg, LiSrAlFg, LiYF,, LiLuF,, or KMgF5. Alterna-
tively, the insulating layer 4704 need only be made of an
oxide or nitride of a transition metal such as scandium,
titanium, strontium, yttrium, zirconium, hafnium, tanta-
lum, or lanthanum series, a silicate (ternary compound
of a metal, silicon, and oxygen) containing the above-
described elements, an aluminate (ternary compound of
a metal, aluminum, and oxygen) containing these ele-
ments, or an oxide or nitride containing at least two of
the above elements.

[0239] The ferroelectric layer 4705 is the same as the
above-described ferroelectric layer 104 and ferroelectric
layer 3104. The ferroelectric layer 4705 is made of a ma-
terial such as a metal oxide which contains at least two
metals and generally exhibits ferroelectric properties. A
state wherein no ferroelectric properties are exhibited de-
pending on the film thickness condition is also included,
as described above.

[0240] A detailed example of the element shown in Fig.
47 will be described. For example, the lower electrode
layer 4703 is a ruthenium film having a thickness of 10
nm. The insulating layer 4704 is a multilayered film made
of tantalum pentoxide and silicon dioxide and having a
thickness of about 5 nm. The ferroelectric layer 4705 is
a Bi,TizO45 film having a thickness of 40 nm. The upper
electrode 4706 is made of gold. As described above, the
structures of the substrate 4701 and insulating layer 4702
are not limited to those described above, and any other
material can also be selected appropriately if it has no
effect on the electrical characteristics.

[0241] A detailed method of forming the above-de-
scribed insulating layer 4702, lower electrode layer 4703,
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insulating layer 4704, ferroelectric layer 4705, and upper
electrode 4706 will be described later. They can be
formed by sputtering a metal target or sintered target in
ECR plasma made of argon gas, oxygen gas, or nitrogen
gas by using an ECR sputtering apparatus shown in Fig.
5.

[0242] An example of a method of manufacturing the
element shown in Fig. 47 will be described next with ref-
erence to Fig. 48. As shownin Fig. 48A, the p-type silicon
substrate 4701 having a plane orientation of (100) on the
principal plane and a resistivity of 1to 2 Q cm s prepared.
The surface of the substrate 4701 is cleaned by a solution
mixture of sulfuric acid and a hydrogen peroxide solution,
pure water, and a hydrogen fluoride solution and dried.
[0243] The insulating layer 4702 is formed on the
cleaned and dried substrate 4701. In forming the insu-
lating layer 4702, the above-described ECR sputtering
apparatus is used. The substrate 4701 is fixed on a sub-
strate holder 504 in a process chamber 501. Pure silicon
(Si) is used as a target 505. The insulating layer 4702 in
a metal mode by Si-O molecules is formed on the sub-
strate 4701 to a thickness to just cover its surface by ECR
sputtering using argon (Ar) as a plasma gas and oxygen
gas.

[0244] In ECR sputtering shown in Fig. 5, a plasma
production chamber 502 is evacuated to a high vacuum
state on the order of 105 Pa. For example, Ar gas as a
rare gas is supplied at a flow rate of about 20 sccm from
an inert gas supply unit 511 into the plasma production
chamber 502 to set the internal pressure of the plasma
production chamber 502 to on the order of, e.g., 102 to
10-3 Pa. A coil current of, e.g., 28 A is supplied to a mag-
netic coil 510 to give the magnetic field of the electron
cyclotron resonance condition to the plasma production
chamber 502. The magnetic flux density in the plasma
production chamber 502 is set to, e.g., about 87.5 mT
(tesla).

[0245] A microwave of, e.g., 2.45 GHz (e.g., 500 W) is
supplied from a microwave generation unit (not shown)
into the plasma production chamber 502 through a
waveguide 508, quartz window 507, and vacuum
waveguide 506. With this supply of the microwave, Ar
plasma is produced in the plasma production chamber
502. Note that sccm is the unit of flow rate and indicates
that a fluid at 0°C and 1 atmospheric pressure flows 1
cm3in 1 min.

[0246] The plasma produced by the above-described
method is output from the plasma production chamber
502 to the side of the process chamber 501 by the diver-
gent magnetic field of the magnetic coil 510. In addition,
a high-frequency power (e.g., 500 W) is supplied from a
high-frequency power supply 522 to the target 505 placed
at the outlet of the plasma production chamber 502.
When Ar particles collide against the target 505, a sput-
tering phenomenon occurs to sputter Si particles from
the target 505.

[0247] Afterthis state is obtained, a shutter (not shown)
between the process chamber 501 and the substrate
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4701 isopened. The Siparticles sputtered from the target
505 reach the surface of the substrate 4701 together with
the plasma output from the plasma production chamber
502 and the oxygen gas which is supplied from a reactive
gas supply unit 512 and activated by the plasma and are
oxidized to silicon dioxide by the activated oxygen.
[0248] With the above process, the insulating layer
4702 made of silicon dioxide and having a thickness of,
e.g., about 100 nm can be formed on the substrate 4701
(Fig. 48A). When the insulating layer is formed to a pre-
determined thickness, the above-described shutter is
closed not to make the sputtered material reach the sub-
strate 4701, thereby stopping film formation. After that,
plasma irradiation is stopped by, e.g., stopping supplying
the microwave power. Supply of the gases is stopped.
When the substrate temperature decreases to a prede-
termined value, and the internal pressure of the process
chamber 501 is increased to the atmospheric pressure,
the substrate 4701 which has undergone film formation
is unloaded from the process chamber 501.

[0249] The insulating layer 4702 ensures insulation to
prevent a voltage from leaking to the substrate 4701 and
influencing desired electrical characteristics when a volt-
age is applied between the lower electrode layer 4703
and upper electrode 4706 to be formed later. For exam-
ple, a silicon oxide film formed by oxidizing the surface
of the silicon substrate by thermal oxidation may be used
as the insulating layer 4702. The insulating layer 4702
may be made of any other insulating material except sil-
icon oxide if the insulating properties can be ensured.
The thickness of the insulating layer 4702 need not al-
ways be 100 nm and may be smaller or larger. In the
above-described formation of the insulating layer 4702
by ECR sputtering, the substrate 4701 is not heated.
However, the film may be formed while heating the sub-
strate 4701.

[0250] After the insulating layer 4702 is formed in the
above-described manner, the substrate 4701 is unload-
ed from the apparatus to the atmosphere. The substrate
4701 is fixed on the substrate holder 504 of the same
ECR sputtering apparatus as in Fig. 5 in which pure ru-
thenium (Ru) is used as the target 505. ECR sputtering
using argon (Ar) as a plasma gas and xenon (Xe) is ex-
ecuted to form an Ru film on the insulating layer 4702 to
a thickness to just cover its surface, thereby forming the
lower electrode layer 4703, as shown in Fig. 48B.
[0251] Formation of the Ru film will be described in
detail. In the ECR sputtering apparatus shown in Fig. 5,
the substrate 4701 is heated to, e.g., about 400°C. Next,
Ar gas as a rare gas is supplied at a flow rate of, e.g., 7
sccm from the inert gas supply unit 511 into the plasma
production chamber 502, and Xe gas is supplied at a flow
rate of, e.g., 5 sccm to set the internal pressure of the
plasma production chamber 502 to on the order of, e.g.,
102 to 10-3 Pa. A coil current of, e.g., 26 A is supplied to
the magnetic coil 510 to give the magnetic field of the
electron cyclotron resonance condition to the plasma pro-
duction chamber 502.
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[0252] A microwave of, e.g., 2.45 GHz (e.g., 500 W) is
supplied from the microwave generation unit (not shown)
into the plasma production chamber 502 through the
waveguide 508, quartz window 507, and vacuum
waveguide 506. With this supply of the microwave, a plas-
ma of Ar and Xe is produced in the plasma production
chamber 502. The produced plasma is output from the
plasma production chamber 502 to the side of the proc-
ess chamber 501 by the divergent magnetic field of the
magnetic coil 510. In addition, a high-frequency power
(e.g., 500 W) is supplied from the high-frequency elec-
trode supply unit to the target 505 placed at the outlet of
the plasma production chamber 502. When Ar particles
collide against the target 505, a sputtering phenomenon
occurs to sputter Ru particles from the target 505. The
Ru particles sputtered from the target 505 reach the sur-
face of the insulating layer 4702 on the substrate 4701
and are deposited.

[0253] Withthe above process, the lower electrode lay-
er 4703 having a thickness of, e.g., about 10 nm can be
formed on the insulating layer 4702 (Fig. 48B). The lower
electrode layer 4703 enables voltage application to the
ferroelectric layer 4705 and insulating layer 4704 when
a voltage is applied between the lower electrode layer
4703 and the upper electrode 4706 to be formed later.
The lower electrode layer 4703 may be made of any other
material except ruthenium if the conductivity can be en-
sured. The thickness of the lower electrode layer 4703
need not always be 10 nm and may be smaller or larger.
[0254] As described above, in forming the Ru film by
ECR sputtering, the substrate 4701 is heated to 400°C.
However, the substrate need not always be heated. How-
ever, if the substrate is not heated, the adhesion of ru-
thenium to silicon dioxide becomes low, and the film may
peel off. To prevent peeling, the film is formed preferably
while heating the substrate. After Ru is deposited to a
desired thickness in the above-described way, an end
process is executed by stopping film formation by, e.g.,
closing the shutter and stopping plasma irradiation by
stopping supply of the microwave power. Then, the sub-
strate 4701 can be unloaded.

[0255] After the lower electrode layer 4703 is formed
in the above-described manner, the substrate 4701 is
unloaded from the apparatus to the atmosphere. The
substrate 4701 is fixed on the substrate holder 504 of the
same ECR sputtering apparatus as in Fig. 5 in which pure
tantalum (Ta) is used as the target 505. The insulating
layer 4704 is formed on the lower electrode layer 4703
to a thickness to just cover its surface, as shown in Fig.
48C, by ECR sputtering using argon (Ar) as a plasma
gas and oxygen gas. A metal mode film by Ta-O mole-
cules is formed as the insulating layer 4704, as will be
described below.

[0256] Formation of a metal mode film by Ta-O mole-
cules will be described in detail. In the ECR sputtering
apparatus shown in Fig. 5 in which the target 505 made
of tantalum is used, Ar gas as a rare gas is supplied at
aflow rate of, e.g., 25 sccm from the inert gas supply unit
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511 into the plasma production chamber 502 to set the
internal pressure of the plasma production chamber 502
on the order of, e.g., 102 to 10-3 Pa. A coil current of,
e.g., 27 Ais supplied to the magnetic coil 510 to give the
magnetic field of the electron cyclotron resonance con-
dition to the plasma production chamber 502.

[0257] A microwave of, e.g., 2.45 GHz (e.g., 500 W) is
supplied from the microwave generation unit (not shown)
into the plasma production chamber 502 through the
waveguide 508, quartz window 507, and vacuum
waveguide 506. With this supply of the microwave, Ar
plasma is produced in the plasma production chamber
502. The produced plasma is output from the plasma
production chamber 502 to the side of the process cham-
ber 501 by the divergent magnetic field of the magnetic
coil 510. In addition, a high-frequency power (e.g., 500
W) is supplied from the high-frequency electrode supply
unit to the target 505 placed at the outlet of the plasma
production chamber 502. When Ar particles collide
against the target 505, a sputtering phenomenon occurs
to sputter Ta particles from the target 505.

[0258] The Ta particles sputtered from the target 505
reach the surface of the lower electrode layer 4703 on
the substrate 4701 together with the plasma output from
the plasma production chamber 502 and the oxygen gas
which is supplied from the reactive gas supply unit 512
and activated by the plasma and are oxidized to tantalum
pentoxide by the activated oxygen.

[0259] With the above process, a tantalum pentoxide
film is formed on the lower electrode layer 4703. Subse-
quently, a silicon dioxide film is formed on the tantalum
pentoxide film by ECR sputtering using the target 505
made of pure silicon, like silicon dioxide deposition de-
scribed with reference to Fig. 48A. The above-described
formation of a tantalum pentoxide film and silicon dioxide
film is repeated to form a multilayered film including the
tantalum pentoxide films and silicon dioxide films to, e.g.,
about 5 nm, thereby obtaining the insulating layer 4704
(Fig. 48D).

[0260] Theinsulatinglayer4704 including the tantalum
pentoxide films and silicon dioxide films is used to control
the voltage to be applied to the ferroelectric film upon
voltage application to the ferroelectric layer 4705. The
insulating layer 4704 may have any other structure ex-
cept the multilayered structure of tantalum pentoxide
films and silicon dioxide films if it can control the voltage
applied to the ferroelectric layer 4705. The insulating lay-
er4704 may be a single layer. The thickness is notlimited
to 5 nm, either. In the above-described ECR sputtering,
the substrate 4701 is not heated but may be heated.
[0261] After the insulating layer 4704 is formed in the
above-described manner, the substrate 4701 is unload-
ed from the apparatus to the atmosphere. The substrate
4701 is fixed on the substrate holder 504 of the same
ECR sputtering apparatus as in Fig. 5 in which a sintered
body (Bi-Ti-O) with an Bi-Ti ratio of 4 : 3 is used as the
target 505. ECR sputtering using argon (Ar) as a plasma
gas and oxygen gas is executed to form the ferroelectric
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layer 4705 on the insulating layer 4704 to a thickness to
just cover its surface, as shown in Fig. 48D.

[0262] Formation of the ferroelectric layer 4705 will be
described in detail. In the ECR sputtering apparatus
shown in Fig. 5 in which the target 505 made of Bi-Ti-O
is used, the substrate 4701 is heated to, e.g., 300°C to
700°C. Next, Ar gas as a rare gas is supplied at a flow
rate of, e.g., 20 sccm from the inert gas supply unit 511
into the plasma production chamber 502 to set the pres-
sure to on the order of, e.g., 10-2 to 10-3 Pa. A coil current
of, e.g., 27 A is supplied to the magnetic coil 510 to give
the magnetic field of the electron cyclotron resonance
condition to the plasma production chamber 502.
[0263] A microwave of, e.g., 2.45 GHz (e.g., 500 W) is
supplied from the microwave generation unit (not shown)
into the plasma production chamber 502 through the
waveguide 508, quartz window 507, and vacuum
waveguide 506. With this supply of the microwave, a plas-
ma is produced in the plasma production chamber 502.
The produced plasma is output from the plasma produc-
tion chamber 502 to the side of the process chamber 501
by the divergent magnetic field of the magnetic coil 510.
In addition, a high-frequency power (e.g., 500 W) is sup-
plied from the high-frequency electrode supply unit to the
target 505 placed at the outlet of the plasma production
chamber502. When Ar particles collide against the target
505, a sputtering phenomenon occurs to sputter Bi par-
ticles and Ti particles from the target 505.

[0264] The Bi particles and Ti particles sputtered from
the target 505 reach the surface of the insulating layer
4704 together with the plasma output from the plasma
production chamber 502 and the oxygen gas which is
supplied from the reactive gas supply unit 512 and acti-
vated by the plasma and are oxidized by the activated
oxygen. The oxygen (O,) gas need only be supplied from
the matching unit 521 at a flow rate of, e.g., about 1 sccm.
Although the target 505 is a sintered body and contains
oxygen, any shortage of oxygen in the film can be pre-
vented by supplying oxygen.

[0265] With the above-described film formation by
ECR sputtering, the ferroelectric layer 4705 having a
thickness of, e.g., about 40 nm can be formed (Fig. 48D).
After that, the same end process as described above is
executed to make it possible to unload the substrate. The
film quality may be improved by irradiating the formed
ferroelectric layer 4705 with ECR plasma of an inert gas
and a reactive gas. As the reactive gas, not oxygen gas
but nitrogen gas, fluorine gas, or hydrogen gas can be
used. The film quality improvement can also be applied
toformation of the insulating layer 4702 or insulating layer
4704.

[0266] Whenthe upper electrode 4706 made of Auand
having a predetermined area is formed on the ferroelec-
tric layer 4705, as shown in Fig. 48E, an element using
a layer formed from a ferroelectric can be obtained. The
upper electrode 4706 can be formed by a well-known lift-
off method and gold deposition by resistance heating
vacuum deposition. The upper electrode 4706 may be
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made of another metal material or conductive material
such as Ru, Pt, or TiN. When Pt is used, the adhesion is
poor, and the film may peel off. Hence, the upper elec-
trode 4706 must be formed as an electrode with a pre-
determined area by executing film formation by heating
or using a structure such as Ti-Pt-Au that hardly peels
off and executing a patterning process such as photoli-
thography or lift-off on that structure.

[0267] According to this embodiment, the insulating
layer 4704 is formed, and in this state, the ferroelectric
layer 4705 is formed on it. As a result, in forming the
ferroelectric layer 4705 by the above-described ECR
sputtering, the ferroelectric film can be formed without
degrading the morphology of the surface of the underly-
ing metal film or the surface of the ferroelectric film. For
example, if the underlying layer is made of a metal ma-
terial which is readily oxidized, the surface of the under-
lying layer may be partially oxidized in the above-de-
scribed formation of the ferroelectric layer 4705, resulting
in degradation in morphology. However, according to this
embodiment, the ferroelectric layer 4705 can be formed
while keeping the good surface morphology of the un-
derlying layer. Hence, the ferroelectric layer 4705 with
higher quality can be obtained.

[0268] The characteristics of the element shown in Fig.
47 will be described next. The characteristics were in-
vestigated by applying a voltage between the lower elec-
trode layer 4703 and the upper electrode 4706. When a
voltage from a power supply was applied between the
lower electrode layer 4703 and the upper electrode 4706,
and a current flowing when the voltage was applied was
measured by an ammeter, a result shown in Fig. 49 was
obtained. In Fig. 49, the ordinate represents the current
density obtained by dividing the current value by the area.
Fig. 49 and the memory operation principle will be de-
scribed below. The voltage values and current values to
be described here are mere examples measured in an
actual element. Hence, the phenomenon is not limited to
the following numerical values. Other numerical values
can also be measured depending on the material and
thickness of each film actually used in the element and
other conditions.

[0269] When a positive voltage is applied to the upper
electrode 4706, the flowing current is very small in the
rangeof0to 1.0V, asindicated by (1) in Fig. 49. However,
as indicated by (2), when the voltage exceeds 1.1V, a
positive current flows abruptly. Actually, a current larger
than 0.1 A/cm2 also flows. However, since flowing of a
larger current is inhibited to protect the measurement de-
vice, the current is not measured. In the range of 0 to 1.0
V indicated by (1), a high resistance state is held (main-
tained) by inhibiting flowing of a large current as indicated
by (2).

[0270] When a positive voltage is applied again to the
upper electrode 4706, a locus to flow a positive current
of 0.1 A/cm? or more is obtained at about 0.8 V, as indi-
cated by (3). When the positive voltage is further applied
to the upper electrode 4706, a current of 0.1 A/cm2 or
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more flows at about 0.8 V, as indicated by (3).

[0271] When a negative voltage is applied to the upper
electrode 4706, a negative current flows up to about -0.2
V, as indicated by (4). The current increases to -1.5 X
102 A/cm2 at maximum. When the absolute value of the
voltage is decreased, the current traces a locus indicated
by (4).

[0272] When the negative voltage is applied up to -0.2
V, the current traces the locus indicated by (4). After that,
as indicated by (5), the value of the flowing current de-
creases, and no negative current flows. When the neg-
ative voltage is further applied to the upper electrode
4706, a locus to rarely flow a current is obtained, as in-
dicated by (6). Even when the absolute value of the volt-
age is decreased then, the current rarely flows, as indi-
cated by (6). When a positive voltage is applied to the
upper electrode 4706, the current rarely flows up to 0 to
1.0 V, as indicated by (1).

[0273] Hence, the high resistance state wherein no
current flows as in (1) is maintained unless a voltage of
1.1 V or more is applied to the upper electrode 4706 to
prevent any sudden current flow as in (2). The state (1)
will be referred to as a "positive high resistance mode".
[0274] For example, as indicated by (2), when a volt-
age of 1.1 V or more is applied to abruptly flow a current,
a low resistance state in which the current readily flows
is obtained, as indicated by (3). This state is also main-
tained while a positive voltage is applied to the upper
electrode 4706. The state (3) will be referred to as a "pos-
itive low resistance mode".

[0275] However, when a negative voltage is applied to
the upper electrode 4706, a low resistance state in which
a small current flows in the early stage in a negative volt-
age range from 0 to -0.2 V is obtained, as indicated by
(4). This state is also maintained while a negative voltage
inthe range of 0t0 -0.2 V is applied. The state (4) will be
referred to as a "negative low resistance mode".

[0276] When a negative voltage of -0.2 V or more is
applied, no current flows, and the state changes to a high
resistance state, as indicated by (5). In this state, the
state wherein the current value has a high resistance is
maintained while a negative voltage in the range of 0 to
-1.0 V is applied, as indicated by (6). The state (6) will
be referred to as a "negative high resistance mode".
[0277] As described above, the element using a ferro-
electric layer shown in Fig. 47 apparently has four stable
modes: "positive high resistance mode", "positive low re-
sistance mode", "negative high resistance mode", and
"negative low resistance mode". More specifically, the
"positive high resistance mode" and "negative high re-
sistance mode" are "high resistance modes" which ex-
hibit the same high resistance state. The "positive low
resistance mode" and "negative low resistance mode"
are "low resistance modes" which exhibit the same low
resistance state. That is, two modes are present. In the
state of the "high resistance mode", the "high resistance
mode" is maintained in the voltage range of-1.5V to +1.0
V.When avoltage of +1.0 V or more is applied to change
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the state tothe "lowresistance mode", the "low resistance
mode" is maintained in the voltage range of -0.2 VVto +0.8
V. Switching between the two, "high resistance mode"
and "low resistance mode" occurs. This also applied to
the negative resistance modes, i.e., "negative high re-
sistance mode" and "negative low resistance mode".
[0278] As for the actual current value in each "positive
mode" when a voltage of 0.5 V is applied, the current
value in the "positive high resistance mode" is 1.0 X 105
A/cm?2, and that in the "positive low resistance mode" is
5 X 10-2 A/cm2. The ratio is as high as 5,000 times. This
facilitates each mode identification. The present inven-
tors estimate that the above-described phenomenon oc-
curs when the resistance value of the ferroelectric film
dramatically changes depending on the direction and
magnitude of the applied voltage.

[0279] Since the insulating layer 4704 is provided be-
tween the ferroelectric layer 4705 and the upper elec-
trode 4706, carriers can be controlled by the band struc-
ture of the insulating layer 4704. More specifically, for
example, tantalum pentoxide has a band gap of about
4.5 eV. The energy difference viewed from the Fermi
level is about 1.2 eV in the conduction band and 2.3 eV
in the valence band. That is, the barrier is higher on the
valence band side. Hence, the barrier effect is high for
holes in the valence band but low for electrons in the
conduction band. For further information, see Wilk et al.,
"J. Appl. Phys.", No. 87, p. 484 (2000).

[0280] From the above-described characteristic,
when, e.g., a tantalum pentoxide film is used as the in-
sulating layer between the electrode and the ferroelectric
layer, aphenomenon that electrons readily flow but holes
hardly flow can be expected. Actually, as shown in Fig.
49, the value of the flowing current largely changes be-
tween a case wherein a positive voltage is applied to the
upper electrode 4706 and a case wherein a negative volt-
age is applied. In discriminating a memory, this has a
large effect to increase the signal-to-noise ratio (S/N ra-
tio) and facilitate data discrimination. This is the effect of
use of the insulating layer 4704.

[0281] It was found that when the above-described
"low resistance mode" and "high resistance mode"
shown in Fig. 49 are applied as a memory operation, the
element shown in Fig. 47 can be used as a nonvolatile
nondestructive memory. More specifically, initialization
of the element and data erase, i.e., the write of data "off"
is done by changing the mode from the "low resistance
mode" to the "high resistance mode" by applying a neg-
ative voltage of the upper electrode 4706, as indicated
by (4) or (5) in Fig. 49.

[0282] Thewrite ofdata"on"is done by abruptly flowing
a current by applying a positive voltage of 1.1 VV or more
to the upper electrode 4706, as indicated by (2) in Fig.
49. With this operation, the mode is changed from the
"high resistance mode" to the "low resistance mode", and
data "on" is written. As described above, when a voltage
is applied to the upper electrode 4706 to set the "high
resistance mode" or "low resistance mode", "off" or "on"
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data (state) can be written.

[0283] The read of data written in the above-described
way can easily be done by reading a current value when
an appropriate voltage of 0to 1.0 V is applied to the upper
electrode 4706. For example, when the mode state of
the element shown in Fig. 47 is "off", i.e., "high resistance
mode", it can be determined because a current hardly
flows when an appropriate voltage of 0 to 1.0 V is applied,
as indicated by (1) in Fig. 49.

[0284] When the mode state of the element shown in
Fig. 47 is "on", i.e., "low resistance mode", it can be de-
termined because a current abruptly flows when an ap-
propriate voltage of 0 to 0.8 V is applied, as indicated by
(2) in Fig. 49. Since the difference in current value be-
tween the "positive high resistance mode" and the "pos-
itive low resistance mode", i.e., "off" and "on" is 5,000
times or more, "off" and "on" can easily be determined.
Even in the negative voltage range, "off" and "on" can be
determined in the voltage range of 0 to -0.2 V.

[0285] The above-described read operation of the
memory can easily be done only by checking whether
the element shown in Fig. 47 is in the "high resistance
mode" or "low resistance mode". In other words, while
the element shown in Fig. 47 can hold the two modes,
data is held. Even when a positive voltage is applied to
the electrode to check the mode, the held mode does not
change, and data is not destroyed. Hence, according to
the element shown in Fig. 47, nondestructive read is pos-
sible. The element shown in Fig. 47 functions as a non-
volatile memory element since the resistance value of
the ferroelectric layer 4705 changes depending on the
voltage applied between the lower electrode layer 4703
and the upper electrode 4706. This element can also be
used as a switching element to control the current.
[0286] The voltage to operate the element shown in
Fig. 47 is maximized in the write to set the "positive low
resistance mode". However, the voltage is about 1.1V,
and the power consumption is very low, as shown in Fig.
49. The low power consumption is very advantageous
for devices. Devices using a memory, e.g., not only mo-
bile communication devices, digital general-purpose de-
vices, digital image sensing devices, notebook personal
computers, and PDAs (Personal Digital Appliances) but
also all computers, personal computers, workstations,
office computers, mainframes, communication units, and
multifunction apparatuses can reduce the power con-
sumption. The memory using the element shown in Fig.
47 also has a holding period of 10 years, like the above-
described element.

[0287] In the above-described example, each of the
insulating layer on the silicon substrate, the lower elec-
trode layer on the insulating layer, the insulating layer on
the lower electrode layer, and the ferroelectric layer on
the insulating layer is formed by ECR sputtering. How-
ever, the method of forming each layer is not limited to
ECR sputtering. For example, the insulating layer to be
formed on the silicon substrate may be formed by thermal
oxidation or CVD (Chemical Vapor Deposition) or a con-
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ventional sputtering method.

[0288] The lower electrode layer may be formed by
any other film formation method such as EB deposition,
CVD, MBE, or IBD. The insulating layer on the lower elec-
trode layer may be formed by ALD, MOCVD, or conven-
tional sputtering. The ferroelectric layer can also be
formed by the above-described MOD, conventional sput-
tering method, PLD, or MOCVD. However, when ECR
sputtering is used, flat and excellent insulating film, metal
film, and ferroelectric film can easily be obtained.
[0289] Inthe above-described embodiment, after each
layer is formed, the substrate is temporarily unloaded
into the atmosphere. However, the layers may be formed
by a continuous process without unloading the structure
into the atmospheric by using an apparatus which con-
nects, through vacuum transfer chambers, the process
chambers to realize ECR sputtering to form the respec-
tive layers. With this arrangement, the substrate to be
processed can be transported in vacuum and is therefore
prevented from being influenced by disturbance such as
water adhesion. Hence, the film quality and interface
properties can be improved.

[0290] Asshowninpatentreference 7, after each layer
is formed, the surface of the formed layer may be irradi-
ated with ECR plasma to improve the properties. After
each layer is formed, the formed layer may be annealed
(heat-treated) in an appropriate gas atmosphere such as
hydrogen atmosphere to greatly improve the properties
of each layer.

[0291] Arraying elements and storing a plurality of data
simultaneously in a memory is called "integration". The
degree of integrating elements is called a degree of in-
tegration. The structure shown in Fig. 47 is very simple
and can greatly increase the degree of integration as
compared to a conventional memory cell. For DRAMs,
SRAMSs, or flash memories based on MOSFETs which
must ensure gate, source, and drain regions, limitation
on integration has been pointed out recently. However,
the element shown in Fig. 47 uses the simple structure
and can therefore increase the degree of integration with-
out being affected by the current limitation on integration.
[0292] Inthe above-described embodiment, a DC volt-
ageis applied. However, even when a pulse voltage hav-
ing an appropriate width and magnitude is applied, the
same effect as described above can be obtained. A basic
idea is arranging a ferroelectric layer in contact with an
insulating layer and sandwiching these layers by two
electrodes, as shown in Fig. 47. With this structure, when
a predetermined voltage (DC or pulse) is applied be-
tween the two electrodes to change the resistance value
of the ferroelectric layer and switch the stable high re-
sistance mode and low resistance mode, a memory func-
tion can be implemented consequently.

[0293] For example, as shown in Fig. 50A, an insulat-
ing substrate 4701a may be used, and stacked lower
electrode layers 4703a and 4703b may be used. As
shown in Fig. 50B, the insulating substrate 4701a may
be used, and a contact electrode 4703c may be provided
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on the lower electrode layer 4703. As shown in Fig. 50C,
the insulating substrate 4701a may be used, and stacked
upper electrodes 4706a and 4706b may be used. As
shown in Fig. 50D, the stacked lower electrode layers
4703a and 4703b and the stacked upper electrodes
4706a and 4706b may be used.

[0294] As shown in Fig. 51, an insulating substrate
5101 made of glass or quartz may be used. In this case,
as shown in Fig. 52, a through hole may be formed in the
substrate 5101 to form a plug, and an electrical contact
may be formed on the lower surface of the substrate 5101
(the side opposite to the surface where the lower elec-
trode layer 4703 is formed). With this structure, the
presentinvention can be applied to, e.g. a glass substrate
easy to process. Since the ferroelectric layer 4705 which
has a refractive index of about 2.6 measured at a wave-
length of 632.8 nm is optically transparent, the structure
shown in Fig. 51 can be applied to a display. When the
ferroelectric layer 4705 is formed so thick in the range of
10 to 200 nm that an interference color is generated, the
visual effect of a colored state can be obtained.

[0295] As shown in Fig. 53A, a conductive substrate
5201 made of, e.g., a metal may be used. As shown in
Fig. 53B, a lower electrode layer 5202 contacting the
substrate 5201 may be formed, and an insulating layer
5203, ferroelectric layer 5204, and upper electrode 5205
may be provided on it. In the structure shown in Fig. 53B,
apredetermined electrical signal can be applied between
the substrate 5201 and the upper electrode 5205.
[0296] As shownin Fig. 53C, an insulating layer 5302,
ferroelectric layer 5303, and upper electrode 5304 may
be provided on a metal plate 5301. In this structure, the
metal plate 5301 serves as a lower electrode layer. With
the structure shown in Fig. 53C in which the constituent
elements are formed on the metal plate 5301 with high
thermal conductivity, a higher cooling effect can be ob-
tained, and a stable element operation can be expected.
[0297] Astheferroelectriclayer becomes thick, the cur-
rent flows more hardly, and the resistance increases.
When a memory is implemented by using a change in
resistance value, the resistance value of in each of the
ON state and OFF state is important. For example, when
the ferroelectric layer becomes thick, the resistance val-
ue in the ON state increases. Since it is difficult to ensure
a high S/N ratio, the state of the memory is hard to de-
termine. On the other hand, when the ferroelectric layer
becomes thin, and the leakage currentis dominant, mem-
ory information can hardly be held, and the resistance
value in the OFF state increases. It is therefore difficult
to ensure a high S/N ratio.

[0298] Hence, the ferroelectric layer preferably has an
optimum thickness. For example, when the problem of
leakage current is taken into consideration, the ferroe-
lectric layer need only have a thickness of at least 10 nm.
When the resistance value in the ON state is taken into
consideration, the ferroelectric layer is preferably thinner
than 200 nm. In experiments conducted by the present
inventors, a memory operation was confirmed when the
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thickness of the ferroelectric layer was 30 to 100 nm. The
most satisfactory state was obtained when the thickness
of the ferroelectric layer was 50 nm.

[0299] A more preferable thickness is present even in
the insulating layer on the lower electrode layer. The
thickness will be described by using an example in which
an Al,O; film, SiO, film, and Ta,O4 film are formed on
silicon substrates by ECR sputtering using an Al target,
Si target, and Ta target. Each film is formed to a prede-
termined thickness. An upper electrode made of Al is
formed on each film. A current-voltage characteristic is
measured by applying a voltage between the silicon sub-
strate and the upper electrode. The current density ob-
served in each thin film at -1 V is observed. The result of
the current densities is the same as in Fig. 39.

[0300] Asshownin Fig. 39, the current density chang-
es depending on the material of the insulating layer. The
smaller the thickness becomes, the more the leakage
current flows to increase the current density. On the other
hand, when the thickness increases, the current density
decreases. This indicates that if the thickness of too
small, the characteristic of an insulating layer cannot be
obtained. If the thickness is large, the voltage applied to
the ferroelectric film is small so it is difficult to ensure a
high S/N ratio, and the memory state is hard to determine.
Hence, the insulating layer preferably has an optimum
thickness in combination with the ferroelectric layer.
[0301] For example, when the problem of leakage cur-
rent is taken into consideration, and an Al,O5 film or SiO,
film is used, the thickness is preferably about 1 to 3 nm.
A Ta,05 film need only have a thickness of at least 3 nm.
When the problem of magnitude of the resistance value
is taken into consideration, the insulating layer is prefer-
ably thicker than 20 nm. In experiments conducted by
the present inventors, the above-described memory op-
eration was confirmed when an insulating layer made of
SiO, and Ta,05 had a thickness of 3 to 5 nm.

[0302] Inthe above description, one element has been
exemplified. However, a plurality of elements may be ar-
rayed and integrated, as will be described later. For ex-
ample, as shown in Fig. 54A, a common lower electrode
layer 5402, insulating layer 5403, and ferroelectric layer
5404 are formed on an insulating substrate 5401. A plu-
rality of upper electrodes 5405 spaced apart from each
other by a predetermined distance are formed on the
ferroelectric layer 5404. Thatis, a plurality of ferroelectric
elements are arrayed in correspondence with the plurality
of upper electrodes 5405.

[0303] Aferroelectric orinsulating film has a much low-
er conductivity than a conductor such as a metal and can
therefore be used commonly. In this case, since the work-
ing process can be omitted, the productivity can be in-
creased, resulting in large advantage from the industrial
viewpoint. When the distance between the ferroelectric
elements corresponding to the plurality of upper elec-
trodes 5405 is set in consideration of, e.g., the conduc-
tivity, a stable operation can be expected.

[0304] As shown in Fig. 54B, the common lower elec-
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trode layer 5402 may be formed on the insulating sub-
strate 5401, and a plurality of elements each including
an insulating layer 5413, ferroelectric layer 5414, and
upper electrode 5415 may be arrayed on the lower elec-
trode layer 5402. For example, when a ferroelectric film
is formed and processed by using a method such as RIE,
ICP etching, or ECR etching, the individual ferroelectric
layers 5414 can be formed. When the elements are sep-
arated in this way, the distance between them can further
be shortened, and the degree of integration can be made
higher.

[0305] As shown in Fig. 54C, the common lower elec-
trode layer 5402 and insulating layer 5403 may be formed
on the insulating substrate 5401, and a plurality of ele-
ments each including the ferroelectric layer 5414 and up-
per electrode 5415 may be arrayed on the insulating layer
5403. As shown in Fig. 54D, the side surfaces of the
insulating layer 5413 and ferroelectric layer 5414 of each
element may be covered with aninsulating sidewall 5416.
As shown in Fig. 54E, the common lower electrode layer
5402 and insulating layer 5403 may be formed on the
insulating substrate 5401, a plurality of elements each
including the ferroelectric layer 5414 and upper electrode
5415 may be arrayed on the insulating layer 5403, and
the side surface of the ferroelectric layer 5414 of each
element may be covered with aninsulating sidewall 5417 .
[0306] As shown in Fig. 55, the common lower elec-
trode layer 5402 may be formed on the insulating sub-
strate 5401, a plurality of elements each including the
insulating layer 5413, ferroelectric layer 5414, and upper
electrode 5415 may be arrayed on the lower electrode
layer 5402, and an insulating layer 5426 may be formed
to fill spaces on the sides of the plurality of ferroelectric
layers 5414 that are spaced apart from each other. When
the portions between the plurality of ferroelectric layers
5414 formed separately in correspondence with the ele-
ments are covered with an insulator, the leakage current
between the elements can be reduced, and their stability
can be increased.

[0307] As shown in Fig. 13, a plurality of elements are
arrayed. More specifically, n elements are arrayed in the
Xdirection, and m elements are arrayed inthe Y direction.
X-direction buses are connected to the lower electrode
layers, and Y-direction buses are connected to the upper
electrodes. A processor unit having a selection signal
switching function is connected to each of the X- and Y-
direction buses. With this structure, a memory capable
of accessing each element at random can be implement-
ed.

[0308] The change in resistance value of the ferroe-
lectric layer 4705 can also be controlled by a current. A
predetermined voltage is applied to the ferroelectric layer
4705 in the "high resistance mode" to flow a predeter-
mined current. Immediately after that, a predetermined
voltage (e.g., +0.5 V) is applied between the upper elec-
trode 4706 and the lower electrode layer 4703. The cur-
rent value then changes as shown in Fig. 41.

[0309] For example, after a current from 1 X 105 A



69 EP 2 348 555 B9 70

(inclusive) to 1 X 104 A (exclusive) is supplied between
the electrodes, the current value is small, and a high re-
sistance state is obtained. After a current of 1 X 104 A
or more is supplied between the electrodes, the value of
the flowing current becomes large (e.g., 0.7 mA), and the
state changes to a low resistance state. As is apparent
from this, the resistance of the ferroelectric layer 4705
also changes depending on the current flowing to it. That
is, two resistance values representing a high resistance
state and low resistance state are present. Hence, the
element shown in Fig. 1 can be driven by both a voltage
and a current.

[0310] Even in the element shown in Fig. 47, the re-
sistance change in the ferroelectric layer 4705 can be
controlled by a pulse voltage, as in the above-described
element. The element can also be used as a switching
element to control a current. Even the element shown in
Fig. 47 can implement a ternary memory, like the above-
described element.

[0311] Forming the insulating layer 4705 from a ferro-
electric layer containing tantalum pentoxide and silicon
dioxide and having a thickness of 5 nm will be described
next. A case wherein the insulating layer 4704 has a
three-layered structure formed by stacking a tantalum
pentoxide film, silicon dioxide film, and tantalum pentox-
ide film in this order will be described below. In early
experiments, the present inventors formed a metal oxide
layer serving as the ferroelectric layer 4705 on a cleaned
silicon substrate. As a result of specific examination of
the experiment result, formation of an interface layer be-
tween the silicon substrate and the metal oxide layer was
observed.

[0312] The observation result will be described. The
substrate temperature was set to 420°C, and a metal
oxide layer containing bismuth and titanium was formed
on a silicon substrate. When the state of a section was
observed by a transmission electron microscope, the
state schematically shown in Fig. 56 was observed. As
shown in Fig. 56, the ferroelectric layer 4705 is formed
on the substrate 4701 made of silicon via an interface
layer which includes a silicon oxide layer 4721 and an
oxide layer 4722 made of an oxide containing Bi, Ti, and
Si.

[0313] Whentheferroelectriclayer4705isthus formed
on the silicon substrate, the above-described two kinds
of oxide layers are formed in the interface between them.
Even when the ferroelectric layer 4705 is formed on an
intentionally formed silicon oxide layer, an oxide layer
containing Bi, Ti, and Si is also observed in the interface.
Of the layers formed in the interface, the silicon oxide
layer 4721 is estimated to have a relative dielectric con-
stant as small as 3.8. When a voltage is applied to the
ferroelectric layer 4705, the voltage may be applied most-
ly to the silicon oxide layer 4721, and no voltage may be
distributed to the ferroelectric layer 4705. The oxide layer
4722 poses a problem when interface controllability is
required. Hence, when the ferroelectric layer 4705 is to
be formed, a more desirable state can be obtained by
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suppressing reaction with silicon and preventing forma-
tion of silicon oxide with a small relative dielectric con-
stant.

[0314] A case wherein the ferroelectric layer 4705 is
formed directly on an underlying metal layer made of,
e.g., ruthenium will be examined. As is well known, ru-
thenium forms an oxide. Hence, when a ferroelectric lay-
er is formed on a metal layer made of ruthenium, the
surface of the metal layer is expected to be oxidized to
degrade the morphology.

[0315] For example, asilicon dioxide layer was formed
on a silicon substrate by thermal oxidation. A ruthenium
electrode layer having a thickness of about 20 nm was
formed on it by the above-described ECR sputtering. The
substrate temperature was set to 450°C, and a metal
oxide layer containing bismuth and titanium was formed
on the ruthenium layer. When the state of a section was
observed by a transmission electron microscope, the
state shown in Fig. 57 was observed. Fig. 58 schemati-
cally shows the state of the electron micrograph of Fig.
57.

[0316] As shown in Fig. 58, the lower electrode layer
4703 made of ruthenium is formed on a silicon dioxide
layer 4702a. The ferroelectric layer 4705 is formed on
the lower electrode layer 4703 via an interface layer 4723
made of an oxide containing Bi, Ti, and Ru. The interface
layer 4723 is confirmed by EDS (Energy Dispersive X-ray
Spectroscopy) to be an oxide containing Ru, Ti, and Bi.
The surface of the ferroelectric layer 4705 has a mor-
phology of 10 to 20 nm due to the influence of the interface
layer 4723. As is apparent from this, a more desirable
state can be obtained when the ferroelectric layer 4705
is not directly formed on the metal layer.

[0317] Fromthe above experiment and observation re-
sults, the present inventors directed attention to an insu-
lating layer having a multilayered structure formed by
sandwiching a silicon dioxide layer between tantalum
pentoxide layers. When the tantalum pentoxide layers
contact the lower electrode layer 4703 and ferroelectric
layer 4705, oxidation in the interface of the lower elec-
trode layer 4703 can be prevented. In addition, formation
of an interface layer due to reaction in the interface to
the ferroelectric layer 4705 can be suppressed. When a
silicon dioxide layer is formed, insulating properties can
be ensured. Hence, any other material capable of pre-
venting formation of an interface layer in the interface
between the lower electrode layer 4703 and the ferroe-
lectric layer 4705 can be used in place of tantalum pen-
toxide. The silicon dioxide layer need not always be
formed. Only atantalum pentoxide layer suffices depend-
ing on the state of necessary insulating properties.
[0318] The characteristic of the element using the in-
sulating layer (insulating layer 4702) formed from a tan-
talum pentoxide layer will be described next. A silicon
dioxide layer is formed on a silicon substrate by thermal
oxidation. A ruthenium electrode layer having a thickness
of about 20 nm is formed on the silicon dioxide layer by
the above-described ECR sputtering. A tantalum pentox-
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ide layer, silicon dioxide layer, and tantalum pentoxide
layer are stacked in this order on the formed ruthenium
electrode layer to form an insulating layer having a thick-
ness of about 5 nm. These layers are formed by the ECR
sputtering described with reference to Fig. 48C.

[0319] The state of a section of the insulating layer
formed on the above-described ruthenium electrode lay-
er was observed by a transmission electron microscope.
The tantalum pentoxide layer, silicon dioxide layer, and
tantalum pentoxide layer in an amorphous state were
observed as a very thin film having a thickness of 5 nm
on the ruthenium electrode layer in a crystalline state.
No interface layers were observed on the interfaces be-
tween the layers, and it was confirmed that the layers
were formed very flat.

[0320] An investigation result of the electrical charac-
teristics of the insulating layer of the above-described
layered structure will be described next. The electrical
characteristics were investigated by preparing four sam-
ples A, B, C, and D. In the sample A, an insulating layer
having a thickness of about 3 nm andincluding a tantalum
pentoxide layer, silicon dioxide layer, and tantalum pen-
toxide layer stacked in this order is formed on a cleaned
p-type silicon substrate. In the sample B, an insulating
layer having a thickness of about 3 nm and including a
silicon dioxide layer, tantalum pentoxide layer, and silicon
dioxide layer stacked in this order is formed on a cleaned
p-type silicon substrate. In the sample C, a silicon dioxide
insulating layer having a thickness of about 3 nm is
formed on a cleaned p-type silicon substrate. In the sam-
ple D, a tantalum pentoxide insulating layer having a
thickness of about 3 nm is formed on a cleaned p-type
silicon substrate.

[0321] In each sample, an upper electrode made of
aluminum is formed on the insulating layer. A predeter-
mined voltage is applied between the silicon substrate
and the upper electrode, thereby measuring the current
density. When a negative voltage is applied to the upper
electrode to set the silicon substrate in a storage state
of the semiconductor, the voltage is applied to only the
insulating layer.

[0322] Fig. 59 shows the measurementresult obtained
by using the above-described samples. As indicated by
c in Fig. 59, the silicon dioxide insulating layer has high
insulating properties. To the contrary, as indicated by d,
the tantalum pentoxide insulating layer has low insulating
properties and a high current density at a very low applied
voltage. The samples a and b have intermediate charac-
teristics between the samples ¢ and d. As is apparent
from this result, the insulating layer having a multilayered
structure formed by sandwiching a silicon dioxide layer
between tantalum pentoxide layers can obtain higher in-
sulating properties as compared to the insulating layer
including a single tantalum pentoxide layer.

[0323] An observation result of an element having the
same structure as in Fig. 47, i.e., an element using an
insulating layer having a multilayered structure including
a silicon dioxide layer sandwiched between tantalum
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pentoxide layers will be described next. Formation of the
element used for observation will briefly be described. A
silicon dioxide layer is formed on a silicon substrate by
thermal oxidation. A ruthenium electrode layer having a
thickness of about 20 nm is formed on the silicon dioxide
layer by the above-described ECR sputtering. An insu-
lating layer having a thickness of about 5 nm is formed
on the ruthenium electrode layer by stacking a tantalum
pentoxide layer, silicon dioxide layer, and tantalum pen-
toxide layer in this order, as described above. A metal
oxide layer having a thickness of about 40 nm and con-
taining bismuth and titanium is formed on the insulating
layer at a substrate temperature of 420°C and an oxygen
flow rate of 1 sccm.

[0324] Fig. 60 shows a result obtained by observing a
section of the element formed in the above-described
way by using a transmission electron microscope. Fig.
61 schematically shows this state. As a result of obser-
vation, theinsulating layer 4704 including a tantalum pen-
toxide layer 4724, silicon dioxide layer 4725, and tanta-
lum pentoxide layer 4726 stacked in this order was
formed on the lower electrode layer 4703. The ferroelec-
tric layer 4705 was formed on the insulating layer 4704.
No interface layers were observed on the interfaces be-
tween the layers. The interfaces between the layers were
flat on the order of nm. As described above, when an
insulating layer including a silicon dioxide layer sand-
wiched between tantalum pentoxide layers is used in
forming the element shown in Fig. 47, formation of an
interface layer by predicted reaction after oxidation is
suppressed, and the surface morphology of the ferroe-
lectric layer is improved.

[0325] Fig. 62 is a sectional view schematically show-
ing a structure example of a bistable resistance value
acquisition device. An element (functional element) using
a metal oxide layer will be described below. The element
shown in Fig. 62 comprises, on a substrate 6201 made
of, e.g., single-crystal silicon, an insulating layer 6202, a
lower electrode layer 6203, an insulating layer (first in-
sulating layer) 6204, a metal oxide layer 6205, an insu-
lating layer (second insulating layer) 6206, and an upper
electrode 6207. The substrate 6201 can be made of any
one of a semiconductor, insulator, and conductive mate-
rial such as a metal. When the substrate 6201 is made
of a conductive material, the insulating layer 6202 can
be omitted. In this case, the substrate 6201 made of the
conductive material serves as a lower electrode layer.
[0326] The lower electrode layer 6203 and upper elec-
trode 6207 need only be made of a transition metal in-
cluding noble metals such as platinum (Pt), ruthenium
(Ru), gold (Au), and silver (Ag). The lower electrode layer
6203 and upper electrode 6207 may be made of a com-
pound such as a nitride, oxide, or fluoride of a transition
metal, such as titanium nitride (TiN), hafnium nitride
(HfN), strontium ruthenate (SrRu0O,), zinc oxide (ZnO),
indium tin oxide (ITO), or lanthanum fluoride (LaF3), or
a composite film formed by stacking them.

[0327] The insulating layer 6204 and insulating layer
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6202 need only be made of silicon dioxide, silicon oxyni-
tride, alumina, an oxide such as LiNbO5 containing a light
metal such as lithium, beryllium, magnesium, or calcium,
or a fluoride such as LiCaAlFg, LiSrAlIFg, LiYF,, LiLuF,,
or KMgF,. Alternatively, the insulating layer 6204 and
insulating layer 6202 need only be made of an oxide or
nitride of a transition metal such as scandium, titanium,
strontium, yttrium, zirconium, hafnium, tantalum, or lan-
thanum series, a silicate (ternary compound of a metal,
silicon, and oxygen) containing the above-described el-
ements, an aluminate (ternary compound of a metal, alu-
minum, and oxygen) containing these elements, or an
oxide or nitride containing at least two of the above ele-
ments.

[0328] The metal oxide layer 6205 is the same as the
ferroelectric layer 104 shown in Fig. 1 and is made of a
metal oxide containing at least two metals. For example,
the metal oxide layer 6205 is formed by dispersing a plu-
rality of microcrystalline grains or fine particles of
Bi, Ti3O4, crystal with a grain size of about 3 to 15 nm in
abase layer, i.e., a layer containing titanium in an exces-
sive amount relative to the stoichiometric composition of
BisTizO4,. The base layer may be TiO, with a bismuth
content of almost 0. In other words, the base layer is
made of a metal oxide which contains two metals and in
which the content of one metal is smaller in comparison
with the stoichiometric composition. The metal oxide lay-
er 6205 need only be made of, e.g., a material having a
perovskite structure, a material having a pseudo-ilmenite
structure, a material having a tungsten-bronze structure,
a material having a bismuth layer-structure, or a material
having a pyrochlore structure.

[0329] More specifically, BisTizO45, La,Ti;O, BaTiOg,
PbTiO3, Pb(Zry,Ti,)O3, (Pby.yLay) (ZryTi,)O3, LINDO3,
LiTaO3, KNbOj;, YMnOj, PbNbsOg Ba,NaNbgO,s,
(Bay_,Sr,),NaNbs0 5, Ba,Na,_,Bi,,3Nb;045, or a metal
oxide (e.g., a ferroelectric) having a bismuth layer struc-
ture represented by (BiyO)2+(Am_1BmOsms+1)2 Wherein
A indicates at least one of monovalent, divalent, and tri-
valentions and a combination thereof, B indicates at least
one of tetravalent, pentavalent, and sexivalent ions and
a combination thereof, O indicates oxygen, Bi indicates
bismuth, and m indicates 1 to 5.

[0330] Examples of a metal oxide having a bismuth
layer-structure  represented by  (BiyO5)2*(Amp.1Bm
O3zmeq)% are SrBiyTa,0g, SrBi;Nb,Og, BaBiyNb,Og,
BaBi,Ta,0g, PbBi;Nb,Og, PbBi,Ta,0g, BiO4Taz04s,
CaBiyTi 045 SrBiyTi;O45, BaBiyTi4O45 NagsBis 5Tiy
045, Ko 5Bis 5Ti4O45, SryBisTasO04g, BayBisTas04g, and
Pb2BisTagO1g.

[0331] The metal oxide layer 6205 may be made of a
material represented by Ln,_,Ae, TrO5 or LnAe,Tr,O3
wherein Ln indicates at least one rare-earth metal ele-
ment selected from the lanthanum series, Ae indicates
at least one material selected from light metals of group
Il (Be, Mg, and Ca, Sr, Ba, and Ra of alkaline earth met-
als), Tr indicates at least one material selected from
heavy metals (transition metals) of group lIll, group 1V,
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group V, group VI, group VII, group VIII, group I, and
group I, and O indicates oxygen. Note that x is a number
effective in the solubility limit range.

[0332] The metal oxide layer 6205 is made of a metal
oxide containing at least two metals and often exhibits
ferroelectric properties. In some cases, however, no fer-
roelectric properties are exhibited depending on the film
thickness condition.

[0333] A detailed example of the functional element
shown in Fig. 62 will be described. For example, the lower
electrode layer 6203 is a ruthenium film having a thick-
ness of 10 nm. The insulating layer 6204 is a multilayered
film made of tantalum pentoxide and silicon dioxide and
having a thickness of about 5 nm. The metal oxide layer
6205 is a Biy Ti3O4, film having a thickness of 40 nm. The
insulating layer 6206 is a tantalum pentoxide layer having
a thickness of 3 nm. The upper electrode 6207 is made
of gold. As described above, the structures of the sub-
strate 6201 and insulating layer 6202 are not limited to
those described above, and any other material can also
be selected appropriately if it has no effect on the elec-
trical characteristics.

[0334] A detailed method of forming the above-de-
scribed insulating layer 6202, lower electrode layer 6203,
insulating layer 6204, metal oxide layer 6205, insulating
layer 6206, and upper electrode 6207 will be described
later. They can be formed by sputtering a metal target or
sintered target in ECR plasma made of argon gas, oxy-
gen gas, or nitrogen gas by using an ECR sputtering
apparatus shown in Fig. 5.

[0335] An example of a method of manufacturing the
functional element shown in Fig. 62 will be described next
with reference to Fig. 63. As shown in Fig. 63A, the p-type
silicon substrate 6201 having a plane orientation of (100)
on the principal plane and a resistivity of 1 to 2 Qcm is
prepared. The surface of the substrate 6201 is cleaned
by a solution mixture of sulfuric acid and a hydrogen per-
oxide solution, pure water, and a hydrogen fluoride so-
lution and dried.

[0336] The insulating layer 6202 is formed on the
cleaned and dried substrate 6201. In forming the insu-
lating layer 6202, the above-described ECR sputtering
apparatus is used. The substrate 6201 is fixed on a sub-
strate holder 504 in a process chamber 501. Pure silicon
(Si) is used as a target 505. The insulating layer 6202 in
a metal mode by Si-O molecules is formed on the sub-
strate 6201 to a thickness to just cover its surface by ECR
sputtering using argon (Ar) as a plasma gas and oxygen
gas.

[0337] In ECR sputtering shown in Fig. 5, a plasma
production chamber 502 is evacuated to a high vacuum
state on the order of 10-5 to 10-4 Pa. For example, Ar gas
as arare gas is supplied at a flow rate of about 20 sccm
from an inert gas supply unit 511 into the plasma produc-
tion chamber 502 to set the internal pressure of the plas-
ma production chamber 502 on the order of, e.g., 10-3-
to 102 Pa. Note that sccm is the unit of flow rate and
indicates that a fluid at 0°C and 1 atmospheric pressure
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flows 1 cm3in 1 min.

[0338] A coil currentof, e.g., 28 Aiis supplied to a mag-
netic coil 510 to give the magnetic field of the electron
cyclotron resonance condition to the plasma production
chamber 502. The magnetic flux density in the plasma
production chamber 502 is set to, e.g., about 87.5 mT
(tesla).

[0339] A microwave of, e.g., 2.45 GHz (e.g., 500 W) is
supplied from a microwave generation unit (not shown)
into the plasma production chamber 502 through a
waveguide 508, quartz window 507, and vacuum
waveguide 506. With this supply of the microwave, Ar
plasma is produced in the plasma production chamber
502.

[0340] The plasma produced by the above-described
method is output from the plasma production chamber
502 to the side of the process chamber 501 by the diver-
gent magnetic field of the magnetic coil 510. In addition,
a high-frequency power (e.g., 500 W) is supplied from a
high-frequency power supply 522 to the target 505 placed
at the outlet of the plasma production chamber 502.
When Ar particles collide against the target 505, a sput-
tering phenomenon occurs to sputter Si particles from
the target 505.

[0341] Atfterthis stateis obtained, a shutter (not shown)
between the process chamber 501 and the substrate
6201 isopened. The Si particles sputtered from the target
505 reach the surface of the substrate 6201 together with
the plasma output from the plasma production chamber
502 and the oxygen gas which is supplied from a reactive
gas supply unit 512 and activated by the plasma and are
oxidized to silicon dioxide by the activated oxygen.
[0342] With the above process, the insulating layer
6202 made of silicon dioxide and having a thickness of,
e.g., about 100 nm can be formed on the substrate 6201
(Fig. 63A). When the insulating layer is formed to a pre-
determined thickness, the above-described shutter is
closed not to make the sputtered material reach the sub-
strate 6201, thereby stopping film formation. After that,
plasma irradiation is stopped by, e.g., stopping supplying
the microwave power. Supply of the gases is stopped.
When the substrate temperature decreases to a prede-
termined value, and the internal pressure of the process
chamber 501 is increased to the atmospheric pressure,
the substrate 6201 which has undergone film formation
is unloaded from the process chamber 501.

[0343] The insulating layer 6202 ensures insulation to
prevent a voltage from leaking to the substrate 6201 and
influencing desired electrical characteristics when a volt-
age is applied between the lower electrode layer 6203
and upper electrode 6207 to be formed later. For exam-
ple, a silicon oxide film formed by oxidizing the surface
of the silicon substrate by thermal oxidation may be used
as the insulating layer 6202. The insulating layer 6202
may be made of any other insulating material except sil-
icon oxide if the insulating properties can be ensured.
The thickness of the insulating layer 6202 need not al-
ways be 100 nm and may be smaller or larger. In the
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above-described formation of the insulating layer 6202
by ECR sputtering, the substrate 6201 is not heated.
However, the film may be formed while heating the sub-
strate 6201. Alternatively, the surface of the substrate
6201 made of silicon may be oxidized by thermal oxida-
tion to form the insulating layer 6202 made of silicon ox-
ide.

[0344] After the insulating layer 6202 is formed in the
above-described manner, the substrate 6201 is unload-
ed from the apparatus to the atmosphere. The substrate
6201 is fixed on the substrate holder 504 of the same
ECR sputtering apparatus as in Fig. 5 in which pure ru-
thenium (Ru) is used as the target 505. ECR sputtering
using argon (Ar) as a plasma gas and xenon (Xe) is ex-
ecuted to form an Ru film on the insulating layer 6202 to
a thickness to just cover its surface, thereby forming the
lower electrode layer 6203, as shown in Fig. 63B.
[0345] Formation of the Ru film will be described in
detail. In the ECR sputtering apparatus shown in Fig. 5,
the substrate 6201 is heated to, e.g., about 400°C. Next,
Ar gas as a rare gas is supplied at a flow rate of, e.g., 7
sccm from the inert gas supply unit 511 into the plasma
production chamber 502, and Xe gas is supplied at a flow
rate of, e.g., 5 sccm to set the internal pressure of the
plasma production chamber 502 to on the order of, e.g.,
103 to 102 Pa. A coil current of, e.g., 26 A is supplied to
the magnetic coil 510 to give the magnetic field of the
electron cyclotron resonance condition to the plasma pro-
duction chamber 502.

[0346] A microwave of, e.g., 2.45 GHz (e.g., 500 W) is
supplied from the microwave generation unit (not shown)
into the plasma production chamber 502 through the
waveguide 508, quartz window 507, and vacuum
waveguide. With this supply of the microwave, a plasma
of Arand Xe is produced in the plasma production cham-
ber 502. The produced plasma is output from the plasma
production chamber 502 to the side of the process cham-
ber 501 by the divergent magnetic field of the magnetic
coil 510. In addition, a high-frequency power (e.g., 500
W) is supplied from the high-frequency electrode supply
unit to the target 505 placed at the outlet of the plasma
production chamber 502. When Ar particles collide
against the target 505, a sputtering phenomenon occurs
to sputter Ru particles from the target 505. The Ru par-
ticles sputtered from the target 505 reach the surface of
the insulating layer 6202 on the substrate 6201 and are
deposited.

[0347] Withthe above process, the lower electrode lay-
er 6203 having a thickness of, e.g., about 10 nm can be
formed on the insulating layer 6202 (Fig. 63B). The lower
electrode layer 6203 enables voltage application to the
metal oxide layer 6205 and insulating layer 6204 when
a voltage is applied between the lower electrode layer
6203 and the upper electrode 6207 to be formed later.
The lower electrode layer 6203 may be made of any other
material except ruthenium if the conductivity can be en-
sured. The thickness of the lower electrode layer 6203
need not always be 10 nm and may be smaller or larger.



77 EP 2 348 555 B9 78

[0348] As described above, in forming the Ru film by
ECR sputtering, the substrate 6201 is heated to 400°C.
However, the substrate need not always be heated. How-
ever, if the substrate is not heated, the adhesion of ru-
thenium to silicon dioxide becomes low, and the film may
peel off. To prevent peeling, the film is formed preferably
while heating the substrate. After Ru is deposited to a
desired thickness in the above-described way, an end
process is executed by stopping film formation by, e.g.,
closing the shutter and stopping plasma irradiation by
stopping supply of the microwave power. Then, the sub-
strate 6201 can be unloaded.

[0349] After the lower electrode layer 6203 is formed
in the above-described manner, the substrate 6201 is
unloaded from the apparatus to the atmosphere. The
substrate 6201 is fixed on the substrate holder 504 of the
same ECR sputtering apparatus as in Fig. 5in which pure
tantalum (Ta) is used as the target 505. The insulating
layer 6204 is formed on the lower electrode layer 6203
to a thickness to just cover its surface, as shown in Fig.
63C, by ECR sputtering using argon (Ar) as a plasma
gas and oxygen gas. A metal mode film by Ta-O mole-
cules is formed as the insulating layer 6204, as will be
described below.

[0350] Formation of a metal mode film by Ta-O mole-
cules will be described in detail. In the ECR sputtering
apparatus shown in Fig. 5 in which the target 505 made
of tantalum is used, the plasma production chamber 502
is evacuated a high vacuum state on the order of 10-5 to
104 Pa. Then, Ar gas as a rare gas is supplied at a flow
rate of, e.g., 25 sccm from the inert gas supply unit 511
into the plasma production chamber 502 to set the inter-
nal pressure of the plasma production chamber 502 on
the order of, e.g., 10-3 to 10-2 Pa. A coil current of, e.g.,
27 Ais supplied to the magnetic coil 510 to give the mag-
netic field of the electron cyclotron resonance condition
to the plasma production chamber 502.

[0351] A microwave of, e.g., 2.45 GHz (e.g., 500 W) is
supplied from the microwave generation unit (not shown)
into the plasma production chamber 502 through the
waveguide 508, quartz window 507, and vacuum
waveguide 506. With this supply of the microwave, Ar
plasma is produced in the plasma production chamber
502. The produced plasma is output from the plasma
production chamber 502 to the side of the process cham-
ber 501 by the divergent magnetic field of the magnetic
coil 510. In addition, a high-frequency power (e.g., 500
W) is supplied from the high-frequency electrode supply
unit to the target 505 placed at the outlet of the plasma
production chamber 502. When Ar particles collide
against the target 505, a sputtering phenomenon occurs
to sputter Ta particles from the target 505.

[0352] The Ta particles sputtered from the target 505
reach the surface of the lower electrode layer 6203 on
the substrate 6201 together with the plasma output from
the plasma production chamber 502 and the oxygen gas
which is supplied from the reactive gas supply unit 512
and activated by the plasma and are oxidized to tantalum
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pentoxide by the activated oxygen.

[0353] With the above process, a tantalum pentoxide
film is formed on the lower electrode layer 6203. Subse-
quently, a silicon dioxide film is formed on the tantalum
pentoxide film by ECR sputtering using the target 505
made of pure silicon, like silicon dioxide deposition de-
scribed with reference to Fig. 63A. The above-described
formation of a tantalum pentoxide film and silicon dioxide
film is repeated to form a multilayered film including the
tantalum pentoxide films and silicon dioxide films to, e.g.,
about 5 nm, thereby obtaining the insulating layer 6204
(Fig. 63D).

[0354] Theinsulating layer 6204 including the tantalum
pentoxide films and silicon dioxide films is used to control
the voltage to be applied to the metal oxide layer 6205
upon voltage application to the metal oxide layer 6205.
The insulating layer 6204 may have any other structure
except the multilayered structure of tantalum pentoxide
films and silicon dioxide films if it can control the voltage
applied to the metal oxide layer 6205. The insulating layer
6204 may be a single layer. The thickness is not limited
to 5 nm, either. In the above-described ECR sputtering,
the substrate 6201 is not heated but may be heated.
[0355] After the insulating layer 6204 is formed in the
above-described manner, the substrate 6201 is unload-
ed from the apparatus to the atmosphere. The substrate
6201 is fixed on the substrate holder 504 of the same
ECR sputtering apparatus as in Fig. 5 in which a sintered
body (Bi-Ti-O) with an Bi-Ti ratio of 4 : 3 is used as the
target 505. ECR sputtering using argon (Ar) as a plasma
gas and oxygen gas is executed to form the metal oxide
layer 6205 on the insulating layer 6204 to a thickness to
just cover its surface, as shown in Fig. 63D.

[0356] Formation of the metal oxide layer 6205 will be
described in detail. In the ECR sputtering apparatus
shown in Fig. 5 in which the target 505 made of Bi-Ti-O
is used, the process chamber 501 and plasma production
chamber 502 are evacuated to set the internal pressure
to 10-5to 104 Pa. Then, the substrate 6201 is heated to,
e.g., 300°C to 700°C. Next, Ar gas as a rare gas is sup-
plied at a flow rate of, e.g., 20 sccm from the inert gas
supply unit 511 into the plasma production chamber 502
to set the pressure to on the order of, e.g., 10-3 to 10-2
Pa. A coil current of, e.g., 27 Ais supplied to the magnetic
coil 510 to give the magnetic field of the electron cyclotron
resonance condition to the plasma production chamber
502.

[0357] A microwave of, e.g., 2.45 GHz (e.g., 500 W) is
supplied from the microwave generation unit (not shown)
into the plasma production chamber 502 through the
waveguide 508, quartz window 507, and vacuum
waveguide 506. With this supply of the microwave, a plas-
ma is produced in the plasma production chamber 502.
The produced plasma is output from the plasma produc-
tion chamber 502 to the side of the process chamber 501
by the divergent magnetic field of the magnetic coil 510.
In addition, a high-frequency power (e.g., 500 W) is sup-
plied from the high-frequency electrode supply unit to the
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target 505 placed at the outlet of the plasma production
chamber 502. When Ar particles collide against the target
505, a sputtering phenomenon occurs to sputter Bi par-
ticles and Ti particles from the target 505.

[0358] The Bi particles and Ti particles sputtered from
the target 505 reach the surface of the insulating layer
6204 together with the plasma output from the plasma
production chamber 502 and the oxygen gas which is
supplied from the reactive gas supply unit 512 and acti-
vated by the plasma and are oxidized by the activated
oxygen. The oxygen (O,) gas need only be supplied from
the matching unit 521 at a flow rate of, e.g., about 1 sccm.
Although the target 505 is a sintered body and contains
oxygen, any shortage of oxygen in the film can be pre-
vented by supplying oxygen.

[0359] With the above-described film formation by
ECR sputtering, the metal oxide layer 6205 having a
thickness of, e.g., about 40 nm can be formed (Fig. 63D).
After that, the same end process as described above is
executed to make it possible to unload the substrate.
[0360] Afterthe metal oxide layer 6205 is formed in the
above-described manner, the substrate 6201 is unload-
ed from the apparatus to the atmosphere. The substrate
6201 is fixed on the substrate holder 504 of the same
ECR sputtering apparatus as in Fig. 5 in which pure tan-
talum (Ta) is used as the target 505. A tantalum pentoxide
film is formed on the metal oxide layer 6205 a thickness
to just cover its surface, as shown in Fig. 63(e), by ECR
sputtering using argon as a plasma gas and oxygen gas
as a reactive gas, thereby forming the insulating layer
6206. The tantalum pentoxide film is a metal mode film
by Ta-O molecules, as will be described below.

[0361] Formation of a metal mode film by Ta-O mole-
cules will be described in detail. In the ECR sputtering
apparatus shown in Fig. 5 in which the target 505 made
of tantalum is used, the plasma production chamber 502
is evacuated a high vacuum state on the order of 10-5 to
104 Pa. Then, Ar gas is supplied at a flow rate of, e.g.,
25 scem from the inert gas supply unit 511 into the plasma
production chamber 502 to set the internal pressure of
the plasma production chamber 502 on the order of, e.g.,
10-3 to 102 Pa. A coil current of, e.g., 27 A is supplied to
the magnetic coil 510 to give the magnetic field of the
electron cyclotron resonance condition to the plasma pro-
duction chamber 502.

[0362] A microwave of, e.g., 2.45 GHz (e.g., 500 W) is
supplied from the microwave generation unit (not shown)
into the plasma production chamber 502 through the
waveguide 508, quartz window 507, and vacuum
waveguide 506. With this supply of the microwave, Ar
plasma is produced in the plasma production chamber
502. The produced plasma is output from the plasma
production chamber 502 to the side of the process cham-
ber 501 by the divergent magnetic field of the magnetic
coil 510. In addition, a high-frequency power (e.g., 500
W) is supplied from the high-frequency electrode supply
unit to the target 505 placed at the outlet of the plasma
production chamber 502. When Ar particles collide
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against the target 505, a sputtering phenomenon occurs
to sputter Ta particles from the target 505.

[0363] The Ta particles sputtered from the target 505
reach the surface of the lower electrode layer 6203 on
the substrate 6201 together with the plasma output from
the plasma production chamber 502 and the oxygen gas
which is supplied from the reactive gas supply unit 512
and activated by the plasma and are oxidized to tantalum
pentoxide by the activated oxygen.

[0364] With the above process, a tantalum pentoxide
film having a thickness of about 3 nm is formed on the
metal oxide layer 6205 so that the insulating layer 6206
is formed, as shown in Fig. 63(e). The insulating layer
6206 made of tantalum pentoxide is used to control the
voltage to be applied to the metal oxide layer 6205 upon
voltage application to the metal oxide layer 6205. The
insulating layer 6206 may be made of any other material
except tantalum pentoxide if it can control the voltage
applied to the metal oxide layer 6205. The insulating layer
6206 may be a single layer. The thickness is not limited
to 3 nm, either.

[0365] In the above-described ECR sputtering, the
substrate 6201 is not heated but may be heated. The
properties may be improved by irradiating the surface of
the formed insulating layer 6206 with ECR plasma of an
inert gas and areactive gas. As the reactive gas, oxygen
gas, nitrogen gas, fluorine gas, or hydrogen gas can be
used. The film quality improvement can also be applied
to the insulating layer 6204 or metal oxide layer 6205.
[0366] Whenthe upper electrode 6207 made of Auand
having a predetermined area is formed on the insulating
layer 6206, as shown in Fig. 63(f), an element using a
metal oxide layer containing at least two metals can be
obtained. The upper electrode 6207 can be formed by a
well-known lift-off method and gold deposition by resist-
ance heating vacuum deposition. The upper electrode
6207 may be made of another metal material or conduc-
tive material such as Ru, Pt, or TiN. When Ptis used, the
adhesion is poor, and the film may peel off. Hence, the
upper electrode 6207 must be formed as an electrode
with a predetermined area by executing film formation
by heating or using a structure such as Ti-Pt-Au that hard-
ly peels off and executing a patterning process such as
photolithography or lift-off on that structure.

[0367] According to this embodiment, the insulating
layer 6204 is formed, and in this state, the metal oxide
layer 6205 is formed on it. As a result, in forming the
metal oxide layer 6205 by the above-described ECR
sputtering, the morphology of the surface of the under-
lying metal film or the surface of the metal oxide layer
6205 does not degrades. For example, if the underlying
layeris made of a metal material which is readily oxidized,
the surface of the underlying layer may be partially oxi-
dized in the above-described formation of the metal oxide
layer 6205, resulting in degradation in morphology. How-
ever, according to this embodiment, the metal oxide layer
6205 can be formed while keeping the good surface mor-
phology of the underlying layer. Hence, the metal oxide
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layer 6205 with higher quality can be obtained.

[0368] The characteristics of the functional element
shown in Fig. 62 will be described next. The character-
istics were investigated by applying a voltage between
the lower electrode layer 6203 and the upper electrode
6207. When a voltage from a power supply was applied
between the lower electrode layer 6203 and the upper
electrode 6207, and a current flowing when the voltage
was applied was measured by an ammeter, a result
shown in Fig. 64 was obtained. In Fig. 64, the ordinate
indicates the absolute value of a current value as a log-
arithm. For this reason, a current value is indicated as a
positive current value independently of whether the ap-
plied voltage is positive or negative. Actually, when a
positive voltage is applied, a positive current value is ob-
served. When a negative voltage is applied, a negative
current value is observed. Fig. 64 and a memory opera-
tion principle will be described below. The voltage values
and current values to be described here are mere exam-
ples measured in an actual element. Hence, the phenom-
enon s not limited to the following numerical values. Oth-
er numerical values can also be measured depending on
the material and thickness of each film actually used in
the element and other conditions.

[0369] When a positive voltage is applied to the upper
electrode 6207, the flowing current is very small in the
rangeof0to 1.6V, asindicated by (1) in Fig. 64. However,
as indicated by (2), when the voltage exceeds 1.6 V, a
positive current flows abruptly. Actually, a current larger
than 5 X 10-3 A/cm? also flows. However, since flowing
of alarger current s inhibited to protect the measurement
device, the current is not measured. When a voltage of
0 to 1.6 V is applied to inhibit abrupt current flow as in-
dicated by (2), a state wherein the resistance is high, as
indicated by (1), is maintained.

[0370] When a positive voltage is applied again to the
upper electrode 6207, a locus to flow a positive current
of 1 X 10-3 A/cm?2 or more is obtained at about 0.5 V, as
indicated by (3). When the positive voltage is further ap-
plied to the upper electrode 6207, a current of 1 X 10-3
Al/cm?2 or more flows at about 0.5 V, as indicated by (3).
When a voltage of 0 to 0.5 V is applied, a state wherein
the resistance is low, as indicated by (3), is maintained.
[0371] When a negative voltage is applied to the upper
electrode 6207, a negative current flows up to about -0.5
V, as indicated by (4). The current increases to -1.5 X
10-3 A/cm2 at maximum. When a voltage of 0 to -0.5 V
is applied, a state wherein the resistance is low is main-
tained, as indicated by (4).

[0372] When a negative voltage is applied from -0.5V
to -1.6 V, the current value decreases, and no negative
currentflows, asindicated by (5). Even when the absolute
value of the voltage from -1.6 V to 0 V is decreased then,
the current rarely flows, as indicated by (6). When a neg-
ative voltage is applied to the upper electrode 6207, a
locus to rarely flow a current is obtained, as indicated by
(6).

[0373] When a positive voltage is applied to the upper
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electrode 6207, a locus to rarely flow a current t up 0 to
1.6 V is obtained, as indicated by (1) When a voltage of
1.6 V or more is applied, a state representing a low re-
sistance indicated by (3) is obtained.

[0374] Hence, the high resistance state wherein no
current flows as in (1) is maintained unless a voltage of
1.6 V or more is applied to the upper electrode 6207 to
prevent any sudden current flow as in (2). The state (1)
will be referred to as a "positive high resistance mode".
[0375] For example, as indicated by (2), when a volt-
age of 1.6 VV or more is applied to abruptly flow a current,
a low resistance state in which the current readily flows
is obtained, as indicated by (3). This state is also main-
tained while a positive voltage is applied to the upper
electrode 6207. The state (3) will be referred to as a "pos-
itive low resistance mode".

[0376] However, when a negative voltage is applied to
the upper electrode 6207, a low resistance state in which
a small current flows in the early stage in a negative volt-
age range from 0 to -0.5 V is obtained, as indicated by
(4). This state is also maintained while a negative voltage
inthe range of 0t0 -0.5 V is applied. The state (4) will be
referred to as a "negative low resistance mode".

[0377] When a negative voltage exceeding -0.5 V is
applied, no current flows, and the state changes to a high
resistance state, as indicated by (5). In this state, the
state wherein the current value has a high resistance is
maintained while a negative voltage in the range of 0 to
-1.6 V is applied, as indicated by (6). The state (6) will
be referred to as a "negative high resistance mode".
[0378] As described above, the element using a metal
oxide layer shown in Fig. 62 apparently has four stable
modes: "positive high resistance mode", "positive low re-
sistance mode", "negative high resistance mode", and
"negative low resistance mode". More specifically, the
"positive high resistance mode" and "negative high re-
sistance mode" are "high resistance modes" which ex-
hibit the same high resistance state. The "positive low
resistance mode" and "negative low resistance mode"
are "low resistance modes" which exhibit the same low
resistance state. That is, two modes are present. In the
state of the "high resistance mode", the "high resistance
mode" is maintained in the voltage range of-1.6 Vto +1.6
V.When a voltage of +1.6 VV or more is applied to change
the state tothe "low resistance mode", the "low resistance
mode" is maintained in the voltage range of -0.5V to +0.5
V. Switching between the two, "high resistance mode"
and "low resistance mode" occurs. This also applied to
the negative resistance modes, i.e., "negative high re-
sistance mode" and "negative low resistance mode".
[0379] As for the actual current value in each "positive
mode" when a voltage of 0.5 V is applied, the current
value in the "positive high resistance mode" is 5.0 X 10-6
A/cm?2, and that in the "positive low resistance mode" is
5 X 103 A/cmZ2. The ratio is as high as 1,000 times. This
facilitates each mode identification. The present inven-
tors estimate that the above-described phenomenon oc-
curs when the resistance value of the metal oxide layer
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6205 dramatically changes depending on the direction
and magnitude of the applied voltage. This also applies
to the "negative low resistance mode".

[0380] Since the insulating layer 6204 is provided be-
tween the metal oxide layer 6205 and the upper electrode
6207, carriers can be controlled by the band structure of
the insulating layer 6204. More specifically, for example,
tantalum pentoxide has a band gap of about 4.5 eV. The
energy difference viewed from the Fermi level is about
1.2 eV in the conduction band and 2.3 eV in the valence
band. That is, the barrier is higher on the valence band
side. Hence, the barrier effect is high for holes in the
valence band but low for electrons in the conduction
band. For further information, see Wilk et al., "J. Appl.
Phys.", No. 87, p. 484 (2000).

[0381] It was found that when the above-described
"low resistance mode" and "high resistance mode"
shown in Fig. 64 are applied as a memory operation, the
element shown in Fig. 62 can be used as a nonvolatile
nondestructive memory. More specifically, initialization
of the element and data erase, i.e., the write of data "off"
is done by changing the mode from the "low resistance
mode" to the "high resistance mode" by applying a neg-
ative voltage of the upper electrode 6207, as indicated
by (4) or (5) in Fig. 64.

[0382] Thewrite ofdata"on"is done by abruptly flowing
a current by applying a positive voltage of 1.6 VV or more
to the upper electrode 6207, as indicated by (2) in Fig.
64. With this operation, the mode is changed from the
"high resistance mode" to the "low resistance mode", and
data "on" is written. As described above, when a voltage
is applied to the upper electrode 6207 to set the "high
resistance mode" or "low resistance mode", "off" or "on"
data (state) can be written.

[0383] Theread of data written in the above-described
way can easily be done by reading a current value when
an appropriate voltage of 0to 1.6 V is applied to the upper
electrode 6207. For example, when the mode state of
the element shown in Fig. 62 is "off", i.e., "high resistance
mode", it can be determined because a current hardly
flows when an appropriate voltage of 0.5 to 1.6 V is ap-
plied, as indicated by (1) in Fig. 64.

[0384] When the mode state of the element shown in
Fig. 62 is "on", i.e., "low resistance mode", it can be de-
termined because a current abruptly flows when an ap-
propriate voltage of 1 to 0.6 V is applied, as indicated by
(2) in Fig. 64. Since the difference in current value be-
tween the "high resistance mode" and the "low resistance
mode", i.e., "off" and "on" is 1,000 times or more, "off"
and "on" can easily be determined. Even in the negative
voltage range, "off" and "on" can be determined in the
voltage range of 0 to -1.6 V.

[0385] The above-described read operation of the
memory can easily be done only by checking whether
the element shown in Fig. 62 is in the "high resistance
mode" or "low resistance mode". In other words, while
the element shown in Fig. 62 can hold the two modes,
data is held. Even when a positive voltage is applied to
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the electrode to check the mode, the held mode does not
change, and data is not destroyed. Hence, according to
the functional element shown in Fig. 62, nondestructive
read is possible. The element shown in Fig. 62 functions
as a nonvolatile memory element since the resistance
value of the metal oxide layer 6205 changes depending
on the voltage applied between the lower electrode layer
6203 and the upper electrode 6207. This element can
also be used as a switching element to control the current.
[0386] The voltage to operate the element shown in
Fig. 62 is maximized in the write to set the "positive low
resistance mode". However, the voltage is about 1.6 V
at most, and the power consumption is very low, as
shown in Fig. 64. The low power consumption is very
advantageous for devices. Devices usingamemory, e.g.,
not only mobile communication devices, digital gener-
al-purpose devices, digital image sensing devices, note-
book personal computers, and PDAs (Personal Digital
Appliances) but also all computers, personal computers,
workstations, office computers, mainframes, communi-
cation units, and multifunction apparatuses can reduce
the power consumption. The memory using the element
shown in Fig. 62 also has a holding period of 10 years.
[0387] In the above-described example of the present
invention, each of the insulating layer on the silicon sub-
strate, the lower electrode layer on the insulating layer,
theinsulatinglayer on the lower electrode layer, the metal
oxide layerontheinsulating layer, and the insulating layer
on the metal oxide layer is formed by ECR sputtering.
However, the method of forming each layer is not limited
to ECR sputtering. For example, the insulating layer to
be formed on the silicon substrate may be formed by
thermal oxidation or CVD (Chemical Vapor Deposition)
or a conventional sputtering method.

[0388] The lower electrode layer may be formed by
any other film formation method such as EB deposition,
CVD, MBE, or IBD. The insulating layer on the lower elec-
trode layer may be formed by ALD, MOCVD, or conven-
tional sputtering. The metal oxide layer can also be
formed by the above-described MOD, conventional sput-
tering method, PLD, or MOCVD. However, when ECR
sputtering is used, flat and excellent insulating film, metal
film, and metal oxide film of, e.g., a ferroelectric can easily
be obtained.

[0389] Inthe above-described embodiment, after each
layer is formed, the substrate is temporarily unloaded
into the atmosphere. However, the layers may be formed
by a continuous process without unloading the structure
into the atmospheric by using an apparatus which con-
nects, through vacuum transfer chambers, the process
chambers to realize ECR sputtering to form the respec-
tive layers. With this arrangement, the substrate to be
processed can be transported in vacuum and is therefore
prevented from being influenced by disturbance such as
water adhesion. Hence, the film quality and interface
properties can be improved.

[0390] As shown in Japanese Patent Laid-Open No.
2003-77911, after each layer is formed, the surface of
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the formed layer may be irradiated with ECR plasma to
improve the properties. After each layer is formed, the
formed layer may be annealed (heat-treated) in an ap-
propriate gas atmosphere such as hydrogen atmosphere
to greatly improve the properties of each layer.

[0391] Arraying elements and storing a plurality of data
simultaneously in a memory is called "integration". The
degree of integrating elements is called a degree of in-
tegration. The structure shown in Fig. 62 is very simple
and can greatly increase the degree of integration as
compared to a conventional memory cell. For DRAMs,
SRAMSs, or flash memories based on MOSFETs which
must ensure gate, source, and drain regions, limitation
on integration has been pointed out-recently. However,
the element shown in Fig. 62 uses the simple structure
and can therefore increase the degree of integration with-
out being affected by the current limitation on integration.
[0392] Inthe above-described embodiment, a DC volt-
ageis applied. However, even when a pulse voltage hav-
ing an appropriate width and magnitude is applied, the
same effect as described above can be obtained. A basic
idea is arranging a metal oxide layer in contact with an
insulating layer and sandwiching these layers by two
electrodes, as shown in Fig. 62. With this structure, when
a predetermined voltage (DC or pulse) is applied be-
tween the two electrodes to change the resistance value
of the metal oxide layer and switch the stable high resist-
ance mode and low resistance mode, a memory function
can be implemented consequently.

[0393] For example, as shown in Fig. 65A, an insulat-
ing substrate 6201a may be used, and stacked lower
electrode layers 6203a and 6203b may be used. As
shown in Fig. 65B, the insulating substrate 6201a may
be used, and a contact electrode 6203c may be provided
on the lower electrode layer 6203. As shown in Fig. 65C,
the insulating substrate 6201a may be used, and stacked
upper electrodes 6207a and 6207b may be used. As
shown in Fig. 65D, the stacked lower electrode layers
6203a and 6203b and the stacked upper electrodes
6207a and 6207b may be used.

[0394] As shown in Fig. 66A, an insulating substrate
6601 made of glass or quartz may be used. In this case,
as shown in Fig. 66B, a through hole may be formed in
the substrate 6601 to form a plug, and an electrical con-
tact may be formed on the lower surface of the substrate
6601 (the side opposite to the surface where the lower
electrode layer 6203 is formed). With this structure, the
presentinvention can be applied to, e.g. a glass substrate
easy to process. Since the metal oxide layer 6205 which
has a refractive index of about 2.6 measured at a wave-
length of 632.8 nm is optically transparent, the structure
shown in Fig. 66A or 66B can be applied to a display.
When the metal oxide layer 6205 is formed so thick in
the range of 10 to 200 nm that an interference color is
generated, the visual effect of a colored state can be
obtained.

[0395] As shown in Fig. 67A, a conductive substrate
6701 made of, e.g., a metal may be used. As shown in
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Fig. 67B, a lower electrode layer 6702 contacting the
substrate 6701 may be formed, and an insulating layer
6703, metal oxide layer 6704, insulating layer 6705, and
upper electrode 6706 may be provided on it. In the struc-
ture shown in Fig. 67B, a predetermined electrical signal
can be applied between the substrate 6701 and the upper
electrode 6706.

[0396] As shown in Fig. 68, an insulating layer 6802,
metal oxide layer 6803, insulating layer 6804, and upper
electrode 6805 may be provided on a metal plate 6801.
In this structure, the metal plate 6801 serves as a lower
electrode layer. With the structure shown in Fig. 68 in
which the constituent elements are formed on the metal
plate 6801 with high thermal conductivity, a higher cool-
ing effect can be obtained, and a stable element opera-
tion can be expected.

[0397] Asthe metal oxide layer becomes thick, the cur-
rent flows more hardly, and the resistance increases.
When a memory is implemented by using a change in
resistance value, the resistance value of in each of the
ON state and OFF state is important. For example, when
the metal oxide layer becomes thick, the resistance value
in the ON state increases. Since it is difficult to ensure a
high S/N ratio, the state of the memory is hard to deter-
mine. On the other hand, when the metal oxide layer
becomes thin, and the leakage currentis dominant, mem-
ory information can hardly be held, and the resistance
value in the OFF state increases. It is therefore difficult
to ensure a high S/N ratio.

[0398] Hence, the metal oxide layer preferably has an
optimum thickness. For example, when the problem of
leakage current is taken into consideration, the metal ox-
ide layer need only have a thickness of at least 10 nm.
When the resistance value in the ON state is taken into
consideration, the metal oxide layer is preferably thinner
than 200 nm. In experiments conducted by the present
inventors, a memory operation was confirmed when the
thickness of the metal oxide layer was 30 to 100 nm. The
most satisfactory state was obtained when the thickness
of the metal oxide layer was 50 nm.

[0399] A more preferable thickness is present even in
the insulating layer on the lower electrode layer. More
specifically, in forming the insulating layer by ECR sput-
tering, the smaller the thickness becomes, the more the
leakage current flows to increase the current density. On
the other hand, when the thickness increases, the current
density decreases. This indicates that if the thickness of
too small, the characteristic of an insulating layer cannot
be obtained. If the thickness is large, the voltage applied
to the metal oxide layer is small so it is difficult to ensure
a high S/N ratio, and the memory state is hard to deter-
mine. As described above, the insulating layer preferably
has an optimum thickness in combination with the metal
oxide layer.

[0400] Forexample, when the problem of leakage cur-
rent is taken into consideration, and an SiO, film is used,
the thickness is preferably about 1 to 3 nm. A Ta,O5 film
need only have a thickness of 3 to 5 nm. When the prob-
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lem of magnitude of the resistance value is taken into
consideration, the insulating layer is preferably thicker
than 20 nm. In experiments conducted by the present
inventors, the above-described memory operation was
confirmed when an insulating layer made of SiO, and
Ta,043 had a thickness of 3 to 5 nm.

[0401] Intheabove description, one functional element
has been exemplified. However, a plurality of functional
elements may be arrayed and integrated, as will be de-
scribed later. For example, as shown in Fig. 69A, a com-
mon lower electrode layer 6902, insulating layer 6903,
metal oxide layer 6904, and insulating layer 6905 are
formed on an insulating substrate 6901. A plurality of
upper electrodes 6906 spaced apart from each other by
a predetermined distance are formed on the insulating
layer 6905. That is, a plurality of functional elements are
arrayed in correspondence with the plurality of upper
electrodes 6906.

[0402] The metal oxide layer 6205 or insulating layer
6903 or 6905 has a much lower conductivity than a con-
ductor such as a metal and can therefore be used com-
monly. In this case, since the working process can be
omitted, the productivity can be increased, resulting in
large advantage from the industrial viewpoint. When the
distance between the functional elements corresponding
to the plurality of upper electrodes 6906 is set in consid-
eration of, e.g., the conductivity, a stable operation can
be expected.

[0403] As shown in Fig. 69B, the common lower elec-
trode layer 6902 may be formed on the insulating sub-
strate 6901, and a plurality of elements each including
an insulating layer 6913, metal oxide layer 6914, insulat-
ing layer 6915, and upper electrode 6916 may be arrayed
on the lower electrode layer 6902. For example, when a
metal oxide film is formed and processed by using a
method such as RIE, ICP etching, or ECR etching, the
individual metal oxide layers 6914 can be formed. When
the elements are separated in this way, the distance be-
tween them can further be shortened, and the degree of
integration can be made higher.

[0404] As shown in Fig. 69C, the common lower elec-
trode layer 6902 and insulating layer 6903 may be formed
on the insulating substrate 6901, and a plurality of ele-
ments each including the metal oxide layer 6914, insu-
lating layer 6915, and upper electrode 6916 may be ar-
rayed on the insulating layer 6903. As shown in Fig. 69D,
the side surfaces of the insulating layer 6913, metal oxide
layer 6914, and insulating layer 6915 of each element
may be covered with an insulating sidewall 6917. As
shown in Fig. 69(e), the common lower electrode layer
6902 and insulating layer 6903 may be formed on the
insulating substrate 6901, a plurality of elements each
including the metal oxide layer 6914, insulating layer
6915, and upper electrode 6916 may be arrayed on the
insulating layer 6903, and the side surface of the metal
oxide layer 6914 of each element may be covered with
an insulating sidewall 6918.

[0405] As shown in Fig. 70, the common lower elec-
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trode layer 6902 may be formed on the insulating sub-
strate 6901, a plurality of elements each including the
insulating layer 6913, metal oxide layer 6914, insulating
layer 6915, and upper electrode 6916 may be arrayed
on the lower electrode layer 6902, and an insulating layer
6926 may be formed to fill spaces on the sides of the
plurality of metal oxide layers 6914 that are spaced apart
from each other. When the portions between the plurality
of metal oxide layers 6914 formed separately in corre-
spondence with the elements are covered with an insu-
lator, the leakage current between the functional ele-
ments can be reduced, and their stability can be in-
creased.

[0406] A plurality of functional elements are arrayed
and, more specifically, n elements are arrayed in the X
direction, and m elements are arrayed in the Y direction.
X-direction buses are connected to the lower electrode
layers, and Y-direction buses are connected to the upper
electrodes. A processor unit having a selection signal
switching function is connected to each of the X- and Y-
direction buses. With this structure, a memory capable
of accessing each element at random can be implement-
ed.

[0407] The change inresistance value of the metal ox-
ide layer 6205 can also be controlled by a current, like
the above-described element. The resistance change in
the metal oxide layer 6205 can be controlled by a pulse
voltage. The element can also be used as a switching
element.

[0408] According tothe elementshowninFig. 62 which
uses the metal oxide layer 6205 of this embodiment, the
current-voltage characteristic when a DC voltage is ap-
plied between the lower electrode layer 6203 and the
upper electrode 6207 is changed to different low resist-
ance states by changing the positive-side applied volt-
age, as shownin Fig. 71. These correspond to the current
values atthe read voltage in the respective states. Hence,
a memory with three states (three values) indicated by a
square, circle, and triangle can be implemented. For ex-
ample, when the read voltage is about 0.5 V, a ternary
memory can be implemented. Before change to each
state, a voltage of -2 V is applied to the lower electrode
layer 6203 to return the state to the high resistance state
(reset).

[0409] A casewherein the ferroelectric layer 104 of the
element shown in Fig. 1 is formed at room temperature
(about 20°C to 24°C) will be described next. The lower
electrode layer 103 is made of Pt-Ti. In a thus formed
element, when a voltage from a power supply was applied
between the lower electrode layer 103 and the upper
electrode 105, and a current flowing upon voltage appli-
cation was measured by an ammeter, a result shown in
Fig. 72 was obtained. When the applied voltage is raised
from 0 V, a positive high resistance mode is obtained
first, as indicated by (1) in Fig. 72. When the applied
voltage exceeds 1.6 V, an abrupt current flow is meas-
ured, as indicated by (2). Voltage application is tempo-
rarily stopped. When a positive voltage is then applied
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again, a positive low resistance mode is obtained, as
indicated by (3).

[0410] When a negative voltage is applied to the upper
electrode 105 in the positive low resistance mode indi-
cated by (3), a negative low resistance mode indicated
by (4) is obtained. A negative voltage is applied to the
upper electrode 105. When the applied voltage exceeds
-0.8 V, a transition state indicated by (5) is obtained, and
the resistance value abruptly increases. After this state,
a negative high resistance mode indicated by (6) is ob-
tained. The states (1) to (6) are repeatedly observed.
[0411] When the ferroelectric layer 104 formed at a low
temperature by the same ECR sputtering as described
above is observed by a transmission electron micro-
scope, it is confirmed that the entire film is in an amor-
phous state, as shown in the observation result in Fig.
73. It is also confirmed that a plurality of fine particles
having a grain size of about 3 to 10 nm are dispersed in
the entire film. However, a portion with a size of about
10 nm can also be regarded as an aggregate of a plurality
of finer particles. It is also confirmed that the content of
bismuth of the fine particles is larger than titanium or ox-
ygen. This state is a characteristic feature of a metal oxide
thin film formed by ECR sputtering and is supposed to
be created because migration of atoms in the film surface
is promoted as the thin film in the film formation process
is irradiated with ECR plasma.

[0412] A case wherein the ferroelectric layer 104 of the
element shown in Fig. 1 is formed at about 150°C will be
described next. The lower electrode layer 103 is made
of Pt-Ti. The substrate 101 is made of plastic. In a thus
formed element, when a voltage from a power supply
was applied between the lower electrode layer 103 and
the upper electrode 105 (a negative voltage is applied to
the upper electrode 105), and a current flowing upon volt-
age application was measured by an ammeter, a result
shown in Fig. 74 was obtained. First, a negative high
resistance mode is obtained, as indicated by (1) in Fig.
74. When the applied voltage exceeds -2 V, an abrupt
current flow is measured, as indicated by (2). Voltage
application is temporarily stopped. When a positive volt-
age is then applied, a negative low resistance mode is
obtained, as indicated by (3).

[0413] When a positive voltage is applied to the upper
electrode 105 in the negative low resistance mode indi-
cated by (3), a positive low resistance mode indicated by
(4) is obtained. A positive voltage is applied to the upper
electrode 105. When the applied voltage exceeds 0.8 V,
a transition state indicated by (5) is obtained, and the
resistance value abruptly increases. After this state, a
positive high resistance mode indicated by (6) is ob-
tained. The states (1) to (6) are repeatedly observed. In
the above-described conditions, the ferroelectric layer
104 is almost transparent. When a transparent material
is used for the substrate, and the electrodes are formed
as transparent electrodes made of, e.g., ITO, an optically
transparent element can be formed.

[0414] A case wherein the ferroelectric layer 3104 of
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the element shown in Fig. 31 is formed at about 450°C
will be described next. The lower electrode layer 3103 is
made of Ru. In a thus formed element, when a voltage
from a power supply was applied between the lower elec-
trode layer 3103 and the upper electrode 3106 (a nega-
tive voltage is applied to the upper electrode 3106), and
acurrent flowing upon voltage application was measured
by an ammeter, a result shown in Fig. 75 was obtained.
A negative high resistance mode is obtained first, as in-
dicated by (1) in Fig. 75. When the applied voltage ex-
ceeds -3V, an abrupt current flow is measured, as indi-
cated by (2). When a positive voltage is then applied, a
negative low resistance mode is obtained, as indicated
by (3).

[0415] When a positive voltage is applied to the upper
electrode 3106 in the negative low resistance mode in-
dicated by (3), a positive low resistance mode indicated
by (4) is obtained. A positive voltage is applied to the
upper electrode 3106. When the applied voltage exceeds
9V, a transition state indicated by (5) is obtained, and
the resistance value abruptly increases. After this state,
a positive high resistance mode indicated by (6) is ob-
tained. The states (1) to (6) are repeatedly observed.
[0416] The data holding characteristic of the element
which exhibits the characteristic shown in Fig. 74 de-
scribed above will be described below. As shown in Fig.
76, first, when a positive voltage is applied to the upper
electrode 3106 firstin the high resistance mode, a current
value of about 10-6 A is measured. In this state, when a
negative voltage more than -4 V is applied to the upper
electrode 3106, a low resistance mode is set in which a
currentofabout 2 X 10-3 Aflows. According to the above-
described element, this low resistance mode has a sta-
bility more than 10 years, as is apparent from the extrap-
olated line in Fig. 76.

[0417] A case wherein the ferroelectric layer 104 of the
element shown in Fig. 1 is formed at about 430°C will be
described next. The lower electrode layer 103 is made
of Ru. The upper electrode 105 has an upper layer made
of titanium and a lower layer made of platinum. In a thus
formed element, when a voltage from a power supply
was applied between the lower electrode layer 103 and
the upper electrode 105, and a current flowing upon volt-
age application was measured by an ammeter, a result
shown in Fig. 77 was obtained. When the applied voltage
is raised from 0 V, a positive high resistance mode is
obtained first, as indicated by (1) in Fig. 77. When the
applied voltage exceeds 2.5 V, an abrupt current flow is
measured, as indicated by (2). Voltage applicationis tem-
porarily stopped. When a positive voltage is then applied
again, a positive low resistance mode is obtained, as
indicated by (3).

[0418] When a negative voltage is applied to the upper
electrode 105 in the positive low resistance mode indi-
cated by (3), a negative low resistance mode indicated
by (4) is obtained. A negative voltage is applied to the
upper electrode 105. When the applied voltage exceeds
-1.8 V, a transition state indicated by (5) is obtained, and
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the resistance value abruptly increases. After this state,
a negative high resistance mode indicated by (6) is ob-
tained. The states (1) to (6) are repeatedly observed.
[0419] Holding two states in a metal oxide layer such
as the above-described ferroelectric layer 104 or ferroe-
lectric layer 3104 will be examined next. In a metal oxide
layer in which the state shown in Figs. 7C, 7c, and 73 is
observed, since conductive paths 7802 schematically in-
dicated by solid lines are formed between a plurality of
dispersed fine particles 7801, as shown in Fig. 78, the
low resistance mode is supposed to occur. The conduc-
tive path 7802 is supposed to be formed by quantum
tunneling between the nanosized fine particles 7801,
hopping of holes or electrons, or oxygen defects. In many
cases, a plurality of conductive paths 7802 are formed
although only one conductive path 7802 may also be
formed. When a certain number of conductive paths 7802
are formed, the resistance value between the electrodes
to which a voltage is applied decreases, and the low re-
sistance mode shown in Fig. 79 is obtained.

[0420] As shown in Fig. 80, when the polarity of the
applied voltage is changed, some or all conductive paths
7802 disappear, and the resistance value between the
electrodes abruptly increases. As shown in Fig. 81, the
low resistance mode changes to the high resistance
mode. When a voltage to just flow a current between the
electrodes is applied in this high resistance mode, the
plurality of conductive paths 7802 are formed again, as
shown in Fig. 82. Hence, a current abruptly flows, and
the mode changes to the low resistance mode, as shown
in Fig. 83.

[0421] In the above-described example, switching be-
tween the high resistance state and the low resistance
state is done by applying voltages with different polarities.
However, the present invention is not limited to this.
Switching between the high resistance state and the low
resistance state can also be done by applying different
voltages with the same polarity, as will be described be-
low. In the following case, the metal oxide layer is formed
at450°C. For example, as shown in Fig. 84, when a volt-
age more than -3.5 V is applied to the upper electrode in
anegative low resistance state indicated by (1), an abrupt
current flow is generated, as indicated by (2). When a
negative voltage is then applied again, a negative low
resistance state indicated by (3) is obtained and main-
tained.

[0422] When a negative voltage more than -1 V is ap-
plied in the negative low resistance state, transition oc-
curs, and the state changes to a negative high resistance
state indicated by (5). At a voltage of -3.5 V or less, this
state is maintained. When a voltage more than -3.5V is
applied, an abrupt current flow indicated by (6) occurs,
and the state changes to a negative low resistance state.
If the direction of the applied voltage (the electrode to
which the voltage is applied) is changed, the same state
as described above can be obtained except that the
above-described voltages have positive values.

[0423] Pulse driving can also be executed by applying
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voltages with the same polarity. When the state of the
element is confirmed at an observation voltage of -0.1V,
the element is in a high resistance state with a current of
about 10-8 A, as shown in Fig. 85. Even when the meas-
urement is executed four times at the observation voltage
of -0.1 V, the high resistance state is maintained. In this
state, a pulse voltage of -5.0 V having a width of 500
sec is applied once, as indicated by hollow arrows, and
measurement is done at the observation voltage of -0.1
V. A current of about 104 A is measured. That is, a low
resistance mode is set. Even when the measurement is
executed four times at the observation voltage of -0.1V,
the low resistance state is maintained. In this state, a
pulse voltage of 3.0 V having a width of 1 u. sec is applied
10 times, as indicated by solid arrows, and measurement
is done at the observation voltage of -0.1 V. A current of
about 10-9 Ais measured. Thatis, a high resistance mode
is set. When appropriate pulse voltages are applied in a
similar way, the high and low resistance states are re-
peatedly observed.

[0424] Figs. 86A and 86B are schematic sectional
views schematically showing a structure example of a
3-terminal element . The 3-terminal element shown in
Figs. 86A and 86B comprises, on a substrate 8601 made
of, e.g., single-crystal silicon, an insulating layer 8602, a
gate electrode 8603, a metal oxide layer 8604 containing
Bi, Ti, and O and having a thickness of about 10 to 200
nm, a source electrode 8605, and a drain electrode 8606.
In the 3-terminal element having the above-described
structure, a state wherein a potential is applied as shown
in Fig. 86A will be defined as a write state, and a state
wherein a potential is applied as shown in Fig. 86B will
be defined as a read state.

[0425] The substrate 8601 can be made of any one of
asemiconductor, insulator, and conductive material such
as a metal. When the substrate 8601 is made of an in-
sulating material, the insulating layer 8602 can be omit-
ted. When the substrate 8601 is made of a conductive
material, the insulating layer 8602 and gate electrode
8603 can be omitted. In this case, the substrate 8601
made of the conductive material serves as a gate elec-
trode. The gate electrode 8603, source electrode 8605,
and drain electrode 8606 need only be made of a tran-
sition metal including noble metals such as platinum (Pt),
ruthenium (Ru), gold (Au), and silver (Ag). The electrodes
may be made of a compound such as a nitride, oxide, or
fluoride of a transition metal, such as titanium nitride
(TiN), hafnium nitride (HfN), strontium ruthenate
(SrRu0,), zinc oxide (ZnO), indium tin oxide (ITO), or
lanthanum fluoride (LaF3), or a composite film formed by
stacking them.

[0426] A detailed example of the structure of the 3-ter-
minal element shown in Figs. 86A and 86B will be de-
scribed. For example, the gate electrode 8603 is a ruthe-
nium film having a thickness of 10 nm. The metal oxide
layer 8604 is made of a metal oxide containing Bi and Ti
and having a thickness of 40 nm. The source electrode
8605 and drain electrode 8606 are made of gold. The
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metal oxide layer 8604 have the same properties as those
of the above-described ferroelectric layer 104, ferroelec-
tric layer 3104, ferroelectric layer 4705, and metal oxide
layer 6205, including the state of the layer, the electrical
characteristics, and the viewpoint of electrical orienta-
tion. The interval between the source electrode 8605 and
the drain electrode 8606 is, e.g., 1 mm. As described
above, the structures of the substrate 8601 andinsulating
layer 8602 are not limited to those described above, and
any other material can also be selected appropriately if
it has no effect on the electrical characteristics.

[0427] The metal oxide layer 8604 included inthe 3-ter-
minal element will be described next in more detail. Like
the above-described ferroelectric layer 104 or metal ox-
ide layer 6205, the metal oxide layer 8604 is formed by
dispersing a plurality of microcrystalline grains or fine par-
ticles of Bi,y TizO4, crystal with a grain size of about 3 to
15 nm in a base layer, i.e., a layer containing titanium in
an excessive amount relative to the stoichiometric com-
position of BiyTizO4,. The base layer may be TiO, with
a bismuth content of almost 0. In other words, the base
layer is made of a metal oxide which contains two metals
and in which the content of one metal is smaller in com-
parison with the stoichiometric composition.

[0428] According to the 3-terminal element using the
metal oxide layer 8604, two states (ON and OFF) can be
held, as will be described below. The characteristics of
the 3-terminal element shown in Figs. 86A and 86B will
be described. The characteristics were investigated by
applying a voltage between the gate electrode 8603 and
the source electrode 8605 and drain electrode 8606.
When a voltage from a power supply was applied be-
tween the gate electrode 8603 and the source electrode
8605 and drain electrode 8606, and a current flowing
from the gate electrode 8603 to the source electrode
8605 and drain electrode 8606 was measured by an am-
meter, aresultshown in Fig. 86C was obtained. Referring
to Fig. 86C, the ordinate represents the value of a current
whose positive direction is set to the direction from the
gate electrode 8603 to the source electrode 8605 and
drain electrode 8606.

[0429] Fig. 86C and an operation principle of the 3-ter-
minal will be described below. The voltage values and
current values to be described here are mere examples
measured in an actual element. Hence, the phenomenon
is not limited to the following numerical values. Other
numerical values can also be measured depending on
the material and thickness of each film actually used in
the element and other conditions.

[0430] Fig. 86C shows the hysteresis characteristics
of the values of currents which flow in the metal oxide
layer 8604 when the voltage (gate voltage) applied to the
gate electrode 8603 is decreased from 0 in the negative
direction, returned to 0, increased in the positive direc-
tion, and finally returned to 0 again. When the gate volt-
age applied to the gate electrode 8603 is gradually de-
creased from 0 V in the negative direction, the negative
current flowing in the metal oxide layer 8604 is relatively
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small (about -0.12 mA at -0.1 V).

[0431] When the voltage exceeds -0.4 V, the negative
current value starts increasing. After the voltage is de-
creased up to about -1 V, the negative voltage is de-
creased. The negative current value decreases while
keeping the state wherein a negative current having a
larger absolute value than before flows. At this time, the
current value is about -0.63 mA at-0.1 V. The resistance
value is lower by about five times than the previous state,
and the current readily flows. When the applied gate volt-
age is returned to 0, the current value also becomes 0.
[0432] Next, a positive gate voltage is applied to the
gate electrode 8603. In this state, when the positive gate
voltage is low, a relatively large positive current flows
according to the previous hysteresis (about 0.63 mA at
0.1 V). When the positive gate voltage is applied up to
about 0.7 V, the positive current suddenly decreases.
Finally, the applied positive gate voltage is decreased
from+1Vto 0V, the positive currentvalue also decreases
while keeping the hardly current flowing state and returns
to 0. At this time, the positive current is about 0.12 mA
at0.1V.

[0433] The above-described hysteresis of the current
flowing in the metal oxide layer 8604 can be regarded as
being generated because the resistance value of the met-
al oxide layer 8604 changes depending on the gate volt-
age applied to the gate electrode 8603. When a negative
gate voltage Vy4 with a predetermined magnitude or
more is applied, the metal oxide layer 8604 changes to
a "low resistance state" (ON state) wherein the current
easily flows. When a positive gate voltage V\yq with a
predetermined magnitude is applied, the metal oxide lay-
er 8604 changes to a "high resistance state" (OFF state)
wherein the current hardly flows.

[0434] The metal oxide layer 8604 has the two stable
states, i.e., low resistance state and high resistance
state. The ON or OFF state remains unless the above-de-
scribed positive or negative gate voltage with a prede-
termined magnitude or more is applied. The value of
Vyodescribed above is about +1 V. The value of Vy is
about -1 V. The resistance ratio of the high resistance
state to the low resistance state is about 10 to 100. When
the above-described phenomenon that the resistance of
the metal oxide layer 8604 is switched by the gate voltage
is used, a nonvolatile functional element capable of a
nondestructive read operation can be implemented by
the 3-terminal element shown in Figs. 86A and 86B.
[0435] A case wherein the 3-terminal element shown
in Figs. 86A and 86B is operated by using a DC voltage
will be described next. First, a negative gate voltage equal
to or higher than the low resistance transition voltage
V1 is applied to change the metal oxide layer 8604 to
the low resistance state. An ON state wherein a current
readily flows between the source and drain is obtained.
The ON state can be read out by measuring a current
value Jr4 between the source and drain at a read voltage
Vg. Itis important to select, as the read voltage Vg, such
a small value to obtain a sufficient resistance ratio and
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not to cause state transition (about 0.1 V in the above
example). Hence, the read can be done many times with-
out destroying the low resistance state, i.e., ON state.
[0436] Ontheotherhand, when a positive gate voltage
equal to or higher than the high resistance transition volt-
age V\y is applied, the metal oxide layer 8604 changes
to the high resistance state, i.e., OFF state wherein a
current hardly flows between the source and drain. The
OFF state can also be read out by measuring a current
value Jgq between the source and drain at the read volt-
age Vg (Jry/Jro = 10 to 100). When the electrodes are
not energized, the metal oxide layer 8604 has nonvola-
tility to hold each state. Except in the write and read, no
voltage need be applied. This element can also be used
as a switching element to control the current.

[0437] A change in current (source-drain current)
which flows between the source electrode 8605 and the
drain electrode 8606 when different voltages are applied
by the gate electrode 8603 will be described. As shown
in Fig. 87, after a gate voltage of +1 V is applied to set
the OFF state, the source-drain current rarely flows when
the read voltage applied between the source and drain
falls within the range of 0 to 0.15 V. On the other hand,
when a gate voltage of -1V is applied to set the ON state,
and the read voltage applied between the source and
drainisraisedfrom 0V to0.15V, the source-drain current
flows in a larger amount almost in proportion to the in-
crease in read voltage. In the ON state, a source-drain
current of about 0.5 mA is measured at 0.15 V. As de-
scribed above, according to the 3-terminal element
shown in Figs. 86A and 86B, the source-drain current
can be controlled by the gate voltage.

[0438] When a positive or negative gate voltage is ap-
plied only once, the state changes to a corresponding
ON or OFF state, and the state is maintained, as shown
in Fig. 88. Fig. 88 shows a change in current flowing
between the source and drain when a voltage of +1 V or
-1 V is applied to the gate electrode 8603, and a read
voltage of 0.15 V is then applied between the source
electrode 8605 and the drain electrode 8606.

[0439] A case wherein the source electrode 8605 is
set open, and in this state, a gate voltage is applied to
set the ON or OFF state will be described. In this case,
the gate voltage is applied between the gate electrode
8603 and the drain electrode 8606. The state is read out
by applying aread voltage up to 0.2 V between the source
electrode 8605 and the drain electrode 8606 and, in this
state, measuring a current flowing between the source
and drain.

[0440] As shown in Fig. 89, a gate voltage of +1 V is
applied to set the OFF state. After that, the read voltage
applied between the source and drain is increased from
0V1to0.2V.Then, acurrentto some extentflows between
the source and drain. Ataread voltage of 0.2 V, a current
of about 0.1 mA flows between the source and drain. To
the contrary, a gate voltage of -1 V is applied to set the
ON state. After that, the read voltage applied between
the source and drainis increased from0Vt0 0.2 V. Then,
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a larger source-drain current flows almost in proportion
to the increase in read voltage. In the ON state, a source-
drain current of about 0.4 mA is measured at a read volt-
age of 0.2 V. Hence, even when the source electrode
8605 is set open, and the gate voltage is applied in this
state, the 3-terminal element shown in Figs. 86A and 86B
can perform the ON/OFF operation.

[0441] However, in the case wherein the source elec-
trode 8605 is set open, and in this state, a gate voltage
is applied to set the OFF state, when the read voltage is
increased, a current to some extent flows between the
source and drain, as described above. When the source
electrode 8605 is set open, and the gate voltage is ap-
plied in this state, the applied voltage selectively acts
depending on the region under the drain electrode 8606.
The above-described result is supposed to be observed
for this reason. As can be seen from this result, the
source-drain current is supposed to flow through a path
formed from the source electrode 8605, the metal oxide
layer 8604 in the region under the source electrode 8605,
the gate electrode 8603, the metal oxide layer 8604 in
the region under the drain electrode 8606, and the drain
electrode 8606.

[0442] As for the holding characteristic of the ON and
OFF states in the 3-terminal element shown in Figs. 86A
and 86B, a holding time of at least 1,000 min is ensured,
like the above-described element shown in Fig. 1. In the
above description, the applied gate voltage is a DC volt-
age. However, the same effect can be obtained even by
applying a pulse voltage having appropriate width and
magnitude.

[0443] An example of a method of manufacturing the
3-terminal element shown in Figs. 86A and 86B will be
described next. A method of forming each thin film by
using ECR plasma sputtering will be described below.
However, the present invention is not limited to this, and
any other film formation technique or method can be
used, as a matter of course.

[0444] As shown in Fig. 90A, the p-type silicon sub-
strate 8601 having a plane orientation of (100) on the
principal plane and a resistivity of 1 to 2 Qcm is prepared.
The surface of the substrate 8601 is cleaned by a solution
mixture of sulfuric acid and a hydrogen peroxide solution,
pure water, and a hydrogen fluoride solution and dried.
The insulating layer 8602 is formed on the cleaned and
dried substrate 8601. Informing the insulating layer 8602,
e.g., an ECR sputtering apparatus and pure silicon (Si)
as atarget are used. The insulating layer 8602 in a metal
mode by Si-O molecules is formed on the silicon sub-
strate 8601 to a thickness to just cover its surface by ECR
sputtering using argon (Ar) as a plasma gas and oxygen
gas.

[0445] For example, Ar gas is supplied at a flow rate
of 20 sccm into a plasma production chamber whose
internal pressure is set on the order of 10-° Pa. The in-
ternal pressure is setto about 10-3to 102 Pa. A magnetic
field of 0.0875 T and a microwave of 2.45 GHz (about
500 W) are supplied to set the electron cyclotron reso-
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nance condition, thereby producing Ar plasmain the plas-
ma production chamber. Note that sccm is the unit of flow
rate and indicates that a fluid at 0°C and 1 atmospheric
pressure flows 1 cm3 in 1 min. T (tesla) is the unit of
magnetic flux density, and 1 T=10,000 gauss.

[0446] The plasma produced by the above-described
method is output from the plasma production chamber
to the process chamber side by the divergent magnetic
field of the magnetic coil. In addition, a high-frequency
power of 13.56 MHz (e.g., 500 W) is supplied from a high-
frequency power supply to the silicon target placed at the
outlet of the plasma production chamber. When Ar ions
collide against the silicon target, a sputtering phenome-
non occurs to sputter Si particles. The Si particles sput-
tered from the silicon target reach the surface of the sil-
icon substrate 8601 together with the plasma output from
the plasma production chamber and the oxygen gas
which is supplied and activated by the plasma and are
oxidized to silicon dioxide by the activated oxygen. With
the above process, the insulating layer 8602 made of
silicon dioxide and having a thickness of, e.g., about 100
nm can be formed on the substrate 8601 (Fig. 90A).
[0447] The insulating layer 8602 ensures insulation to
prevent a voltage from leaking to the substrate 8601 and
influencing desired electrical characteristics when a volt-
age is applied between the electrodes to be formed later.
For example, a silicon oxide film formed by oxidizing the
surface of the silicon substrate by thermal oxidation may
be used as the insulating layer 8602. The insulating layer
8602 may be made of any other insulating material except
silicon oxide if the insulating properties can be ensured.
The thickness of the insulating layer 8602 need not al-
ways be 100 nm and may be smaller or larger. In the
above-described formation of the insulating layer 8602
by ECR sputtering, the substrate 8601 is not heated.
However, the film may be formed while heating the sub-
strate 8601.

[0448] After the insulating layer 8602 is formed in the
above-described manner, a ruthenium film is formed on
the insulating layer 8602 by similar ECR sputtering using
pure ruthenium (Ru) as a target, thereby forming the gate
electrode 8603, as shown in Fig. 90B. Formation of the
Ru film will be described in detail.

[0449] In an ECR sputtering apparatus using a Ru tar-
get, for example, the silicon substrate with the insulating
layer formed on it is heated to 400°C. Ar gas as a rare
gas is supplied into the plasma production chamber at a
flow rate of, e.g., 7 sccm. In addition, Xe gas is supplied
at a flow rate of, e.g., 5 sccm to set the internal pressure
of the plasma production chamber to on the order of, e.g.,
102 t0 103 Pa.

[0450] The magnetic field of the electron cyclotron res-
onance condition is given to the plasma production cham-
ber. Then, a microwave of 2.45 GHz (about 500 W) is
supplied into the plasma production chamber to produce
ECR plasmaof Arand Xeinit. The produced ECR plasma
is output from the plasma production chamberto the proc-
ess chamber side by the divergent magnetic field of the
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magnetic coil. In addition, a high-frequency power of
13.56 MHz (e.g., 500 W) is supplied to the ruthenium
target placed at the outlet of the plasma production cham-
ber. The sputtering phenomenon occurs to sputter Ru
particles from the ruthenium target. The Ru particles
sputtered from the ruthenium target reach the surface of
the insulating layer 8602 on the substrate 8601 and are
deposited.

[0451] With the above process, the gate electrode
8603 having a thickness of, e.g., about 10 nm can be
formed on the insulating layer 8602 (Fig. 90B). The gate
electrode 8603 enables voltage application to the metal
oxide layer 8604 when a voltage is applied between the
source electrode 8605 and drain electrode 8606 to be
formed later. The gate electrode 8603 may be made of
any other material except ruthenium if the conductivity
can be ensured. The gate electrode 8603 may be made
of, e.g., platinum. A platinum film formed on silicon diox-
ide readily peels off, as is known. To prevent this, a lay-
ered structure is formed by inserting a titanium layer, ti-
tanium nitride layer, or ruthenium layer under the plati-
num layer. The thickness of the gate electrode 8603 need
not always be 10 nm and may be smaller or larger.
[0452] As described above, in forming the Ru film by
ECR sputtering, the substrate 8601 is heated to 400°C.
However, the substrate need not always be heated. How-
ever, if the substrate is not heated, the adhesion of ru-
thenium to silicon dioxide becomes low, and the film may
peel off. To prevent peeling, the film is formed preferably
while heating the substrate.

[0453] After the gate electrode 8603 is formed in the
above-described manner, the metal oxide layer 8604 is
formed on the gate electrode 8603 to a thickness to just
cover its surface, as shown in Fig. 90C, by ECR sputter-
ing using argon (Ar) as a plasma gas and oxygen gas
and a target formed from an oxide sintered body (Bi-Ti-
0) in which the ratio of Bito Tiis 4 : 3.

[0454] Formation of the metal oxide layer 8604 will be
described in detail. The substrate 8601 is heated to
300°C to 700°C. Ar gas as a rare gas is supplied into the
plasma production chamber at a flow rate of, e.g., 20
sccm to set the pressure on the order of, e.g., 10-3to 10-2
Pa. In this state, the magnetic field of the electron cyclo-
tron resonance condition is given to the plasma produc-
tion chamber. Then, a microwave of 2.45 GHz (about
500 W) is supplied into the plasma production chamber
to produce ECR plasmain it.

[0455] The produced ECR plasma is output from the
plasma production chamber to the process chamber side
by the divergent magnetic field of the magnetic coil. In
addition, a high-frequency power of 13.56 MHz (e.g., 500
W) is supplied to the sintered body target placed at the
outlet of the plasma production chamber. When Ar par-
ticles collide against the sintered body target, the sput-
tering phenomenon occurs to sputter Bi particles and Ti
particles.

[0456] The Bi particles and Ti particles sputtered from
the sintered body target reach the surface of the heated
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gate electrode 8603 together with the ECR plasma output
from the plasma production chamber and the oxygen gas
activated by the output ECR plasma and are oxidized by
the activated oxygen. The oxygen (O,) gas serving as a
reactive gas is supplied at a flow rate of, e.g., 1 sccm
separately from the Ar gas, as will be described later.
Although the sintered body target contains oxygen, any
shortage of oxygen in the deposited film can be prevented
by supplying oxygen. With the above-described film for-
mation by ECR sputtering, the metal oxide layer 8604
having a thickness of, e.g., about 40 nm can be formed
(Fig. 90C).

[0457] The film quality may be improved by irradiating
the formed metal oxide layer 8604 with ECR plasma of
an inert gas and a reactive gas. As the reactive gas, not
oxygen gas but nitrogen gas, fluorine gas, or hydrogen
gas can be used. The film quality improvement can also
be applied to formation of the insulating layer 8602. The
metal oxide layer 8604 may be formed at a low substrate
temperature of 300°C or less and then annealed
(heat-treated) in an appropriate gas atmosphere such as
oxygen atmosphere to greatly improve the properties of
the film.

[0458] Afterthe metal oxide layer 8604 is formed in the
above-described way, the source electrode 8605 and
drain electrode 8606 each made of Au and having a pre-
determined area are formed on the metal oxide layer
8604, as shown in Fig. 90D, thereby obtaining the 3-ter-
minal element shown in Figs. 86A and 86B. The source
electrode 8605 and drain electrode 8606 can be formed
by a well-known lift-off method and gold deposition by
resistance heating vacuum deposition. The source elec-
trode 8605 and drain electrode 8606 may be made of
another metal material or conductive material such as
Ru, Pt, or TiN. When Pt is used, the adhesion is poor,
and the film may peel off. Hence, each electrode must
be formed as an electrode with a predetermined area by
using a structure such as Ti-Pt-Au that hardly peels off
and executing a patterning process such as photolithog-
raphy or lift-off on that structure.

[0459] The above-described layer formation by ECR
sputtering is done by using an ECR sputtering apparatus
shown in Fig. 89.

[0460] The 3-terminal element according to this em-
bodiment is not limited to the structure example shown
in Figs. 86A and 86B. For example, as shown in Fig. 91,
a source electrode 8615 and drain electrode 8616 may
be formed on the insulating layer 8602 and covered with
the metal oxide layer 8604, and a gate electrode 8613
may be formed on the metal oxide layer 8604. As shown
in Figs. 92A and 92B, an insulating substrate 8601a may
be used, as a matter of course. In this case, the insulating
layer 8602 can be omitted. Alternatively, the structure
including the metal oxide layer 8604, source electrode
8605, and drain electrode 8606 shown in Figs. 86A and
86B may be arranged on a conductive substrate. In this
case, the substrate also serves as a gate electrode.
[0461] In the above-described example, the sin-
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gle-crystal silicon substrate 8601 is used. However, an
insulating substrate made of glass or quartzmay be used.
With this structure, the present invention can be applied
to, e.g. a glass substrate easy to process. The metal ox-
ide layer 8604 which has a refractive index of about 2.6
measured at a wavelength of 632.8 nm is optically trans-
parent. For this reason, when a transparent substrate is
used, the 3-terminal element of this embodiment can be
applied to a display. When the metal oxide layer 8604 is
formed so thick in the range of 10 to 200 nm that an
interference color is generated, the visual effect of a
colored state can be obtained.

[0462] Asthe metal oxide layer becomes thick, the cur-
rent flows more hardly, and the resistance increases.
When a 3-terminal element is implemented by using a
change in resistance value, the resistance value of in
each of the low resistance state and high resistance state
is important. For example, when the metal oxide layer
becomes thick, the resistance value in the low resistance
state increases. Since it is difficult to ensure a high S/N
ratio, the ON or OFF state is hard to determine. On the
other hand, when the metal oxide layer becomes thin,
and the leakage currentis dominant, the ON or OFF state
can hardly be held, and the resistance value in the high
resistance state decreases. It is therefore difficult to en-
sure a high S/N ratio.

[0463] Hence, the metal oxide layer preferably has an
optimum thickness. For example, when the problem of
leakage current is taken into consideration, the metal ox-
ide layer need only have a thickness of at least 10 nm.
When the resistance value in the low resistance state is
taken into consideration, the metal oxide layer is prefer-
ably thinner than 300 nm. In experiments conducted by
the present inventors, the operation of the 3-terminal el-
ement was confirmed when the thickness of the metal
oxide layer was 30 to 200 nm.

[0464] In the above description, one metal oxide ele-
ment has been exemplified. However, a plurality of 3-ter-
minal elements may be arrayed and integrated in a cross-
point pattern, as will be described later. In the example
shown in the sectional view of Fig. 93A and the plan view
of Fig. 93B, word lines 9303 serving as gate electrodes
are arranged on an insulating layer 9302 on a substrate
9301. Island-shaped metal oxide layers 9304 arrayed at
a predetermined interval are arranged on the word lines
9303. A plurality of source electrodes 9305 and drain
electrodes 9306 are arrayed on each metal oxide layer
9304. In addition, plate lines 9315 are commonly con-
nected to the source electrodes 9305 arrayed in a direc-
tion perpendicular to the word lines 9303. Bit lines 9316
are commonly connected to the arrayed drain electrodes
9306. As described above, the 3-terminal elements ac-
cording to this embodiment can be integrated. In Figs.
93A and 93B, the metal oxide layers 9304 are spaced
apart from each other to reduce interference between
the plate lines or bit lines. However, the presentinvention
is not limited to this. An integrated metal oxide layer may
be formed.
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[0465] According to the 3-terminal element shown in
Figs.86A and 86B, a multilevel operationis also possible.
For example, in the current-voltage characteristic of the
metal oxide layer 8604 when a DC gate voltage is applied
to the gate electrode 8603, when the applied gate voltage
is changed, the low resistance state changes to a differ-
ent low resistance state, as shown in Fig. 94. In Fig. 94,
the current value at the read voltage shown in Fig. 94
changes between the low resistance state after a voltage
up to -0.5 V is applied, the low resistance state after a
voltage up to -1.0 V is applied, and the low resistance
state after a voltage up to -1.5 V is applied. These states
can be read out by applying a read voltage between the
source and drain and measuring a current flowing be-
tween the source and drain. Three states (three values)
"0", "1", and "2" can be implemented in correspondence
with the source-drain currents obtained by a predeter-
mined read voltage.

[0466] According to the element shown in Figs. 86A
and 86B, a multilevel state can be implemented by the
difference in pulse voltage value. As shown in Fig. 95,
every time a predetermined pulse voltage with a prede-
termined pulse width is applied a predetermined number
of times, the current value between the source and drain
is read out at a read voltage of 0.2 V at a point indicated
by a triangle. Then, as shown in Fig. 96, three states
(three values) "0", "1", and "2" are obtained. In this ex-
ample, the memory is reset by the state "2".

[0467] Figs. 97A and 97B are schematic sectional
views schematically showing a structure example of a
3-terminal element. The 3-terminal element shown in
Figs. 97A and 97B comprises, on a substrate 9701 made
of, e.g., single-crystal silicon, an insulating layer 9702, a
gate electrode 9703, a metal oxide layer 9704 containing
Bi, Ti, and O and having a thickness of about 30 to 200
nm, a source electrode 9706, a drain electrode 9707. In
addition, an insulating layer 9705 is provided between
the gate electrode 9703 and the metal oxide layer 9704.
In the 3-terminal element having the above-described
structure, a state wherein a potential is applied as shown
in Fig. 97A will be defined as a write state, and a state
wherein a potential is applied as shown in Fig. 97B will
be defined as a read state.

[0468] The substrate 9701 can be made of any one of
a semiconductor, insulator, and conductive material such
as a metal. When the substrate 9701 is made of an in-
sulating material, the insulating layer 9702 can be omit-
ted. When the substrate 9701 is made of a conductive
material, the insulating layer 9702 and gate electrode
9703 can be omitted. In this case, the substrate 9701
made of the conductive material serves as a gate elec-
trode. The gate electrode 9703, source electrode 9706,
and drain electrode 9707 need only be made of a tran-
sition metal including noble metals such as platinum (Pt),
ruthenium (Ru), gold (Au), silver (Ag), and titanium (Ti).
The electrodes may be made of a compound such as a
nitride, oxide, or fluoride of a transition metal, such as
titanium nitride (TiN), hafnium nitride (HfN), strontium ru-
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thenate (SrRuO,), zinc oxide (ZnO), indium tin oxide
(ITO), or lanthanum fluoride (LaF3), or a composite film
formed by stacking them.

[0469] The insulating layer 9705 need only be made
of silicon dioxide, silicon oxynitride, alumina, an oxide
such as LiNbO, containing a light metal such as lithium,
beryllium, magnesium, or calcium, or a fluoride such as
LiCaAlFg, LiSrAlFg, LiYF,, LiLuF,, or KMgF,. Alterna-
tively, the insulating layer 9705 need only be made of an
oxide or nitride of a transition metal such as scandium,
titanium, strontium, yttrium, zirconium, hafnium, tanta-
lum, or lanthanum series, a silicate (ternary compound
of a metal, silicon, and oxygen) containing the above-
described elements, an aluminate (ternary compound of
a metal, aluminum, and oxygen) containing these ele-
ments, or an oxide or nitride containing at least two of
the above elements.

[0470] Likethe above-describedferroelectric layer 104
and the like, the metal oxide layer 9704 is formed by
dispersing a plurality of microcrystalline grains and fine
particles including a Bi, TizO ¢, crystal and a part exces-
sively containing bismuth and having a grain size of about
3to15nmin abase layer, i.e., a layer containing titanium
in an excessive amount relative to the stoichiometric
composition of Biy TizO45. This is confirmed by observa-
tion using a transmission electron microscope. The base
layer may be TiO, with a bismuth content of almost 0. In
other words, the base layer is made of a metal oxide
which contains two metals and in which the content of
one metalis smallerin comparison with the stoichiometric
composition.

[0471] A detailed example of the 3-terminal element
shown in Figs. 97A and 97B will be described. For ex-
ample, the gate electrode 9703 is a ruthenium film having
athickness of 10 nm. The metal oxide layer 9704 is made
of a metal oxide with the above-described composition
and has a thickness of 40 nm. The insulating layer 9705
is a multilayered film made of tantalum pentoxide and
silicon dioxide and having a thickness of 5 nm. The
source electrode 9706 and drain electrode 9707 are
made of gold. The source electrode 9706 and drain elec-
trode 9707 may have a multilayered structure formed by
stacking a titanium layer, titanium nitride layer, and gold
layer in this order sequentially from the side of the metal
oxide layer 9704. When the contact surface to the metal
oxide layer 9704 is formed from a titanium layer, the ad-
hesion can be increased. The interval between the
source electrode 9706 and the drain electrode 9707 is,
e.g., 1 mm. As described above, the structures of the
substrate 9701 and insulating layer 9702 are not limited
to those described above, and any other material can
also be selected appropriately if it has no effect on the
electrical characteristics.

[0472] A detailed method of forming the above-de-
scribed insulating layer 9702, gate electrode 9703, insu-
lating layer 9705, metal oxide layer 9704, source elec-
trode 9706, and drain electrode 9707 will be described
later. They can be formed by sputtering a metal target or
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sintered target in ECR plasma made of argon gas, oxy-
gen gas, or nitrogen gas by using an ECR sputtering
apparatus shown in Fig. 5.

[0473] An example of a method of manufacturing the
3-terminal element shown in Figs. 97A and 97B will be
described next with reference to Fig. 98. As shown in Fig.
98A, the p-type silicon substrate 9701 having a plane
orientation of (100) on the principal plane and a resistivity
of 1 to 2 Qcm is prepared. The surface of the substrate
9701 is cleaned by a solution mixture of sulfuric acid and
a hydrogen peroxide solution, pure water, and a hydro-
gen fluoride solution and dried. The insulating layer 9702
is formed on the cleaned and dried substrate 9701. In
forming the insulating layer 9702, the above-described
ECR sputtering apparatus and pure silicon (Si) as a target
are used. The insulating layer 9702 in a metal mode by
Si-O molecules is formed on the silicon substrate 9701
to a thickness to just cover its surface by ECR sputtering
using argon (Ar) as a plasma gas and oxygen gas.
[0474] For example, Ar gas is supplied at a flow rate
of 20 sccm into a plasma production chamber whose
internal pressure is set on the order of 10-° Pa. The in-
ternal pressure is set to about 10-3 to 10-2 Pa. A magnetic
field of 0.0875 T and a microwave of 2.45 GHz (about
500 W) are supplied to set the electron cyclotron reso-
nance condition, thereby producing Ar plasmain the plas-
ma production chamber. Note that sccm is the unit of flow
rate and indicates that a fluid at 0°C and 1 atmospheric
pressure flows 1 cm3in 1 min.

[0475] The plasma produced by the above-described
method is output from the plasma production chamber
to the process chamber side by the divergent magnetic
field of the magnetic coil. In addition, a high-frequency
power of 13.56 MHz (e.g., 500 W) is supplied from a high-
frequency power supply to the silicon target placed at the
outlet of the plasma production chamber. When Ar ions
collide against the silicon target, a sputtering phenome-
non occurs to sputter Si particles. The Si particles sput-
tered from the silicon target reach the surface of the sil-
icon substrate 9701 together with the plasma output from
the plasma production chamber and the oxygen gas
which is supplied and activated by the plasma and are
oxidized to silicon dioxide by the activated oxygen. With
the above process, the insulating layer 9702 made of
silicon dioxide and having a thickness of, e.g., about 100
nm can be formed on the substrate 9701 (Fig. 98A).
[0476] The insulating layer 9702 ensures insulation to
prevent a voltage from leaking to the substrate 9701 and
influencing desired electrical characteristics when a volt-
age is applied between the electrodes to be formed later.
For example, a silicon oxide film formed by oxidizing the
surface of the silicon substrate by thermal oxidation may
be used as the insulating layer 9702. The insulating layer
9702 may be made of any other insulating material except
silicon oxide if the insulating properties can be ensured.
The thickness of the insulating layer 9702 need not al-
ways be 100 nm and may be smaller or larger. In the
above-described formation of the insulating layer 9702
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by ECR sputtering, the substrate 9701 is not heated.
However, the film may be formed while heating the sub-
strate 9701.

[0477] After the insulating layer 9702 is formed in the
above-described manner, a ruthenium film is formed on
the insulating layer 9702 by similar ECR sputtering using
pure ruthenium (Ru) as a target, thereby forming the gate
electrode 9703, as shown in Fig. 98B. Formation of the
Ru film will be described in detail. In an ECR sputtering
apparatus using a Ru target, for example, the silicon sub-
strate with the insulating layer formed on it is heated to
400°C. Ar gas as arare gas is supplied into the plasma
production chamber at a flow rate of, e.g., 7 sccm. In
addition, Xe gas is supplied at a flow rate of, e.g., 5 sccm
to set the internal pressure of the plasma production
chamber to on the order of, e.g., 10-2 to 10-3 Pa.

[0478] The magnetic field of the electron cyclotron res-
onance condition is given to the plasma production cham-
ber. Then, a microwave of 2.45 GHz (about 500 W) is
supplied into the plasma production chamber to produce
ECRplasmaof Arand Xeinit. The produced ECR plasma
is outputfromthe plasma production chamberto the proc-
ess chamber side by the divergent magnetic field of the
magnetic coil. In addition, a high-frequency power of
13.56 MHz (e.g., 500 W) is supplied to the ruthenium
target placed at the outlet of the plasma production cham-
ber. The sputtering phenomenon occurs to sputter Ru
particles from the ruthenium target. The Ru particles
sputtered from the ruthenium target reach the surface of
the insulating layer 9702 on the substrate 9701 and are
deposited.

[0479] With the above process, the gate electrode
9703 having a thickness of, e.g., about 10 nm can be
formed on the insulating layer 9702 (Fig. 98B). The gate
electrode 9703 enables voltage application to the metal
oxide layer 9704 when a voltage is applied between the
gate electrode 9703 and the source electrode 9706 and
drain electrode 9707 to be formed later. The gate elec-
trode 9703 may be made of any other material except
ruthenium if the conductivity can be ensured. The gate
electrode 9703 may be made of, e.g., platinum. A plati-
num film formed on silicon dioxide readily peels off, as
is known. To prevent this, a layered structure is formed
by inserting a titanium layer, titanium nitride layer, or ru-
thenium layer under the platinum layer. The thickness of
the gate electrode 9703 need not always be 10 nm and
may be smaller or larger.

[0480] As described above, in forming the Ru film by
ECR sputtering, the substrate 9701 is heated to 400°C.
However, the substrate need not always be heated. How-
ever, if the substrate is not heated, the adhesion of ru-
thenium to silicon dioxide becomes low, and the film may
peel off. To prevent peeling, the film is formed preferably
while heating the substrate.

[0481] After the gate electrode 9703 is formed in the
above-described manner, the substrate 9701 is unload-
ed from the apparatus to the atmosphere. The substrate
9701 is fixed on the substrate holder of the same ECR
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sputtering apparatus as in Fig. 5 in which pure tantalum
(Ta) is used as the target. The insulating layer 9705 is
formed on the gate electrode 9703 to a thickness to just
cover its surface, as shown in Fig. 98C, by ECR sputter-
ing using argon (Ar) as a plasma gas and oxygen gas. A
metal mode film by Ta-O molecules is formed as the in-
sulating layer 9705, as will be described below.

[0482] Formation of a metal mode film by Ta-O mole-
cules will be described in detail. In the ECR sputtering
apparatus shown in Fig. 5 in which the target made of
tantalum is used, Ar gas as a rare gas is supplied at a
flow rate of, e.g., 25 sccm from the inert gas supply unit
into the plasma production chamber to set its internal
pressure on the order of, e.g., 10-3 Pa. A coil current of,
e.g., 28 A is supplied to the magnetic coil to give the
magnetic field of the electron cyclotron resonance con-
dition to the plasma production chamber.

[0483] A microwave of, e.g., 2.45 GHz (e.g., 500 W) is
supplied from the microwave generation unit (not shown)
into the plasma production chamber through the
waveguide, quartz window, and vacuum waveguide.
With this supply of the microwave, Ar plasma is produced
in the plasma production chamber. The produced plasma
is output from the plasma production chamber to the side
of the process chamber by the divergent magnetic field
of the magnetic coil. In addition, a high-frequency power
(e.g., 500 W) is supplied from the high-frequency elec-
trode supply unit to the target placed at the outlet of the
plasma production chamber.

[0484] When Ar particles collide against the target, a
sputtering phenomenon occurs to sputter Ta particles
from the target. The Ta particles sputtered from the target
reach the surface of the gate electrode 9703 on the sub-
strate 9701 together with the plasma output from the plas-
ma production chamber and the oxygen gas which is
supplied from the reactive gas supply unit and activated
by the plasma and are oxidized to tantalum pentoxide by
the activated oxygen.

[0485] With the above process, a tantalum pentoxide
film is formed on the gate electrode 9703. Subsequently,
a silicon dioxide film is formed on the tantalum pentoxide
film by ECR sputtering using the target made of pure
silicon, like silicon dioxide deposition described with ref-
erence to Fig. 98A. The above-described formation of a
tantalum pentoxide film and silicon dioxide film is repeat-
ed to form a multilayered film including the tantalum pen-
toxide films and silicon dioxide films to, e.g., about 5 nm,
thereby obtaining the insulating layer 9705 (Fig. 98C).
[0486] Theinsulatinglayer9705includingthe tantalum
pentoxide films and silicon dioxide films is used to control
the voltage to be applied to the ferroelectric film upon
voltage application to the metal oxide layer 9704. The
insulating layer 9705 may have any other structure ex-
cept the multilayered structure of tantalum pentoxide
films and silicon dioxide films if it can control the voltage
applied to the metal oxide layer 9704. The insulating layer
9705 may be a single layer. The thickness is not limited
to 5 nm, either. In the above-described ECR sputtering,
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the substrate 9701 is not heated but may be heated.
[0487] After the insulating layer 9705 is formed in the
above-described manner, the metal oxide layer 9704 is
formed on the insulating layer 9705 to a thickness to just
cover its surface, as shown in Fig. 98D, by ECR sputter-
ing using argon (Ar) as a plasma gas and oxygen gas
and a target formed from an oxide sintered body (Bi-Ti-
0) in which the ratio of Bito Tiis 4 : 3.

[0488] Formation of the metal oxide layer 9704 will be
described in detail. The substrate 9701 is heated to
300°C to 700°C. Ar gas as a rare gas is supplied into the
plasma production chamber at a flow rate of, e.g., 20
scem to set the pressure on the order of, e.g., 10-3to 10-2
Pa. In this state, the magnetic field of the electron cyclo-
tron resonance condition is given to the plasma produc-
tion chamber. Then, a microwave of 2.45 GHz (about
500 W) is supplied into the plasma production chamber
to produce ECR plasmain it.

[0489] The produced ECR plasma is output from the
plasma production chamber to the process chamber side
by the divergent magnetic field of the magnetic coil. In
addition, a high-frequency power of 13.56 MHz (e.g., 500
W) is supplied to the sintered body target placed at the
outlet of the plasma production chamber. When Ar par-
ticles collide against the sintered body target, the sput-
tering phenomenon occurs to sputter Bi particles and Ti
particles.

[0490] The Bi particles and Ti particles sputtered from
the sintered body target reach the surface of the heated
insulating layer 9705 together with the ECR plasma out-
put from the plasma production chamber and the oxygen
gas activated by the output ECR plasma and are oxidized
by the activated oxygen. The oxygen (O,) gas serving
as areactive gas is supplied at a flow rate of, e.g., 1 sccm
separately from the Ar gas, as will be described later.
Although the sintered body target contains oxygen, any
shortage of oxygeninthe deposited film can be prevented
by supplying oxygen. With the above-described film for-
mation by ECR sputtering, the metal oxide layer 9704
having a thickness of, e.g., about 40 nm can be formed
(Fig. 98D).

[0491] The film quality may be improved by irradiating
the formed metal oxide layer 9704 with ECR plasma of
an inert gas and a reactive gas. As the reactive gas, not
oxygen gas but nitrogen gas, fluorine gas, or hydrogen
gas can be used. The film quality improvement can also
be applied to formation of the insulating layer 9702. The
metal oxide layer 9704 may be formed at a low substrate
temperature of 300°C or less and then annealed (heat-
treated) in an appropriate gas atmosphere such as oxy-
gen atmosphere to greatly improve the properties of the
film.

[0492] The source electrode 9706 and drain electrode
9707 each made of Au and having a predetermined area
are formed on the metal oxide layer 9704, as shown in
Fig. 98E, thereby obtaining the 3-terminal element shown
in Figs. 97A and 97B. The source electrode 9706 and
drain electrode 9707 can be formed by a well-known lift-
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off method and gold deposition by resistance heating
vacuum deposition. The source electrode 9706 and drain
electrode 9707 may be made of another metal material
or conductive material such as Ru, Pt, or TiN. When Pt
is used, the adhesion is poor, and the film may peel off.
Hence, each electrode must be formed as an electrode
with a predetermined area by using a structure such as
Ti-Pt-Au that hardly peels off and executing a patterning
process such as photolithography or lift-off on that struc-
ture.

[0493] The characteristics of the 3-terminal element
shown in Figs. 97A and 97B will be described next. The
characteristics were investigated by applying a voltage
between the gate electrode 9703 and the drain electrode
9707 (source electrode 9706). When a voltage from a
power supply was applied between the gate electrode
9703 and the drain electrode 9707, and a current flowing
when the voltage was applied was measured by an am-
meter, a result shown in Fig. 33 was obtained. As de-
scribed above, in Fig. 33, the ordinate represents the
current density obtained by dividing the current value by
the area. Fig. 33 and a memory operation principle will
be described below. The voltage values and current val-
ues to be described here are mere examples measured
in an actual element. Hence, the phenomenon is not lim-
ited to the following numerical values. Other numerical
values can also be measured depending on the material
and thickness of each film actually used in the element
and other conditions.

[0494] When a negative voltage is applied to the gate
electrode 9703, the flowing current is very small up to
-0.8 V, as indicated by (1) in Fig. 33. However, as indi-
cated by (2), when the voltage exceeds -0.8 V, a negative
current flows abruptly. Actually, a current larger than -15
pA also flows. However, since flowing of a larger current
is inhibited to protect the measurement device, the cur-
rent is not measured. In the range from 0 V to -0.8 V
indicated by (1), a high resistance state is held (main-
tained) by inhibiting flowing of a large current as indicated
by (2).

[0495] When a negative voltage is applied again to the
gate electrode 9703, a locus to flow a negative current
of -10 pA or more is obtained at -0.5 V, as indicated by
(3). When the negative voltage is further applied to the
gate electrode 9703, a current of -10 pA or more flows
atabout-0.5V, as indicated by (3). When a positive volt-
age is applied to the gate electrode 9703, a positive cur-
rent flows up to about +0.2 V, as indicated by (4). The
current increases to 3 pA at maximum. When the abso-
lute value of the voltage is decreased, the current traces
a locus indicated by (4).

[0496] When the positive voltage is applied up to 0.2
V again, the current traces the locus indicated by (4).
Atfter that, as indicated by (5), the value of the flowing
current decreases, and no positive current flows. When
the positive voltage is further applied to the gate electrode
9703, a locus to rarely flow a current is obtained, as in-
dicated by (6). Even when the absolute value of the volt-
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age is decreased then, the current rarely flows, as indi-
cated by (6). When a negative voltage is applied to the
gate electrode 9703, the current rarely flows up to about
0to-0.8V, asindicated by (1). Hence, the high resistance
state wherein no current flows as in (1) is maintained
unless a voltage of -0.8 V or more is applied to the gate
electrode 9703 to prevent any sudden current flow as in
(2). The state (1) will be referred to as a "negative high
resistance mode".

[0497] For example, as indicated by (2), when a volt-
age of -0.8 V or more is applied to the gate electrode
9703 to abruptly flow a current, a low resistance state in
which the current readily flows is obtained, as indicated
by (3). This state is also maintained while a negative volt-
age is applied to the gate electrode 9703. The state (3)
will be referred to as a "negative low resistance mode".
[0498] However, when a positive voltage is applied to
the gate electrode 9703, a low resistance state in which
the current flows in a positive voltage range from 0 to 0.2
V is obtained, as indicated by (4). This state is also main-
tained while a positive voltage in the range of 0 to 0.2 V
is applied to the gate electrode 9703. The state (4) will
be referred to as a "positive low resistance mode".
[0499] When a positive voltage of 0.2 VV or more is ap-
plied to the gate electrode 9703, no current flows, and
the state changes to a high resistance state, as indicated
by (5). In this state, the state wherein the current value
has a high resistance is maintained while a positive volt-
ageintherange of 0to 2 Vis applied to the gate electrode
9703, as indicated by (6). The state (6) will be referred
to as a "positive high resistance mode".

[0500] Asdescribed above, the element using the met-
al oxide layer 9704 apparently has four stable modes:
"positive high resistance mode", "positive low resistance
mode", "negative high resistance mode", and "negative
low resistance mode". More specifically, the "positive
high resistance mode" and "negative high resistance
mode" are "high resistance modes" which exhibit the
same high resistance state. The "positive low resistance
mode" and "negative low resistance mode" are "low re-
sistance modes" which exhibit the same low resistance
state. That is, two modes are present. In the state of the
"high resistance mode", the "high resistance mode" is
maintained in the voltage range of -0.8 V to +0.8 V. When
avoltage of -0.8 V or more is applied to change the state
to the "low resistance mode", the "low resistance mode"
is maintained in the voltage range of -0.5 V to +2.0 V.
Switching between the two, "high resistance mode" and
"low resistance mode" occurs. This also applied to the
negative resistance modes, i.e., "negative high resist-
ance mode" and "negative low resistance mode".
[0501] As forthe actual current value in each "negative
mode" when a voltage of -0.5 V is applied, the current
value in the "negative high resistance mode" is -5 X 10-8
A, and that in the "negative low resistance mode" is -1 X
105 A. The ratio is as high as 200 times. This facilitates
each mode identification. The present inventors estimate
that the above-described phenomenon occurs when the
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resistance value of the metal oxide layer 9704 dramati-
cally changes depending on the direction and magnitude
of the applied voltage.

[0502] Since the insulating layer 9705 is provided be-
tween the metal oxide layer 9704 and the gate electrode
9703, carriers can be controlled by the band structure of
the insulating layer 9705. More specifically, for example,
tantalum pentoxide has a band gap of about 4.5 eV. The
energy difference viewed from the Fermi level is about
1.2 eV in the conduction band and 2.3 eV in the valence
band. That is, the barrier is higher on the valence band
side. Hence, the barrier effect is high for holes in the
valence band but low for electrons in the conduction
band. For further information, see Wilk et al., "J. Appl.
Phys.", No. 87, p. 484 (2000).

[0503] From the above-described characteristic,
when, e.g., a tantalum pentoxide film is used as the in-
sulating layer between the electrode and the metal oxide
layer, a phenomenon that electrons readily flow but holes
hardly flow can be expected. Actually, as shown in Fig.
33, the value of the flowing current largely changes be-
tween a case wherein a positive voltage is applied from
the drain electrode 9707 to the gate electrode 9703 and
a case wherein a negative voltage is applied. In discrim-
inating the state of the metal oxide layer 9704, this has
a large effect to increase the signal-to-noise ratio (S/N
ratio) and facilitate data discrimination. This is the effect
of use of the insulating layer 9705.

[0504] It was found that when the above-described
"low resistance mode" and "high resistance mode"
shown in Fig. 33 are applied as a memory operation, the
element shown in Figs. 97A and 97B can be used as a
nonvolatile nondestructive 3-terminal element. More
specifically, the OFF state wherein the current between
the source and drain hardly flows is set by applying a
positive voltage to the gate electrode 9703 and anegative
voltage to the drain electrode 9707 to change the mode
from the "low resistance mode" to the "high resistance
mode", as indicated by (4) or (5) in Fig. 33.

[0505] The shift to the ON state wherein the current
between the source and drain readily flows is done by
applying a negative voltage to the gate electrode 9703
and a positive voltage of 1.1 V or more to the drain elec-
trode 9707 to abruptly flow the current, as indicated by
(2) in Fig. 33. With this operation, the mode is changed
from the "high resistance mode" to the "low resistance
mode", and the ON state is obtained. As described
above, when a voltage is applied to the gate electrode
9703 (drain electrode 9707) to set the "high resistance
mode" or "low resistance mode", switching between the
OFF state and the ON state can be done.

[0506] The ON/OFF state between the source and
drain controlled in the above-described way can easily
be recognized by reading a current value when an ap-
propriate voltage of 0 to 1.0 V is applied between the
source and drain. For example, when the mode state of
the 3-terminal element shown in Figs. 97A and 97B is
"off", i.e., "high resistance mode", it can be determined
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because a current hardly flows when an appropriate volt-
age of 0to 1.0 V is applied, as indicated by (1) in Fig. 33.
[0507] When the mode state of the element shown in
Figs. 97A and 97B is "on", i.e., "low resistance mode", it
can be determined because a current abruptly flows be-
tween the source and drain when an appropriate voltage
of 0 to 0.8 V is applied, as indicated by (2) in Fig. 33.
Since the difference in current value between the "posi-
tive high resistance mode" and the "positive low resist-
ance mode", i.e., "off" and "on" is 5,000 times or more,
"off" and "on" can easily be determined. Even in the neg-
ative voltage range, "off" and "on" can be determined in
the voltage range of 0 to -0.2 V.

[0508] The above-described ON/OFF state of the
3-terminal element can easily be identified only by check-
ing whether the element shown in Figs. 97A and 97B is
in the "high resistance mode" or "low resistance mode".
In other words, while the 3-terminal element shown in
Figs. 97A and 97B can hold the two modes, data is held.
Even when a voltage is applied to the electrode to check
the mode, the held mode does not change, and data is
not destroyed. Hence, according to the 3-terminal ele-
ment elementshown in Figs. 97A and 97B, a nondestruc-
tive operation is possible. The 3-terminal element shown
in Figs. 97A and 97B functions as a 3-terminal element
elementto control ON/OFF between the source and drain
since the resistance value of the metal oxide layer 9704
changes depending on the voltage applied between the
gate electrode 9703 and the drain electrode 9707 (or
source electrode 9706). This element can also be used
as an element to control the current.

[0509] Even when the source electrode 9706 is set
open, the ON state and OFF state can be controlled by
applying a gate voltage. In the case wherein the source
electrode 9706 is set open, when the read voltage is in-
creased, a current to some extent flows between the
source and drain even when a gate voltage is applied to
set the OFF state. When the source electrode 9706 is
set open, and the gate voltage is applied in this state, the
applied voltage selectively acts depending on the region
under the drain electrode 9707. As described above, a
certain source-drain current is supposed to flow when
the read voltage is high. Hence, the source-drain current
is supposed to flow through a path formed from the
source electrode 9706, the metal oxide layer 9704 in the
region under the source electrode 9706, the gate elec-
trode 9703, the metal oxide layer 9704 in the region under
the drain electrode 9707, and the drain electrode 9707.
[0510] The voltage to operate the 3-terminal element
shown in Figs. 97A and 97B is maximized when a gate
voltage to set the "positive low resistance mode" is ap-
plied. However, the voltage is about 1.1V, and the power
consumption is very low, as shown in Fig. 33. The low
power consumption is very advantageous for devices.
Devices using a 3-terminal element, e.g., not only mobile
communication devices, digital general-purpose devic-
es, digital image sensing devices, notebook personal
computers, and PDAs (Personal Digital Appliances) but
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also all computers, personal computers, workstations,
office computers, mainframes, communication units, and
multifunction apparatuses can reduce the power con-
sumption.

[0511] Fig. 34 shows the time of holding the ON or OFF
state in the 3-terminal element shown in Figs. 97A and
97B. After a negative voltage is applied from the drain
electrode 9707 to the gate electrode 9703 to set the "neg-
ative high resistance state" shown in Fig. 33, i.e., "high
resistance mode", a voltage of 1.1 V or more is applied
from the drain electrode 9707 to the gate electrode 9703
to set the "positive low resistance state" ("low resistance
mode"), i.e., ON state. A voltage of +0.5 V is applied from
the drain electrode 9707 to the gate electrode 9703 every
predetermined time, and the value of a current flowing
between the source and drain after voltage application
is measured. Fig. 34 shows the observation result.
[0512] The measured current is maximized about 10
min after and then moderately decreases up to 1,000
min. However, since the current value at this time is 97%
of the maximum value, the data can be discriminated
without any problem. As is predicted from the extrapo-
lated line of 10,000,000 min corresponding to 10 years
shown in Fig. 34, the current value after 10 years corre-
sponding to 66% (2/3) of the maximum value, and the
data can discriminated. As is apparent from the above
description, the 3-terminal element shown in Figs. 97A
and 97B can hold the ON or OFF state for 10 years.
[0513] In the above-described example , each of the
insulating layer on the silicon substrate, the gate elec-
trode layer on the insulating layer, and the metal oxide
layer on the gate electrode is formed by ECR sputtering.
However, the method of forming each layer is not limited
to ECR sputtering. For example, the insulating layer to
be formed on the silicon substrate may be formed by
thermal oxidation or CVD (Chemical Vapor Deposition)
or a conventional sputtering method.

[0514] The gate electrode layer may be formed by any
other film formation method such as EB deposition, CVD,
MBE, or IBD. The metal oxide layer can also be formed
by the above-described MOD, conventional sputtering
method, PLD, or MOCVD. However, when ECR sputter-
ing is used, flat and excellent insulating film, metal film,
and metal oxide film can easily be obtained.

[0515] Inthe above-described embodiment, after each
layer is formed, the substrate is temporarily unloaded
into the atmosphere. However, the layers may be formed
by a continuous process without unloading the structure
into the atmospheric by using an apparatus which con-
nects, through vacuum transfer chambers, the process
chambers to realize ECR sputtering to form the respec-
tive layers. With this arrangement, the substrate to be
processed can be transported in vacuum and is therefore
prevented from being influenced by disturbance such as
water adhesion. Hence, the film quality and interface
properties can be improved.

[0516] Asshowninpatentreference 7, after each layer
is formed, the surface of the formed layer may be irradi-
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ated with ECR plasma to improve the properties. After
each layer is formed, the formed layer may be annealed
(heat-treated) in an appropriate gas atmosphere such as
hydrogen atmosphere to greatly improve the properties
of each layer.

[0517] A basic idea is arranging an insulating layer in
contact with a metal oxide layer and sandwiching these
layers by the gate electrode and the source and drain
electrodes, as shown in Figs. 97A and 97B. With this
structure, when a predetermined voltage (DC or pulse)
is applied to the gate electrode to change the resistance
value of the metal oxide layer and switch the stable high
resistance mode and low resistance mode, an operation
as a 3-terminal element can be implemented conse-
quently.

[0518] Forexample,asshowninFig. 99, asource elec-
trode 9716 and drain electrode 9717 may be formed on
the insulating layer 9702 and covered with the metal ox-
ide layer 9704, and a gate electrode 9713 may be formed
on the metal oxide layer 9704 via aninsulating layer 9715.
Asshownin Figs. 100A and 100B, an insulating substrate
9701a may be used. In this case, the insulating layer
9702 shown in Figs. 97A and 97B can be omitted. Alter-
natively, the structure including the insulating layer 9705,
metal oxide layer 9704, source electrode 9706, and drain
electrode 9707 shown in Figs. 97A and 97B may be ar-
ranged on a conductive substrate. In this case, the sub-
strate also serves as a gate electrode. When a metal
substrate with high thermal conductivity is used as the
conductive substrate, a higher cooling effect can be ob-
tained, and a stable element operation can be expected.
[0519] Aninsulating substrate made of glass or quartz
may be used. With this structure, the present invention
can be applied to, e.g. a glass substrate easy to process.
The metal oxide layer 9704 which has a refractive index
of about 2.6 measured at a wavelength of 632.8 nm is
optically transparent. For this reason, when a transparent
substrate is used, the 3-terminal element of this embod-
iment can be applied to a display. When the metal oxide
layer 9704 is formed so thick in the range of 10 to 200
nm that an interference color is generated, the visual ef-
fect of a colored state can be obtained.

[0520] Another form of the 3-terminal element will be
described next. Inthe above description, one ferroelectric
element has been exemplified. However, as has been
described with reference to Figs. 93A and 93B, a plurality
of 3-terminal elements may be arrayed and integrated in
a cross-point pattern.

[0521] The change inresistance value of the metal ox-
ide layer 9704 can also be controlled by a current, as
described above. A predetermined voltage is applied to
the metal oxide layer 9704 to flow a predetermined cur-
rent. Immediately after that, a predetermined voltage
(e.g., +0.5V) s applied between the drain electrode 9707
and the gate electrode 9703. The current value changes
then.

[0522] For example, after a current from 1 X 109 A
(inclusive) to 1 X 10-6 A (exclusive) is supplied between
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the electrodes, the current value is small, and a high re-
sistance state is obtained. After a current of 1 X 106 A
or more is supplied between the electrodes, the value of
the flowing current becomes large (e.g., 0.7 mA), and the
state changes to a low resistance state. As is apparent
from this, the resistance of the metal oxide layer 9704
also changes depending on the current flowing to it. That
is, two resistance values representing a high resistance
state and low resistance state are present. Hence, the
3-terminal element shown in Figs. 97A and 97B can be
ON/OFF-controlled by both a voltage and a current.
[0523] As described above, the resistance change in
the metal oxide layer 9704 can also be controlled by a
pulse voltage. For example, as shown in Fig. 42, a neg-
ative pulse voltage (e.g., -4 V and 10 ps) is applied once
between the gate electrode 9703 (positive electrode side)
and the drain electrode 9707 (negative electrode side)
of the element shown in Figs. 97A and 97B whose metal
oxide layer 9704 is in the high resistance state in the
initial state. Then, the state changes to the low resistance
state. After that, when a positive pulse voltage (e.g., +5
V and 10 ws) is applied between the electrodes a plurality
of number of times (e.g., four times), the state changes
to the high resistance state.

[0524] The above-described pulse voltage application
is repeated. The current measured after each pulse volt-
age application changes as shown in Fig. 43. As shown
in Fig. 43, the high resistance state is set in the initial
state. After a negative pulse voltage is applied, the state
changes to the low resistance state. When a positive
pulse voltage is applied in this state a plurality of number
of times, the state changes to the high resistance state.
Theresistance value of the metal oxide layer 9704 chang-
es when a positive voltage pulse or negative voltage
pulse is applied. Hence, for example, when a positive
voltage pulse or negative voltage pulse is applied, the 3-
terminal element shown in Figs. 97A and 97B can also
be changed from an "on" state to an "off" state or from
an "off" state to an "on" state.

[0525] The voltage and time of the voltage pulse ca-
pable of changing the resistance state of the metal oxide
layer 9704 can be changed in accordance with the situ-
ation. For example, when a voltage pulse of +5 V having
a width of 10 ps is applied four times to set the high
resistance state, and a short pulse of -4 V having a width
of 1 us is applied 10 times, the state can be changed to
the low resistance state. When a short pulse of +5 V
having a width of 1 s is applied 100 times in this state,
the state can be changed to the high resistance state.
When a low voltage pulse of -3 V having a width of 100
ws is applied 100 times in this state, the state can be
changed to the low resistance state.

[0526] A case wherein the 3-terminal element shown
in Figs. 97A and 97B is controlled by pulse voltage ap-
plication will be described next. For example, as shown
in the sequence of Fig. 101, when a negative pulse and
positive pulse are alternately applied to the gate elec-
trode 9703, the resistance mode between the source
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electrode 9706 and the gate electrode 9703 and that be-
tween the drain electrode 9707 and the gate electrode
9703 change. In correspondence with this, the ON state
and OFF state of the current flowing between the source
electrode 9706 and the drain electrode 9707 can alter-
nately be switched.

[0527] Even in the 3-terminal element shown in Figs.
97A and 97B using the metal oxide layer 9704 of this
embodiment, the current-voltage characteristic when a
DC voltage is applied between the gate electrode 9703
and the drain electrode 9707 (source electrode 9706) is
changed to different low resistance states by changing
the positive-side applied voltage, as shown in Fig. 46. In
correspondence with these states, three states (three
values) can be implemented in the value of the current
flowing between the source and drain. For example,
when the read voltage is about 0.5 V, ternary states can
be implemented in the value of the current flowing be-
tween the source and drain. Before change to each state,
a voltage of -2 V is applied to the gate electrode 9703 to
return the state to the high resistance state (reset).
[0528] Figs. 102A and 102B are schematic sectional
views schematically showing a structure example of a
3-terminal element. The 3-terminal element shown in
Figs. 102A and 102B comprises, on a substrate 10201
made of, e.g., single-crystal silicon, an insulating layer
10202, agate electrode 10203, ametal oxide layer 10204
containing Bi, Ti, and O and having a thickness of about
30 to 200 nm, an insulating layer 10205, a source elec-
trode 10206, and a drain electrode 10207. In the 3-ter-
minal element having the above-described structure, a
state wherein a potential is applied as shown in Fig. 102A
will be defined as a write state, and a state wherein a
potential is applied as shown in Fig. 102B will be defined
as a read state.

[0529] The substrate 10201 can be made of any one
of a semiconductor, insulator, and conductive material
such as a metal. When the substrate 10201 is made of
an insulating material, the insulating layer 10202 can be
omitted. When the substrate 10201 is made of a conduc-
tive material, the insulating layer 10202 and gate elec-
trode 10203 can be omitted. In this case, the substrate
10201 made of the conductive material serves as a gate
electrode. The gate electrode 10203, source electrode
10206, and drain electrode 10207 need only be made of
a transition metal including noble metals such as plati-
num (Pt), ruthenium (Ru), gold (Au), silver (Ag), and ti-
tanium (Ti). The electrodes may be made of a compound
such as a nitride, oxide, or fluoride of a transition metal,
such as titanium nitride (TiN), hafnium nitride (HfN),
strontium ruthenate (SrRuO,), zinc oxide (ZnO), indium
tin oxide (ITO), or lanthanum fluoride (LaF3), or a com-
posite film formed by stacking them.

[0530] The insulating layer 10205 need only be made
of silicon dioxide, silicon oxynitride, alumina, an oxide
such as LiNbO5 containing a light metal such as lithium,
beryllium, magnesium, or calcium, or a fluoride such as
LiCaAlFg, LiSrAlFg, LiYF,, LiLuF,, or KMgF,. Alterna-
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tively, the insulating layer 10205 need only be made of
an oxide or nitride of a transition metal such as scandium,
titanium, strontium, yttrium, zirconium, hafnium, tanta-
lum, or lanthanum series, a silicate (ternary compound
of a metal, silicon, and oxygen) containing the above-
described elements, an aluminate (ternary compound of
a metal, aluminum, and oxygen) containing these ele-
ments, or an oxide or nitride containing at least two of
the above elements.

[0531] Liketheabove-described ferroelectriclayer 104
and the like, the metal oxide layer 10204 is formed by
dispersing a plurality of microcrystalline grains of
Bi, TizO4, crystal having a grain size of about 3 to 15 nm
in a base layer, i.e., a layer containing titanium in an ex-
cessive amountrelative to the stoichiometric composition
of BiyTi3O4,. This is confirmed by observation using a
transmission electron microscope. The base layer may
be TiO, with a bismuth contentof almost 0. In other words,
the base layer is made of a metal oxide which contains
two metals and in which the content of one metal is small-
er in comparison with the stoichiometric composition.
[0532] A detailed example of the 3-terminal element
shown in Figs. 102A and 102B will be described. For
example, the gate electrode 10203 is a ruthenium film
having a thickness of 10 nm. The metal oxide layer 10204
is made of a metal oxide with the above-described com-
position and has a thickness of 40 nm. The insulating
layer 10205 is a multilayered film made of tantalum pen-
toxide and silicon dioxide and having a thickness of 5
nm. The source electrode 10206 and drain electrode
10207 are made of gold. The source electrode 10206
anddrain electrode 10207 may have a multilayered struc-
ture formed by stacking a titanium layer, titanium nitride
layer, and gold layer in this order sequentially from the
side of the insulating layer 10205. When the contact sur-
face to the insulating layer 10205 is formed from a tita-
nium layer, the adhesion can be increased. The interval
between the source electrode 10206 and the drain elec-
trode 10207 is, e.g., 1 mm. As described above, the struc-
tures of the substrate 10201 and insulating layer 10202
are not limited to those described above, and any other
material can also be selected appropriately if it has no
effect on the electrical characteristics.

[0533] A detailed method of forming the above-de-
scribed insulating layer 10202, gate electrode 10203,
metal oxide layer 10204, insulating layer 10205, source
electrode 10206, and drain electrode 10207 will be de-
scribed later. They can be formed by sputtering a metal
target or sintered target in ECR plasma made of argon
gas, oxygen gas, or nitrogen gas by using an ECR sput-
tering apparatus shown in Fig. 5.

[0534] An example of a method of manufacturing the
3-terminal element shown in Figs. 102A and 102B will
be described next with reference to Fig. 103. As shown
in Fig. 103A, the p-type silicon substrate 10201 having
a plane orientation of (100) on the principal plane and a
resistivity of 1 to 2 Qcm is prepared. The surface of the
substrate 10201 is cleaned by a solution mixture of sul-
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furic acid and a hydrogen peroxide solution, pure water,
and a hydrogen fluoride solution and dried. The insulating
layer 10202 is formed on the cleaned and dried substrate
10201. In forming the insulating layer 10202, the above-
described ECR sputtering apparatus and pure silicon (Si)
as atargetare used. The insulating layer 10202 in ametal
mode by Si-O molecules is formed on the silicon sub-
strate 10201 to a thickness to just cover its surface by
ECR sputtering using argon (Ar) as a plasma gas and
oxygen gas.

[0535] For example, Ar gas is supplied at a flow rate
of 20 sccm into a plasma production chamber whose
internal pressure is set on the order of 10-° Pa. The in-
ternal pressure is setto about 10-3to 102 Pa. A magnetic
field of 0.0875 T and a microwave of 2.45 GHz (about
500 W) are supplied to set the electron cyclotron reso-
nance condition, thereby producing Ar plasmain the plas-
ma production chamber. Note that sccm is the unit of flow
rate and indicates that a fluid at 0°C and 1 atmospheric
pressure flows 1 cm3in 1 min.

[0536] The plasma produced by the above-described
method is output from the plasma production chamber
to the process chamber side by the divergent magnetic
field of the magnetic coil. In addition, a high-frequency
power of 13.56 MHz (e.g., 500 W) is supplied from a high-
frequency power supply to the silicon target placed at the
outlet of the plasma production chamber. When Ar ions
collide against the silicon target, a sputtering phenome-
non occurs to sputter Si particles. The Si particles sput-
tered from the silicon target reach the surface of the sil-
icon substrate 10201 together with the plasma output
from the plasma production chamber and the oxygen gas
which is supplied and activated by the plasma and are
oxidized to silicon dioxide by the activated oxygen. With
the above process, the insulating layer 10202 made of
silicon dioxide and having a thickness of, e.g., about 100
nm can be formed on the substrate 10201 (Fig. 103A).
[0537] The insulating layer 10202 ensures insulation
to prevent a voltage from leaking to the substrate 10201
and influencing desired electrical characteristics when a
voltage is applied between the electrodes to be formed
later. For example, a silicon oxide film formed by oxidizing
the surface of the silicon substrate by thermal oxidation
may be used as the insulating layer 10202. The insulating
layer 10202 may be made of any other insulating material
except silicon oxide if the insulating properties can be
ensured. The thickness of the insulating layer 10202
need not always be 100 nm and may be smaller or larger.
In the above-described formation of the insulating layer
10202 by ECR sputtering, the substrate 10201 is not
heated. However, the film may be formed while heating
the substrate 10201.

[0538] After the insulating layer 10202 is formed in the
above-described manner, a ruthenium film is formed on
the insulating layer 10202 by similar ECR sputtering us-
ing pure ruthenium (Ru) as a target, thereby forming the
gate electrode 10203, as shown in Fig. 103B. Formation
of the Ru film will be described in detail.
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[0539] Inan ECR sputtering apparatus using a Ru tar-
get, for example, the silicon substrate with the insulating
layer formed on it is heated to 400°C. Ar gas as a rare
gas is supplied into the plasma production chamber at a
flow rate of, e.g., 7 sccm. In addition, Xe gas is supplied
at a flow rate of, e.g., 5 sccm to set the internal pressure
of the plasma production chamber to on the order of, e.g.,
102 t0 103 Pa.

[0540] The magnetic field of the electron cyclotron res-
onance condition is given to the plasma production cham-
ber. Then, a microwave of 2.45 GHz (about 500 W) is
supplied into the plasma production chamber to produce
ECR plasmaof Arand Xeinit. The produced ECR plasma
is output from the plasma production chamberto the proc-
ess chamber side by the divergent magnetic field of the
magnetic coil. In addition, a high-frequency power of
13.56 MHz (e.g., 500 W) is supplied to the ruthenium
target placed at the outlet of the plasma production cham-
ber. The sputtering phenomenon occurs to sputter Ru
particles from the ruthenium target. The Ru particles
sputtered from the ruthenium target reach the surface of
the insulating layer 10202 on the substrate 10201 and
are deposited.

[0541] With the above process, the gate electrode
10203 having a thickness of, e.g., about 10 nm can be
formed on the insulating layer 10202 (Fig. 103B). The
gate electrode 10203 enables voltage application to the
metal oxide layer 10204 when a voltage is applied be-
tween the source electrode 10206 and drain electrode
10207 to be formed later. The gate electrode 10203 may
be made of any other material except ruthenium if the
conductivity can be ensured. The gate electrode 10203
may be made of, e.g., platinum. A platinum film formed
on silicon dioxide readily peels off, as is known. To pre-
vent this, a layered structure is formed by inserting a ti-
tanium layer, titanium nitride layer, or ruthenium layer
under the platinum layer. The thickness of the gate elec-
trode 10203 need not always be 10 nm and may be small-
er or larger.

[0542] As described above, in forming the Ru film by
ECR sputtering, the substrate 10201 is heated to 400°C.
However, the substrate need not always be heated. How-
ever, if the substrate is not heated, the adhesion of ru-
thenium to silicon dioxide becomes low, and the film may
peel off. To prevent peeling, the film is formed preferably
while heating the substrate.

[0543] After the gate electrode 10203 is formed in the
above-described manner, the metal oxide layer 10204 is
formed on the gate electrode 10203 to a thickness to just
cover its surface, as shown in Fig. 103C, by ECR sput-
tering using argon (Ar) as a plasma gas and oxygen gas
and a target formed from an oxide sintered body (Bi-Ti-
0) in which the ratio of Bito Tiis 4 : 3.

[0544] Formation of the metal oxide layer 10204 will
be described in detail. The substrate 10201 is heated to
300°C to 700°C. Ar gas as a rare gas is supplied into the
plasma production chamber at a flow rate of, e.g., 20
sccm to set the pressure on the order of, e.g., 10-3to 10-2
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Pa. In this state, the magnetic field of the electron cyclo-
tron resonance condition is given to the plasma produc-
tion chamber. Then, a microwave of 2.45 GHz (about
500 W) is supplied into the plasma production chamber
to produce ECR plasmaiin it.

[0545] The produced ECR plasma is output from the
plasma production chamber to the process chamber side
by the divergent magnetic field of the magnetic coil. In
addition, a high-frequency power of 13.56 MHz (e.g., 500
W) is supplied to the sintered body target placed at the
outlet of the plasma production chamber. When Ar par-
ticles collide against the sintered body target, the sput-
tering phenomenon occurs to sputter Bi particles and Ti
particles.

[0546] The Bi particles and Ti particles sputtered from
the sintered body target reach the surface of the heated
gate electrode 10203 together with the ECR plasma out-
put from the plasma production chamber and the oxygen
gas activated by the output ECR plasma and are oxidized
by the activated oxygen. The oxygen (O,) gas serving
as areactive gas is supplied at a flow rate of, e.g., 1 sccm
separately from the Ar gas, as will be described later.
Although the sintered body target contains oxygen, any
shortage of oxygeninthe deposited film can be prevented
by supplying oxygen. With the above-described film for-
mation by ECR sputtering, the metal oxide layer 10204
having a thickness of, e.g., about 40 nm can be formed
(Fig. 103C).

[0547] The film quality may be improved by irradiating
the formed metal oxide layer 10204 with ECR plasma of
an inert gas and a reactive gas. As the reactive gas, not
oxygen gas but nitrogen gas, fluorine gas, or hydrogen
gas can be used. The film quality improvement can also
be applied to formation of the insulating layer 10202. The
metal oxide layer 10204 may be formed at a low substrate
temperature of 300°C or less and then annealed
(heat-treated) in an appropriate gas atmosphere such as
oxygen atmosphere to greatly improve the properties of
the film.

[0548] After the metal oxide layer 10204 is formed in
the above-described manner, the substrate 10201 is un-
loaded from the apparatus to the atmosphere. The sub-
strate 10201 is fixed on the substrate holder of the same
ECR sputtering apparatus as in Fig. 5 in which pure tan-
talum (Ta) is used as the target. The insulating layer
10205 is formed on the metal oxide layer 10204 to a
thickness to just cover its surface, as shown in Fig. 103D,
by ECR sputtering using argon (Ar) as a plasma gas and
oxygen gas. A metal mode film by Ta-O molecules is
formed as the insulating layer 10205, as will be described
below.

[0549] Formation of a metal mode film by Ta-O mole-
cules will be described in detail. In the ECR sputtering
apparatus shown in Fig. 5 in which the target made of
tantalum is used, Ar gas as a rare gas is supplied at a
flow rate of, e.g., 25 sccm from the inert gas supply unit
into the plasma production chamber to set its internal
pressure on the order of, e.g., 10-3 Pa. A coil current of,
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e.g., 28 A is supplied to the magnetic coil to give the
magnetic field of the electron cyclotron resonance con-
dition to the plasma production chamber.

[0550] A microwave of, e.g., 2.45 GHz (e.g., 500 W) is
supplied from the microwave generation unit (not shown)
into the plasma production chamber through the
waveguide, quartz window, and vacuum waveguide.
With this supply of the microwave, Ar plasma is produced
in the plasma production chamber. The produced plasma
is output from the plasma production chamber to the side
of the process chamber by the divergent magnetic field
of the magnetic coil. In addition, a high-frequency power
(e.g., 500 W) is supplied from the high-frequency elec-
trode supply unit to the target placed at the outlet of the
plasma production chamber.

[0551] When Ar particles collide against the target, a
sputtering phenomenon occurs to sputter Ta particles
from the target. The Ta particles sputtered from the target
reach the surface of the metal oxide layer 10204 on the
substrate 10201 together with the plasma output from
the plasma production chamber and the oxygen gas
which is supplied from the reactive gas supply unit and
activated by the plasma and are oxidized to tantalum
pentoxide by the activated oxygen.

[0552] With the above process, a tantalum pentoxide
film is formed on the metal oxide layer 10204. Subse-
quently, a silicon dioxide film is formed on the tantalum
pentoxide film by ECR sputtering using the target made
of pure silicon, like silicon dioxide deposition described
with reference to Fig. 103A. The above-described forma-
tion of a tantalum pentoxide film and silicon dioxide film
is repeated to form a multilayered film including the tan-
talum pentoxide films and silicon dioxide films to, e.g.,
about 5 nm, thereby obtaining the insulating layer 10205
(Fig. 103D).

[0553] The insulating layer 10205 including the tanta-
lum pentoxide films and silicon dioxide films is used to
control the voltage to be applied to the ferroelectric film
upon voltage application to the metal oxide layer 10204.
The insulating layer 10205 may have any other structure
except the multilayered structure of tantalum pentoxide
films and silicon dioxide films if it can control the voltage
applied to the metal oxide layer 10204. The insulating
layer 10205 may be a single layer. The thickness is not
limited to 5 nm, either. In the above-described ECR sput-
tering, the substrate 10201 is not heated but may be heat-
ed.

[0554] The source electrode 10206 and drain elec-
trode 10207 each made of Au and having a predeter-
mined area are formed on the insulating layer 10205, as
shown in Fig. 103E, thereby obtaining the 3-terminal el-
ement shown in Figs. 102A and 102B. The source elec-
trode 10206 and drain electrode 10207 can be formed
by a well-known lift-off method and gold deposition by
resistance heating vacuum deposition. The source elec-
trode 10206 and drain electrode 10207 may be made of
another metal material or conductive material such as
Ru, Pt, or TiN. When Pt is used, the adhesion is poor,
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and the film may peel off. Hence, each electrode must
be formed as an electrode with a predetermined area by
using a structure such as Ti-Pt-Au that hardly peels off
and executing a patterning process such as photolithog-
raphy or lift-off on that structure.

[0555] The characteristics of the element using the
metal oxide layer 10204 will be described next. The char-
acteristics were investigated by applying a voltage be-
tween the gate electrode 10203 and the drain electrode
10207. When a voltage from a power supply was applied
between the gate electrode 10203 and the drain elec-
trode 10207, and a current flowing when the voltage was
applied was measured by an ammeter, a result shown
inFig. 49 was obtained. Fig. 49 and an operation principle
of the element will be described below. The voltage val-
ues and current values to be described here are mere
examples measured in an actual element. Hence, the
phenomenon is not limited to the following numerical val-
ues. Other numerical values can also be measured de-
pending on the material and thickness of each film actu-
ally used in the element and other conditions.

[0556] When a positive voltage is applied to the gate
electrode 10203, the flowing current is very small in the
range of 0to 1.0V, asindicated by (1) in Fig. 49. However,
as indicated by (2), when the voltage exceeds 1.1 V, a
positive current flows abruptly. Actually, a current larger
than 0.1 A/cm?2 also flows. However, since flowing of a
larger current is inhibited to protect the measurement de-
vice, the current is not measured. In the range of 0 to 1.0
V indicated by (1), a high resistance state is held (main-
tained) by inhibiting flowing of a large current as indicated
by (2).

[0557] When a positive voltage is applied again to the
gate electrode 10203, a locus to flow a positive current
of 0.1 A/lcm? or more is obtained at about 0.8 V, as indi-
cated by (3). When the positive voltage is further applied
to the gate electrode 10203, a current of 0.1 A/cmZ2 or
more flows at about 0.8 V, as indicated by (3).

[0558] When a negative voltage is applied to the gate
electrode 10203, a negative current flows up to about
-0.2 'V, as indicated by (4). The current increases to -1.5
X 102 A/lcm2 at maximum. When the absolute value of
the voltage is decreased, the current traces a locus indi-
cated by (4).

[0559] When the negative voltage is applied up to -0.2
V, the current traces the locus indicated by (4). After that,
as indicated by (5), the value of the flowing current de-
creases, and no negative current flows. When the neg-
ative voltage is further applied to the gate electrode
10203, a locus to rarely flow a current is obtained, as
indicated by (6). Even when the absolute value of the
voltage is decreased then, the current rarely flows, as
indicated by (6). When a positive voltage is applied to
the gate electrode 10203, the current rarely flows up to
0to 1.0V, as indicated by (1).

[0560] Hence, the high resistance state wherein no
current flows as in (1) is maintained unless a voltage of
1.1 V or more is applied to the gate electrode 10203 to
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prevent any sudden current flow as in (2). The state (1)
will be referred to as a "positive high resistance mode".
[0561] For example, as indicated by (2), when a volt-
age of 1.1V or more is applied to abruptly flow a current,
a low resistance state in which the current readily flows
is obtained, as indicated by (3). This state is also main-
tained while a positive voltage is applied to the gate elec-
trode 10203. The state (3) will be referred to as a "positive
low resistance mode".

[0562] However, when a negative voltage is applied to
the gate electrode 10203, a low resistance state in which
a small current flows in the early stage in a negative volt-
age range from 0 to -0.2 V is obtained, as indicated by
(4). This state is also maintained while a negative voltage
in the range of 0 to -0.2 V is applied. The state (4) will be
referred to as a "negative low resistance mode".

[0563] When a negative voltage of -0.2 V or more is
applied, no current flows, and the state changes to a high
resistance state, as indicated by (5). In this state, the
state wherein the current value has a high resistance is
maintained while a negative voltage in the range of 0 to
-1.0 V is applied, as indicated by (6). The state (6) will
be referred to as a "negative high resistance mode".
[0564] As described above, the metal oxide layer
10204 apparently has four stable modes: "positive high
resistance mode", "positive low resistance mode", "neg-
ative high resistance mode", and "negative low resist-
ance mode". More specifically, the "positive high resist-
ance mode" and "negative high resistance mode" are
"high resistance modes" which exhibit the same high re-
sistance state. The "positive low resistance mode" and
"negative low resistance mode" are "low resistance
modes" which exhibit the same low resistance state. That
is, two modes are present. In the state of the "high re-
sistance mode", the "high resistance mode" is maintained
in the voltage range of -1.5V to +1.0 V. When a voltage
of +1.0 V or more is applied to change the state to the
"low resistance mode", the "low resistance mode" is
maintained in the voltage range of -0.2 V to +0.8 V.
Switching between the two, "high resistance mode" and
"low resistance mode" occurs. This also applied to the
negative resistance modes, i.e., "negative high resist-
ance mode" and "negative low resistance mode".
[0565] As for the actual current value in each "positive
mode" when a voltage of 0.5 V is applied, the current
value in the "positive high resistance mode" is 1.0 X 10-5
A/cm?2, and that in the "positive low resistance mode" is
5 X 10-2 A/cm2. The ratio is as high as 5,000 times. This
facilitates each mode identification. The present inven-
tors estimate that the above-described phenomenon oc-
curs when the resistance value of the metal oxide layer
10204 dramatically changes depending on the direction
and magnitude of the applied voltage.

[0566] Since the insulating layer 10205 is provided be-
tween the metal oxide layer 10204 and the drain elec-
trode 10207 (source electrode 10206), carriers can be
controlled by the band structure of the insulating layer
10205. More specifically, for example, tantalum pentox-
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ide has aband gap of about4.5eV. The energy difference
viewed from the Fermi level is about 1.2 eV in the con-
duction band and 2.3 eV in the valence band. That is,
the barrier is higher on the valence band side. Hence,
the barrier effect is high for holes in the valence band but
low for electrons in the conduction band. For further in-
formation, see Wilk etal., "J. Appl. Phys.", No. 87, p. 484
(2000).

[0567] From the above-described characteristic,
when, e.g., a tantalum pentoxide film is used as the in-
sulating layer between the electrode and the metal oxide
layer 10204, a phenomenon that electrons readily flow
butholes hardly flow can be expected. Actually, as shown
in Fig. 49, the value of the flowing current largely changes
between a case wherein a positive voltage is applied to
the drain electrode 10207 and a case wherein a negative
voltage is applied. In discriminating the state of the metal
oxide layer 10204, this has a large effect to increase the
signal-to-noise ratio (S/N ratio) and facilitate state dis-
crimination. This is the effect of use of the insulating layer
10205.

[0568] It was found that when the above-described
"low resistance mode" and "high resistance mode"
shown in Fig. 49 are applied, the element shown in Figs.
102A and 102B can be used as a nonvolatile 3-terminal
element capable of a nondestructive read. More specif-
ically, the OFF state wherein the current between the
source and drain hardly flows is set by applying a nega-
tive voltage to the gate electrode 10203 and a positive
voltage to the drain electrode 10207 to change the mode
from the "low resistance mode" to the "high resistance
mode", as indicated by (4) or (5) in Fig. 49.

[0569] The ON state wherein the current between the
source and drain readily flows is set by applying a positive
voltage to the gate electrode 10203 and a negative volt-
age of -0.8 V or more to the drain electrode 10207 to
abruptly flow the current, as indicated by (2) in Fig. 49.
With this operation, the mode is changed from the "high
resistance mode" to the "low resistance mode", and the
ON state is obtained. As described above, when a voltage
is applied to the gate electrode 10203 (drain electrode
10207) to set the "high resistance mode" or "low resist-
ance mode", switching between the OFF state and the
ON state can be done.

[0570] The ON/OFF state between the source and
drain controlled in the above-described way can easily
be recognized by reading a current value when an ap-
propriate voltage of -0.8 to +0.8 V is applied between the
source and drain. For example, when the mode state of
the element shown in Figs. 102A and 102B is "off", i.e.,
"high resistance mode", it can be determined because a
current hardly flows when an appropriate voltage of -0.8
to +0.8 V is applied, as indicated by (1) in Fig. 49.
[0571] When the mode state of the element shown in
Figs. 102A and 102B is "on", i.e., "low resistance mode",
it can be determined because a current abruptly flows
when an appropriate voltage of -0.5 to +0.2 V is applied,
as indicated by (2) in Fig. 49. Since the difference in cur-
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rent value between the "negative high resistance mode"
and the "negative low resistance mode", i.e., "off" and
"on" is 200 times or more, "off" and "on" can easily be
determined. Even in the positive voltage range, "off" and
"on" can be determined in the voltage range of 0to +0.2 V.
[0572] The above-described ON/OFF state can easily
be identified only by checking whether the element
shown in Figs. 102A and 102B is in the "high resistance
mode" or "low resistance mode". Even when a positive
voltage is applied to the electrode to check the mode,
the held mode does not change. Hence, according to the
3-terminal element shown in Figs. 102A and 102B, anon-
destructive read operation is possible. The element
shown in Figs. 102A and 102B functions as a 3-terminal
elementto control ON/OFF between the source and drain
since the resistance value of the metal oxide layer 10204
changes depending on the voltage applied between the
gate electrode 10203 and the drain electrode 10207 (or
source electrode 10206). This element can also be used
as an element to control the current.

[0573] Even when the source electrode 10206 is set
open, the ON state and OFF state can be controlled by
applying a gate voltage. In the case wherein the source
electrode 10206 is set open, when the read voltage is
increased, a current to some extent flows between the
source and drain even when a gate voltage is applied to
set the OFF state. When the source electrode 10206 is
set open, and the gate voltage is applied in this state, the
applied voltage selectively acts depending on the region
under the drain electrode 10207. As described above, a
certain source-drain current is supposed to flow when
the read voltage is high. Hence, the source-drain current
is supposed to flow through a path formed from the
source electrode 10206, the metal oxide layer 10204 in
the region under the source electrode 10206, the gate
electrode 10203, the metal oxide layer 10204 in the re-
gion under the drain electrode 10207, and the drain elec-
trode 10207.

[0574] The voltage to operate the element shown in
Figs. 102A and 102B is maximized in the "negative low
resistance mode". However, the voltage is about -0.8 V,
and the power consumption is very low, as shown in Fig.
49. The low power consumption is very advantageous
for devices. Devices using a 3-terminal element, e.g., not
only mobile communication devices, digital general-pur-
pose devices, digital image sensing devices, notebook
personal computers, and PDAs (Personal Digital Appli-
ances) butalso all computers, personal computers, work-
stations, office computers, mainframes, communication
units, and multifunction apparatuses can reduce the pow-
er consumption.

[0575] Like the above-described elements, the 3-ter-
minal element shown in Figs. 102A and 102B can also
hold the ON or OFF state for 10 years.

[0576] In the above-described example , each of the
insulating layer on the silicon substrate, the gate elec-
trode layer on the insulating layer, and the metal oxide
layer on the gate electrode is formed by ECR sputtering.
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However, the method of forming each layer is not limited
to ECR sputtering. For example, the insulating layer to
be formed on the silicon substrate may be formed by
thermal oxidation or CVD (Chemical Vapor Deposition)
or a conventional sputtering method.

[0577] The gate electrode layer may be formed by any
other film formation method such as EB deposition, CVD,
MBE, or IBD. The metal oxide layer can also be formed
by the above-described MOD, conventional sputtering
method, PLD, or MOCVD. However, when ECR sputter-
ing is used, flat and excellent insulating film, metal film,
and metal oxide film can easily be obtained.

[0578] Inthe above-described embodiment, after each
layer is formed, the substrate is temporarily unloaded
into the atmosphere. However, the layers may be formed
by a continuous process without unloading the structure
into the atmospheric by using an apparatus which con-
nects, through vacuum transfer chambers, the process
chambers to realize ECR sputtering to form the respec-
tive layers. With this arrangement, the substrate to be
processed can be transported in vacuum and is therefore
prevented from being influenced by disturbance such as
water adhesion. Hence, the film quality and interface
properties can be improved.

[0579] Asshownin patentreference 7, after each layer
is formed, the surface of the formed layer may be irradi-
ated with ECR plasma to improve the properties. After
each layer is formed, the formed layer may be annealed
(heat-treated) in an appropriate gas atmosphere such as
hydrogen atmosphere to greatly improve the properties
of each layer.

[0580] A basic idea is arranging an insulating layer in
contact with a metal oxide layer and sandwiching these
layers by the gate electrode and the source and drain
electrodes, as shown in Figs. 102A and 102B. With this
structure, when a predetermined voltage (DC or pulse)
is applied to the gate electrode to change the resistance
value of the metal oxide layer and switch the stable high
resistance mode and low resistance mode, an operation
as a 3-terminal element can be implemented conse-
quently.

[0581] For example, as shown in Fig. 104, a source
electrode 10216 and drain electrode 10217 may be
formed on the insulating layer 10202 and covered with
the metal oxide layer 10204 on an insulating layer 10215,
and a gate electrode 10213 may be formed on the metal
oxide layer 10204. As shown in Figs. 105A and 105B, an
insulating substrate 10201a may be used. In this case,
the insulating layer 10202 shown in Figs. 102A and 102B
can be omitted. Alternatively, the structure including the
metal oxide layer 10204, insulating layer 10205, source
electrode 10206, and drain electrode 10207 shown in
Figs. 102A and 102B may be arranged on a conductive
substrate. In this case, the substrate also serves as a
gate electrode. When a metal substrate with high thermal
conductivity is used as the conductive substrate, a higher
cooling effect can be obtained, and a stable element op-
eration can be expected.
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[0582] Aninsulating substrate made of glass or quartz
may be used. With this structure, the present invention
can be applied to, e.g. a glass substrate easy to process.
The metal oxide layer 10204 which has a refractive index
of about 2.6 measured at a wavelength of 632.8 nm is
optically transparent. For thisreason, when a transparent
substrate is used, the 3-terminal element of this embod-
iment can be applied to a display. When the metal oxide
layer 10204 is formed so thick in the range of 10 to 200
nm that an interference color is generated, the visual ef-
fect of a colored state can be obtained.

[0583] In the above description, one ferroelectric ele-
ment has been exemplified. However, as has been de-
scribed with reference to Fig. 93, a plurality of 3-terminal
elements may be arrayed and integrated in a cross-point
pattern. The change in resistance value of the metal oxide
layer 10204 of the 3-terminal element shown in Figs.
102A and 102B can also be controlled by a current, like
the above-described 3-terminal elements. The resist-
ance change in the metal oxide layer 10204 can also be
controlled by a pulse voltage. Even the 3-terminal ele-
ment shown in Figs. 102A and 102B can implement three
states (three values) in the value of the current flowing
between the source and drain.

[0584] Figs. 106A and 106B are schematic sectional
views schematically showing a structure example of a
3-terminal element . The 3-terminal element shown in
Fig. 106 comprises, on a substrate 10601 made of, e.g.,
single-crystal silicon, an insulating layer 10602, a gate
electrode 10603, a metal oxide layer 10604 containing
Bi, Ti, and O and having a thickness of about 30 to 200
nm, a source electrode 10607, and a drain electrode
10608. In addition, an insulating layer (first insulating lay-
er) 10605 is provided between the gate electrode 10603
and the metal oxide layer 10604. An insulating layer (sec-
ond insulating layer) 10606 is provided between the met-
al oxide layer 10604 and the source electrode 10607 and
drain electrode 10608. In the 3-terminal element having
the above-described structure, a state wherein a poten-
tial is applied as shown in Fig. 106A will be defined as a
write state, and a state wherein a potential is applied as
shown in Fig. 106B will be defined as a read state.
[0585] The substrate 10601 can be made of any one
of a semiconductor, insulator, and conductive material
such as a metal. When the substrate 10601 is made of
an insulating material, the insulating layer 10602 can be
omitted. When the substrate 10601 is made of a conduc-
tive material, the insulating layer 10602 and gate elec-
trode 10603 can be omitted. In this case, the substrate
10601 made of the conductive material serves as a gate
electrode. The gate electrode 10603, source electrode
10607, and drain electrode 10608 need only be made of
a transition metal including noble metals such as plati-
num (Pt), ruthenium (Ru), gold (Au), silver (Ag), and ti-
tanium (Ti). The electrodes may be made of a compound
such as a nitride, oxide, or fluoride of a transition metal,
such as titanium nitride (TiN), hafnium nitride (HfN),
strontium ruthenate (SrRuO,), zinc oxide (ZnO), indium
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tin oxide (ITO), or lanthanum fluoride (LaF5), or a com-
posite film formed by stacking them.

[0586] The insulating layers 10605 and 10606 need
only be made of silicon dioxide, silicon oxynitride, alumi-
na, an oxide such as LiNbO4 containing a light metal such
as lithium, beryllium, magnesium, or calcium, or afluoride
such as LiCaAlFg, LiSrAlFg, LiYF,, LiLuF,, or KMgFs.
Alternatively, the insulating layers 10605 and 10606 need
only be made of an oxide or nitride of a transition metal
such as scandium, titanium, strontium, yttrium, zirconi-
um, hafnium, tantalum, or lanthanum series, a silicate
(ternary compound of a metal, silicon, and oxygen) con-
taining the above-described elements, an aluminate (ter-
nary compound of a metal, aluminum, and oxygen) con-
taining these elements, or an oxide or nitride containing
at least two of the above elements.

[0587] The metal oxide layer 10604 is the same as the
above-described ferroelectric layer 10604, ferroelectric
layer 310604, ferroelectric layer 4705, ferroelectric layer
6205, metal oxide layer 8604, metal oxide layer 9704,
and metal oxide layer 10204.

[0588] A detailed example of the 3-terminal element
shown in Fig. 106 will be described. For example, the
gate electrode 10603 is a ruthenium film having a thick-
ness of 10 nm. The metal oxide layer 10604 is made of
a metal oxide with the above-described composition and
has a thickness of 40 nm. Each of the insulating layers
10605 and 106 is a multilayered film made of tantalum
pentoxide and silicon dioxide and having a thickness of
5 nm. The source electrode 10607 and drain electrode
10608 are made of gold. The source electrode 10607
anddrain electrode 10608 may have a multilayered struc-
ture formed by stacking a titanium layer, titanium nitride
layer, and gold layer in this order sequentially from the
side of the metal oxide layer 10604. When the contact
surface to the metal oxide layer 10604 is formed from a
titanium layer, the adhesion can be increased. The inter-
val between the source electrode 10607 and the drain
electrode 10608 is, e.g., 1 mm. As described above, the
structures of the substrate 10601 and insulating layer
10602 are not limited to those described above, and any
other material can also be selected appropriately if it has
no effect on the electrical characteristics.

[0589] A detailed method of forming the above-de-
scribed insulating layer 10602, gate electrode 10603, in-
sulating layer 10605, metal oxide layer 10604, insulating
layer 10606, source electrode 10607, and drain electrode
10608 will be described later. They can be formed by
sputtering ametal target or sintered targetin ECR plasma
made of argon gas, oxygen gas, or nitrogen gas by using
an ECR sputtering apparatus shown in Fig. 5.

[0590] An example of a method of manufacturing the
3-terminal element shown in Fig. 106 will be described
next with reference to Fig. 10607. As shown in Fig.
10607A, the p-type silicon substrate 10601 having a
plane orientation of (100) on the principal plane and a
resistivity of 1 to 2 Q cm is prepared. The surface of the
substrate 10601 is cleaned by a solution mixture of sul-
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furic acid and a hydrogen peroxide solution, pure water,
and a hydrogen fluoride solution and dried. The insulating
layer 10602 is formed on the cleaned and dried substrate
10601. In forming the insulating layer 10602, the above-
described ECR sputtering apparatus and pure silicon (Si)
asatargetare used. Theinsulatinglayer 10602 in a metal
mode by Si-O molecules is formed on the silicon sub-
strate 10601 to a thickness to just cover its surface by
ECR sputtering using argon (Ar) as a plasma gas and
oxygen gas.

[0591] For example, Ar gas is supplied at a flow rate
of 20 sccm into a plasma production chamber whose
internal pressure is set on the order of 10-° Pa. The in-
ternal pressure is set to about 10-3 to 10-2 Pa. A magnetic
field of 0.0875 T and a microwave of 2.45 GHz (about
500 W) are supplied to set the electron cyclotron reso-
nance condition, thereby producing Ar plasmain the plas-
ma production chamber. Note that sccm is the unit of flow
rate and indicates that a fluid at 0°C and 1 atmospheric
pressure flows 1 cm3in 1 min.

[0592] The plasma produced by the above-described
method is output from the plasma production chamber
to the process chamber side by the divergent magnetic
field of the magnetic coil. In addition, a high-frequency
power of 13.56 MHz (e.g., 500 W) is supplied from a high-
frequency power supply to the silicon target placed at the
outlet of the plasma production chamber. When Ar ions
collide against the silicon target, a sputtering phenome-
non occurs to sputter Si particles. The Si particles sput-
tered from the silicon target reach the surface of the sil-
icon substrate 10601 together with the plasma output
from the plasma production chamber and the oxygen gas
which is supplied and activated by the plasma and are
oxidized to silicon dioxide by the activated oxygen. With
the above process, the insulating layer 10602 made of
silicon dioxide and having a thickness of, e.g., about 100
nm can be formed on the substrate 10601 (Fig. 107A).
[0593] The insulating layer 10602 ensures insulation
to prevent a voltage from leaking to the substrate 10601
and influencing desired electrical characteristics when a
voltage is applied between the electrodes to be formed
later. Forexample, a silicon oxide film formed by oxidizing
the surface of the silicon substrate by thermal oxidation
may be used as the insulating layer 10602. The insulating
layer 10602 may be made of any other insulating material
except silicon oxide if the insulating properties can be
ensured. The thickness of the insulating layer 10602
need not always be 100 nm and may be smaller or larger.
In the above-described formation of the insulating layer
10602 by ECR sputtering, the substrate 10601 is not
heated. However, the film may be formed while heating
the substrate 10601.

[0594] After the insulating layer 10602 is formed in the
above-described manner, a ruthenium film is formed on
the insulating layer 10602 by similar ECR sputtering us-
ing pure ruthenium (Ru) as a target, thereby forming the
gate electrode 10603, as shown in Fig. 107B. Formation
of the Ru film will be described in detail. In an ECR sput-
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tering apparatus using a Ru target, for example, the sil-
icon substrate with the insulating layer formed on it is
heated to 400°C. Ar gas as a rare gas is supplied into
the plasma production chamber at a flow rate of, e.g., 7
sccm. In addition, Xe gas is supplied at a flow rate of,
e.g., 5 sccm to set the internal pressure of the plasma
production chamber to on the order of, e.g., 10-2 to 10-3
Pa.

[0595] The magnetic field of the electron cyclotron res-
onance condition is given to the plasma production cham-
ber. Then, a microwave of 2.45 GHz (about 500 W) is
supplied into the plasma production chamber to produce
ECR plasmaof Arand Xeinit. The produced ECR plasma
is outputfromthe plasma production chamberto the proc-
ess chamber side by the divergent magnetic field of the
magnetic coil. In addition, a high-frequency power of
13.56 MHz (e.g., 500 W) is supplied to the ruthenium
target placed at the outlet of the plasma production cham-
ber. The sputtering phenomenon occurs to sputter Ru
particles from the ruthenium target. The Ru particles
sputtered from the ruthenium target reach the surface of
the insulating layer 10602 on the substrate 10601 and
are deposited.

[0596] With the above process, the gate electrode
10603 having a thickness of, e.g., about 10 nm can be
formed on the insulating layer 10602 (Fig. 107B). The
gate electrode 10603 enables voltage application to the
metal oxide layer 10604 when a voltage is applied be-
tween the source electrode 10607 and drain electrode
10608 to be formed later. The gate electrode 10603 may
be made of any other material except ruthenium if the
conductivity can be ensured. The gate electrode 10603
may be made of, e.g., platinum. A platinum film formed
on silicon dioxide readily peels off, as is known. To pre-
vent this, a layered structure is formed by inserting a ti-
tanium layer, titanium nitride layer, or ruthenium layer
under the platinum layer. The thickness of the gate elec-
trode 10603 need not always be 10 nm and may be small-
er or larger.

[0597] As described above, in forming the Ru film by
ECR sputtering, the substrate 10601 is heated to 400°C.
However, the substrate need not always be heated. How-
ever, if the substrate is not heated, the adhesion of ru-
thenium to silicon dioxide becomes low, and the film may
peel off. To prevent peeling, the film is formed preferably
while heating the substrate.

[0598] After the gate electrode 10603 is formed in the
above-described manner, the substrate 10601 is unload-
ed from the apparatus to the atmosphere. The substrate
10601 is fixed on the substrate holder of the same ECR
sputtering apparatus as in Fig. 5 in which pure tantalum
(Ta) is used as the target. The insulating layer 10605 is
formed on the gate electrode 10603 to a thickness to just
cover its surface, as shown in Fig. 107C, by ECR sput-
tering using argon (Ar) as a plasma gas and oxygen gas.
A metal mode film by Ta-O molecules is formed as the
insulating layer 10605, as will be described below.
[0599] Formation of a metal mode film by Ta-O mole-
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cules will be described in detail. In the ECR sputtering
apparatus shown in Fig. 5 in which the target made of
tantalum is used, Ar gas as a rare gas is supplied at a
flow rate of, e.g., 25 sccm from the inert gas supply unit
into the plasma production chamber to set its internal
pressure on the order of, e.g., 10-3 Pa. A coil current of,
e.g., 28 A is supplied to the magnetic coil to give the
magnetic field of the electron cyclotron resonance con-
dition to the plasma production chamber.

[0600] A microwave of, e.g., 2.45 GHz (e.g., 500 W) is
supplied from the microwave generation unit (not shown)
into the plasma production chamber through the
waveguide, quartz window, and vacuum waveguide.
With this supply of the microwave, Ar plasma is produced
in the plasma production chamber. The produced plasma
is output from the plasma production chamber to the side
of the process chamber by the divergent magnetic field
of the magnetic coil. In addition, a high-frequency power
(e.g., 500 W) is supplied from the high-frequency elec-
trode supply unit to the target placed at the outlet of the
plasma production chamber.

[0601] When Ar particles collide against the target, a
sputtering phenomenon occurs to sputter Ta particles
from the target. The Ta particles sputtered from the target
reach the surface of the gate electrode 10603 on the
substrate 10601 together with the plasma output from
the plasma production chamber and the oxygen gas
which is supplied from the reactive gas supply unit and
activated by the plasma and are oxidized to tantalum
pentoxide by the activated oxygen.

[0602] With the above process, a tantalum pentoxide
film is formed on the gate electrode 10603. Subsequent-
ly, a silicon dioxide film is formed on the tantalum pen-
toxide film by ECR sputtering using the target made of
pure silicon, like silicon dioxide deposition described with
reference to Fig. 107A. The above-described formation
of a tantalum pentoxide film and silicon dioxide film is
repeated to form a multilayered film including the tanta-
lum pentoxide films and silicon dioxide films to, e.g.,
about 5 nm, thereby obtaining the insulating layer 10605
(Fig. 107C).

[0603] The insulating layer 10605 including the tanta-
lum pentoxide films and silicon dioxide films is used to
control the voltage to be applied to the ferroelectric film
upon voltage application to the metal oxide layer 10604.
The insulating layer 10605 may have any other structure
except the multilayered structure of tantalum pentoxide
films and silicon dioxide films if it can control the voltage
applied to the metal oxide layer 10604. The insulating
layer 10605 may be a single layer. The thickness is not
limited to 5 nm, either. In the above-described ECR sput-
tering, the substrate 10601 is not heated but may be heat-
ed.

[0604] After the insulating layer 10605 is formed in the
above-described manner, the metal oxide layer 10604 is
formed on the insulating layer 10605 to a thickness to
just cover its surface, as shown in Fig. 107D, by ECR
sputtering using argon (Ar) as a plasma gas and oxygen
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gas and a target formed from an oxide sintered body
(Bi-Ti-O) in which the ratio of Bi to Tiis 4 : 3.

[0605] Formation of the metal oxide layer 10604 will
be described in detail. The substrate 10601 is heated to
300°C to 700°C. Ar gas as a rare gas is supplied into the
plasma production chamber at a flow rate of, e.g., 20
sccm to set the pressure on the order of, e.g., 10-3to 10-2
Pa. In this state, the magnetic field of the electron cyclo-
tron resonance condition is given to the plasma produc-
tion chamber. Then, a microwave of 2.45 GHz (about
500 W) is supplied into the plasma production chamber
to produce ECR plasmaiin it.

[0606] The produced ECR plasma is output from the
plasma production chamber to the process chamber side
by the divergent magnetic field of the magnetic coil. In
addition, a high-frequency power of 13.56 MHz (e.g., 500
W) is supplied to the sintered body target placed at the
outlet of the plasma production chamber. When Ar par-
ticles collide against the sintered body target, the sput-
tering phenomenon occurs to sputter Bi particles and Ti
particles.

[0607] The Bi particles and Ti particles sputtered from
the sintered body target reach the surface of the heated
insulating layer 10605 together with the ECR plasma out-
put from the plasma production chamber and the oxygen
gas activated by the output ECR plasma and are oxidized
by the activated oxygen. The oxygen (O,) gas serving
as areactive gas is supplied at a flow rate of, e.g., 1 sccm
separately from the Ar gas, as will be described later.
Although the sintered body target contains oxygen, any
shortage of oxygeninthe deposited film can be prevented
by supplying oxygen. With the above-described film for-
mation by ECR sputtering, the metal oxide layer 10604
having a thickness of, e.g., about 40 nm can be formed
(Fig. 107D).

[0608] The film quality may be improved by irradiating
the formed metal oxide layer 10604 with ECR plasma of
an inert gas and a reactive gas. As the reactive gas, not
oxygen gas but nitrogen gas, fluorine gas, or hydrogen
gas can be used. The film quality improvement can also
be applied to formation of the insulating layer 10602. The
metal oxide layer 10604 may be formed at a low substrate
temperature of 300°C or less and then annealed
(heat-treated) in an appropriate gas atmosphere such as
oxygen atmosphere to greatly improve the properties of
the film.

[0609] After the metal oxide layer 10604 is formed in
the above-described manner, the insulating layer 10606
is formed on the metal oxide layer 10604 to a thickness
to just cover its surface, as shown in Fig. 107E, as in the
above-described formation of the insulating layer 10605.
[0610] The source electrode 10607 and drain elec-
trode 10608 each made of Au and having a predeter-
mined area are formed on the insulating layer 10606, as
shown in Fig. 107F, thereby obtaining the 3-terminal el-
ement shown in Fig. 106. The source electrode 10607
anddrain electrode 10608 can be formed by awell-known
lift-off method and gold deposition by resistance heating
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vacuum deposition. The source electrode 10607 and
drain electrode 10608 may be made of another metal
material or conductive material such as Ru, Pt, or TiN.
When Pt is used, the adhesion is poor, and the film may
peel off. Hence, each electrode must be formed as an
electrode with a predetermined area by using a structure
such as Ti-Pt-Au that hardly peels off and executing a
patterning process such as photolithography or lift-off on
that structure.

[0611] The characteristics of the 3-terminal element
shown in Fig. 106 will be described next. The character-
istics were investigated by applying a voltage between
the gate electrode 10603 and the drain electrode 10608
(source electrode 10607). When a voltage from a power
supply was applied between the gate electrode 10603
and the drain electrode 10608, and a current flowing
when the voltage was applied was measured by an am-
meter, a result shown in Fig. 64 was obtained. In Fig. 64,
the ordinate represents the current density obtained by
dividing the current value by the area. Fig. 64 and a mem-
ory operation principle will be described below. The volt-
age values and current values to be described here are
mere examples measured in an actual element. Hence,
the phenomenon is not limited to the following numerical
values. Other numerical values can also be measured
depending on the material and thickness of each film
actually used in the element and other conditions.
[0612] When a positive voltage is applied to the drain
electrode 10608, the flowing current is very small in the
rangeof0to 1.6V, asindicated by (1) in Fig. 64. However,
as indicated by (2), when the voltage exceeds 1.6 V, a
positive current flows abruptly. Actually, a current larger
than 5 X 10-3 A/cm2 also flows. However, since flowing
of alarger current s inhibited to protect the measurement
device, the current is not measured. When a voltage of
0 to 1.6 V is applied to inhibit abrupt current flow as in-
dicated by (2), a state wherein the resistance is high, as
indicated by (1), is maintained.

[0613] When a positive voltage is applied again to the
drain electrode 10608, a locus to flow a positive current
of 1 X 10-3 A/cm?2 or more is obtained at about 0.5 V, as
indicated by (3). When the positive voltage is further ap-
plied to the drain electrode 10608, a current of 1 X 10-3
Alcm? or more flows at about 0.5 V, as indicated by (3).
When a voltage of 0 to 0.5 V is applied, a state wherein
the resistance is low, as indicated by (3), is maintained.
[0614] When a negative voltage is applied to the drain
electrode 10608, a negative current flows up to about
-0.5V, as indicated by (4). The current increases to -1.5
X 1073 A/lcm2 at maximum. When a voltage of 0 to -0.5
Vis applied, a state wherein the resistance is low is main-
tained, as indicated by (4).

[0615] When a negative voltage is applied from -0.5V
to -1.6 V, the current value decreases, and no negative
currentflows, asindicated by (5). Even when the absolute
value of the voltage from -1.6 V to 0 V is decreased then,
the current rarely flows, as indicated by (6). When a neg-
ative voltage is applied to the drain electrode 10608, a
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locus to rarely flow a current is obtained, as indicated by
(6).

[0616] When a positive voltage is applied to the drain
electrode 10608, a locus to rarely flow a currentt up 0 to
1.6 V is obtained, as indicated by (1) When a voltage of
1.6 V or more is applied, a state representing a low re-
sistance indicated by (3) is obtained.

[0617] Hence, the high resistance state wherein no
current flows as in (1) is maintained unless a voltage of
1.6 V or more is applied to the drain electrode 10608 to
prevent any sudden current flow as in (2). The state (1)
will be referred to as a "positive high resistance mode".
[0618] For example, as indicated by (2), when a volt-
age of 1.6 VV or more is applied to abruptly flow a current,
a low resistance state in which the current readily flows
is obtained, as indicated by (3). This state is also main-
tained while a positive voltage is applied to the drain elec-
trode 10608. The state (3) will be referred to as a "positive
low resistance mode".

[0619] However, when a negative voltage is applied to
the drain electrode 10608, a low resistance state in which
a small current flows in the early stage in a negative volt-
age range from 0 to -0.5 V is obtained, as indicated by
(4). This state is also maintained while a negative voltage
in the range of 0t0 -0.5 V is applied. The state (4) will be
referred to as a "negative low resistance mode".

[0620] When a negative voltage exceeding -0.5 V is
applied, no current flows, and the state changes to a high
resistance state, as indicated by (5). In this state, the
state wherein the current value has a high resistance is
maintained while a negative voltage in the range of 0 to
-1.6 V is applied, as indicated by (6). The state (6) will
be referred to as a "negative high resistance mode".
[0621] As described above, the metal oxide layer
10604 apparently has four stable modes: "positive high
resistance mode", "positive low resistance mode", "neg-
ative high resistance mode", and "negative low resist-
ance mode". More specifically, the "positive high resist-
ance mode" and "negative high resistance mode" are
"high resistance modes" which exhibit the same high re-
sistance state. The "positive low resistance mode" and
"negative low resistance mode" are "low resistance
modes" which exhibit the same low resistance state. That
is, two modes are present. In the state of the "high re-
sistance mode", the "high resistance mode"is maintained
in the voltage range of -1.6 V to +1.6 V. When a voltage
of +1.6 V or more is applied to change the state to the
"low resistance mode", the "low resistance mode" is
maintained in the voltage range of -0.5 V to +0.5 V.
Switching between the two, "high resistance mode" and
"low resistance mode" occurs. This also applied to the
negative resistance modes, i.e., "negative high resist-
ance mode" and "negative low resistance mode".
[0622] As for the actual current value in each "positive
mode" when a voltage of 0.5 V is applied, the current
value in the "positive high resistance mode" is 5.0 X 106
A/cm?2, and that in the "positive low resistance mode" is
5 X 10-3 A/cm2. The ratio is as high as 1,000 times. This
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facilitates each mode identification. The present inven-
tors estimate that the above-described phenomenon oc-
curs when the resistance value of the metal oxide layer
6205 dramatically changes depending on the direction
and magnitude of the applied voltage. This also applies
to the "negative low resistance mode".

[0623] Since the insulating layer 10605 is provided be-
tween the metal oxide layer 10604 and the gate electrode
10603, and the insulating layer 10606 is provided be-
tween the metal oxide layer 10604 and the drain elec-
trode 10608 (source electrode 10607), carriers can be
controlled by the band structures of the insulating layers
10605 and 10606. More specifically, for example, tanta-
lum pentoxide has a band gap of about 4.5 eV. The en-
ergy difference viewed from the Fermi level is about 1.2
eV in the conduction band and 2.3 eV in the valence
band. That is, the barrier is higher on the valence band
side. Hence, the barrier effect is high for holes in the
valence band but low for electrons in the conduction
band. For further information, see Wilk et al., "J. Appl.
Phys.", No. 87, p. 484 (2000).

[0624] From the above-described characteristic,
when, e.g., a tantalum pentoxide film is used as the in-
sulating layer between the electrode and the metal oxide
layer, a phenomenon that electrons readily flow but holes
hardly flow can be expected. Actually, as shown in Fig.
64, the value of the flowing current largely changes be-
tween a case wherein a positive voltage is applied from
the drain electrode 10608 to the gate electrode 10603
and a case wherein a negative voltage is applied. In dis-
criminating the state of the metal oxide layer 10604, this
has a large effect to increase the signal-to-noise ratio
(S/N ratio) and facilitate state discrimination. This is the
effect of use of the insulating layers 10605 and 10606.
[0625] It was found that when the above-described
"low resistance mode" and "high resistance mode"
shown in Fig. 64 are applied, the element shown in Fig.
106 can be used as a nonvolatile nondestructive 3-ter-
minal element. More specifically, the OFF state wherein
the current between the source and drain hardly flows is
set by applying a positive voltage to the gate electrode
10603 and a negative voltage to the drain electrode
10608 to change the mode from the "low resistance
mode" to the "high resistance mode", as indicated by (4)
or (5) in Fig. 64.

[0626] The ON state wherein the current between the
source and drain readily flows is set by applying a neg-
ative voltage to the gate electrode 10603 and a positive
voltage of 1.6 V or more to the drain electrode 10608 to
abruptly flow the current, as indicated by (2) in Fig. 64.
With this operation, the mode is changed from the "high
resistance mode" to the "low resistance mode", and the
ON state is obtained. As described above, when a voltage
is applied to the gate electrode 10603 (drain electrode
10608) to set the "high resistance mode" or "low resist-
ance mode", switching between the OFF state and the
ON state can be done.

[0627] The ON/OFF state between the source and
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drain controlled in the above-described way can easily
be recognized by reading a current value when an ap-
propriate voltage of 0 to 1.6 V is applied between the
source and drain. For example, when the mode state of
the 3-terminal element shown in Fig. 106 is "off", i.e.,
"high resistance mode", it can be determined because a
current hardly flows when an appropriate voltage of 0.5
to 1.6 V is applied, as indicated by (1) in Fig. 64.

[0628] When the mode state of the element shown in
Fig. 106 is "on", i.e., "low resistance mode", it can be
determined because a current abruptly flows between
the source and drain when an appropriate voltage of 1
to 0.6 V is applied, as indicated by (2) in Fig. 64. Since
the difference in current value between the "positive high
resistance mode" and the "positive low resistance mode",
i.e., "off" and "on" is 1,000 times or more, "off" and "on"
can easily be determined. Even in the negative voltage
range, "off" and "on" can be determined in the voltage
range of 0 to -2.6 V.

[0629] The above-described ON/OFF state of the
3-terminal element can easily be identified only by check-
ing whether the element shown in Fig. 106 is in the "high
resistance mode" or "low resistance mode". In other
words, while the 3-terminal element shown in Fig. 106
can hold the two modes, data is held. Even when a volt-
age is applied to the electrode to check the mode, the
held mode does not change, and data is not destroyed.
Hence, according to the 3-terminal element element
shown in Fig. 106, a nondestructive operation is possible.
The 3-terminal element shown in Fig. 106 functions as a
3-terminal element element to control ON/OFF between
the source and drain since the resistance value of the
metal oxide layer 10604 changes depending on the volt-
age applied between the gate electrode 10603 and the
drain electrode 10608 (or source electrode 10607). This
element can also be used as an element to control the
current.

[0630] Even when the source electrode 10607 is set
open, the ON state and OFF state can be controlled by
applying a gate voltage. In the case wherein the source
electrode 10607 is set open, when the read voltage is
increased, a current to some extent flows between the
source and drain even when a gate voltage is applied to
set the OFF state. When the source electrode 10607 is
set open, and the gate voltage is applied in this state, the
applied voltage selectively acts depending on the region
under the drain electrode 10608. As described above, a
certain source-drain current is supposed to flow when
the read voltage is high. Hence, the source-drain current
is supposed to flow through a path formed from the
source electrode 10607, the metal oxide layer 10604 in
the region under the source electrode 10607, the gate
electrode 10603, the metal oxide layer 10604 in the re-
gion under the drain electrode 10608, and the drain elec-
trode 10608.

[0631] The voltage to operate the 3-terminal element
shown in Fig. 106 is maximized when a gate voltage to
set the "positive low resistance mode" is applied. How-
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ever, the voltage is about 1.6 V at most, and the power
consumption is very low, as shown in Fig. 64. The low
power consumption is very advantageous for devices.
Devices using a 3-terminal element, e.g., not only mobile
communication devices, digital general-purpose devic-
es, digital image sensing devices, notebook personal
computers, and PDAs (Personal Digital Appliances) but
also all computers, personal computers, workstations,
office computers, mainframes, communication units, and
multifunction apparatuses can reduce the power con-
sumption. The 3-terminal element shown in Fig. 106 can
also hold the ON or OFF state for 10 years.

[0632] The basic idea of the 3-terminal element shown
in Fig. 106 is arranging an insulating layer in contact with
a metal oxide layer and sandwiching these layers by the
gate electrode and the source and drain electrodes. With
this structure, when a predetermined voltage (DC or
pulse) is applied to the gate electrode to change the re-
sistance value of the metal oxide layer and switch the
stable high resistance mode and low resistance mode,
an operation as a 3-terminal element can be implement-
ed consequently.

[0633] For example, as shown in Fig. 108, a source
electrode 10617 and drain electrode 10618 may be
formed on the insulating layer 10602 and covered with
the metal oxide layer 10604 on an insulating layer 10616,
and a gate electrode 10613 may be formed on the metal
oxide layer 10604 via an insulating layer 10615. As
shown in Figs. 109A and 109B, an insulating substrate
10601a may be used. In this case, the insulating layer
10602 shown in Fig. 106 can be omitted. Alternatively,
the structure including the insulating layer 10605, metal
oxide layer 10604, insulating layer 10606, source elec-
trode 10607, and drain electrode 10608 shown in Fig.
106 may be arranged on a conductive substrate. In this
case, the substrate also serves as a gate electrode.
When a metal substrate with high thermal conductivity is
used as the conductive substrate, a higher cooling effect
can be obtained, and a stable element operation can be
expected.

[0634] Aninsulating substrate made of glass or quartz
may be used. With this structure, the present invention
can be applied to, e.g. a glass substrate easy to process.
The metal oxide layer 10604 which has a refractive index
of about 2.6 measured at a wavelength of 632.8 nm is
optically transparent. For thisreason, when a transparent
substrate is used, the 3-terminal element of this embod-
iment can be applied to a display. When the metal oxide
layer 10604 is formed so thick in the range of 10 to 200
nm that an interference color is generated, the visual ef-
fect of a colored state can be obtained.

[0635] Even in the 3-terminal element shown in Fig.
106, a plurality of 3-terminal elements may be arrayed
and integrated in a cross-point pattern. The change in
resistance value of the metal oxide layer 10604 can also
be controlled by a current. The resistance change in the
metal oxide layer 10604 can also be controlled by a pulse
voltage. Even the 3-terminal element shown in Fig. 106
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can implement three states (three values) in the value of
the current flowing between the source and drain.
[0636] Fig. 110 is a schematic sectional view showing
a structure example of a memory element. The memory
element shown in Fig. 110 comprises, on a substrate
11001 made of, e.g., single-crystal silicon, an insulating
layer 11002, a gate electrode 11003, a switching layer
11004 made of a metal oxide containing Bi, Ti, and O
and having a thickness of about 30 to 200 nm, a bit elec-
trode 11005, a memory layer 11006 made of a metal
oxide containing Bi, Ti, and 0 and having a thickness of
about 30 to 200 nm, and a word electrode 11007. In this
memory element, the ground electrode 11003, switching
layer 11004, memory layer 11006, and word electrode
11007 are connected in series in this order, and the bit
electrode 11005 is provided on the switching layer 11004.
Fig. 110 shows one memory cell portion connected to
each of the intersections between a plurality of bit lines
and a plurality of word lines arrayed in, e.g., a matrix.
[0637] The substrate 11001 can be made of any one
of a semiconductor, insulator, and conductive material
such as a metal. When the substrate 11001 is made of
an insulating material, the insulating layer 11002 can be
omitted. When the substrate 11001 is made of a conduc-
tive material, the insulating layer 11002 and ground elec-
trode 11003 can be omitted. In this case, the substrate
11001 made of the conductive material serves as a
ground electrode. The ground electrode 11003, bit elec-
trode 11005, and word electrode 11007 need only be
made of a transition metal including noble metals such
as platinum (Pt), ruthenium (Ru), gold (Au), silver (Ag),
and titanium (Ti). The electrodes may be made of a com-
pound such as a nitride, oxide, or fluoride of a transition
metal, such as titanium nitride (TiN), hafnium nitride
(HfN), strontium ruthenate (SrRuO, zinc oxide (Zn0), in-
dium tin oxide (ITO), or lanthanum fluoride (LaF3), or a
composite film formed by stacking them.

[0638] A detailed example of the memory element
shown in Fig. 110 will be described. For example, the
ground electrode 11003 is a ruthenium film having a thick-
ness of 10 nm. The bit electrode 11005 is a layered film
obtained by forming a ruthenium film having a thickness
of 10 nm on a titanium (Ti) film having a thickness of
about 20 nm. Each of the switching layer 11004 and
memory layer 11006 is made of a metal oxide containing
Bi and Ti and having a thickness of 40 nm. The word
electrode 11007 is made of Au.

[0639] The switching layer 11004 and memory layer
11006 are the same as the above-described ferroelectric
layer 10604, ferroelectric layer 310604, ferroelectric lay-
er 4705, ferroelectric layer 6205, metal oxide layer 8604,
metal oxide layer 9704, metal oxide layer 10204, and
metal oxide layer 10604.

[0640] According to the memory element using the
metal oxide layer (memory layer 11006), two states (ON
and OFF) can be held, as will be described below. The
characteristics of the metal oxide layer having the
above-described structure were investigated by applying
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a voltage between the bit electrode 11005 and the word
electrode 11007. When a voltage from a power supply
was applied between the bit electrode 11005 and the
word electrode 11007, and a current flowing from the bit
electrode 11005 to the word electrode 11007 was meas-
ured by an ammeter, the same result as in Fig. 33 was
obtained. Referring to Fig. 33, the ordinate represents
the value of a current whose positive direction is set to
the direction from the bit electrode 11005 to the word
electrode 11007.

[0641] Fig. 33 and anoperation principle of the memory
element will be described below. The voltage values and
current values to be described here are mere examples
measured in an actual element. Hence, the phenomenon
is not limited to the following numerical values. Other
numerical values can also be measured depending on
the material and thickness of each film actually used in
the element and other conditions.

[0642] Fig. 33 shows the hysteresis characteristics of
the values of currents which flow in the memory layer
11006 when the voltage applied to the bit electrode 11005
is decreased from 0 in the negative direction, returned
to 0, increased in the positive direction, and finally re-
turned to 0 again. When the voltage applied to the bit
electrode 11005 is gradually decreased from 0 V in the
negative direction, the negative current flowing in the
memory layer 11006 is relatively small (about -0.12 mA
at-0.1 V).

[0643] When the voltage exceeds -0.4 V, the negative
current value starts increasing. After the voltage is de-
creased up to about -1 V, the negative voltage is de-
creased. The negative current value decreases while
keeping the state wherein a negative current having a
larger absolute value than before flows. At this time, the
current value is about -0.63 mA at-0.1 V. The resistance
value is lower by about five times than the previous state,
and the current readily flows. When the applied voltage
is returned to 0, the current value also becomes 0.
[0644] Next, apositive voltage is applied to the bit elec-
trode 11005. In this state, when the applied positive volt-
age is low, a relatively large positive current flows ac-
cording to the previous hysteresis (about 0.63 mA at 0.1
V). When the positive voltage is applied up to about 0.7
V, the positive current suddenly decreases. Finally, the
applied positive voltage is decreased from -1 Vto 0V,
the positive current value also decreases while keeping
the hardly current flowing state and returns to 0. At this
time, the positive current is about 0.12 mA at 0.1 V.
[0645] The above-described hysteresis of the current
flowing in the memory layer 11006 can be regarded as
being generated because the resistance value of the
memory layer 11006 changes depending on the voltage
applied to the memory layer 11006. A case wherein a
voltage is applied to the word electrode 11007 will be
examined. When a positive voltage V,y4 with a predeter-
mined magnitude or more is applied, the memory layer
11006 changes to a "low resistance mode" (ON state)
wherein the current easily flows. When a negative voltage
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Vwo Wwith a predetermined magnitude is applied, the
memory layer 11006 changes to a "high resistance
mode" (OFF state) wherein the current hardly flows.
[0646] The memory layer 11006 has the two stable
states, i.e., low resistance mode and high resistance
mode. The ON or OFF state remains unless the
above-described positive or negative voltage with a pre-
determined magnitude or more is applied. The value of
Vo described above is about -1 V. The value of V4 is
about +1 V. The resistance ratio of the high resistance
mode to the low resistance mode is about 10 to 100.
When the above-described phenomenon that the resist-
ance of the switching layer 11004 and memory layer
11006 is switched (changed) by the voltage is used, a
nonvolatile functional element capable of a nondestruc-
tive read operation can be implemented by the memory
element shown in Fig. 110.

[0647] A case wherein the above-described two states
are controlled by using a DC voltage will be described
next. First, a positive voltage equal to or higher than the
low resistance transition voltage V,y4 is applied to the
word electrode 11007 to change the memory layer 11006
to the low resistance mode. An ON state wherein a cur-
rent readily flows is obtained. The ON state can be read
out by measuring a current value Jg 1 between the elec-
trodes at a read voltage Vg. It is important to select, as
the read voltage Vg, such a small value to obtain a suf-
ficient resistance ratio and not to cause state transition
(about 0.1V in the above example). Hence, the read can
be done many times without destroying the low resist-
ance mode, i.e., ON state.

[0648] On the other hand, when a negative voltage
equal to or higher than the high resistance transition volt-
age Vo is applied to the word electrode 11007, the mem-
ory layer 11006 changes to the high resistance mode,
i.e., OFF state wherein a current hardly flows between
the electrodes. The OFF state can also be read out by
measuring a current value Jg, between the electrodes
at the read voltage Vg ( Jr4/Jrg = 10 to 100). When the
electrodes are not energized, the memory layer 11006
has nonvolatility to hold each state. Except in the write
and read, no voltage need be applied.

[0649] The above-described characteristics with two
states can also apply to the switching layer 11004. The
operation of the memory element shown in Fig. 110,
which has the switching layer 11004 and memory layer
11006, will be described below. The read operation will
be described first. In the initial state, the switching layers
11004 of all memory cells are set in the high resistance
state. In this state, the word electrode 11007 (word line)
is opened, and an electrical signal to change the switch-
ing layer 11004 of a corresponding memory cell to the
low resistance mode is applied to the bit electrode 11005
(corresponding bit line) to turn on the switching layer
11004 serving as a switch. Next, the bit electrode 11005
(bit line) is opened, and a read voltage is applied to the
word electrode 11007 (word line). When the resistance
value of the memory layer 11006 is measured in this



139

state, the data is read out. Finally, the word electrode
11007 (word line) is opened, and an electrical signal to
change the switching layer 11004 to the high resistance
mode is applied to the bit electrode 11005 to turn off the
switching layer 11004 serving as a switch.

[0650] The write operation will be described next. An
electrical signal to change the memory layer 11006 to
the high resistance mode or low resistance mode is ap-
plied to the word line and bit line corresponding to a mem-
ory cell as a write target. The signal applied to the bitline
side at this time corresponds to a voltage not to change
the resistance state of the switching layer 11004. With
this operation, the memory layer 11006 of the memory
cell (memory element) as a write target is changed to the
desired high resistance mode or low resistance mode,
thereby writing data.

[0651] The above-described read and write operations
are executed in accordance with, e.g., the flow shown in
Fig. 111. First, the word electrode 11007 is opened, and
the low resistance transition voltage V\y ¢ is applied to the
bit electrode 11005 to change the switching layer 11004
of the memory element to the "ON" state, i.e., readable
state. Next, when the bit electrode is opened, and the
read voltage Vg is applied to the word electrode 11007,
the state of the memory layer 11006 can be read out.
After that, the word electrode 11007 is opened, and the
high resistance transition voltage V\y, is applied to the
bit electrode 11005 to change the switching layer 11004
of the memory element to the "OFF" state, i.e., unread-
able state.

[0652] After that, when a write word signal having a
voltage about 1/2 the low resistance transition voltage
V1 is applied to the word electrode 11007, and a write
bit signal having a voltage about 1/2 the low resistance
transition voltage V\y, and a polarity opposite to the
above-described signal is applied to the bit electrode
11005, a "write state" of "1" is obtained. When a signal
is applied to the word electrode 11007 and bit electrode
11005, as described above, a voltage equal to the low
resistance transition voltage V\y is applied to the mem-
ory layer 11006. The memory layer 11006 is set in the
low resistance mode. Hence, "1" is written in this "write
state". To the contrary, when a write word signal having
a voltage about 1/2 the high resistance transition voltage
Vo is applied to the word electrode 11007, and a write
bit signal having a voltage about 1/2 the high resistance
transition voltage V,y, and a polarity opposite to the
above-described signal is applied to the bit electrode
11005, the memory layer 11006 is set in a "write state"
of "0". In either "write state", since only a voltage about
1/2 each transition voltage is applied to the switching
layer 11004, the resistance state does not change.
[0653] As described above, according to the memory
element shown in Fig. 110, the "ON" state and "OFF"
state of the memory cell are switched by using the switch-
ing layer 11004. When the switching layer 11004 is set
in the "OFF" state independently of the resistance state
of the memory layer 11006, the leakage current (inter-
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ference current) from an unselected memory cell can be
suppressed. According to the element shown in Fig. 110,
the above-described switching between "ON" and "OFF"
is done by the switching layer 11004 made of a metal
oxide, like the memory layer 11006. Since no element
made of another material such as a MOS transistor using
a semiconductor such as silicon need be used, materials
applicable to the substrate 11001 are not limited.
[0654] In the above-described embodiment, the ap-
plied gate voltage is a DC voltage. However, the same
effect can be obtained even by applying a pulse voltage
having appropriate width and magnitude. As for the ON
or OFF state holding time of the memory element shown
in Fig. 110, the element has a holding time of at least
1,000 min, like the above-described elements.

[0655] An example of a method of manufacturing the
memory element shownin Fig. 110 willbe described next.
A method of forming each thin film by using ECR plasma
sputtering will be described below. However, the present
inventionis notlimited to this, and any other film formation
technique or method comprising the features of claim 1
can be used, as a matter of course.

[0656] As shown in Fig. 112A, the p-type silicon sub-
strate 11001 having a plane orientation of (100) on the
principal plane and a resistivity of 1 to 2 Qcm is prepared.
The surface of the substrate 11001 is cleaned by a so-
lution mixture of sulfuric acid and a hydrogen peroxide
solution, pure water, and a hydrogen fluoride solution
and dried. The insulating layer 11002 is formed on the
cleaned and dried substrate 11001. In forming the insu-
lating layer 11002, e.g., an ECR sputtering apparatus
and pure silicon (Si) as a target are used. The insulating
layer 11002 in a metal mode by Si-O molecules is formed
on the silicon substrate 11001 to a thickness to just cover
its surface by ECR sputtering using argon (Ar) as a plas-
ma gas and oxygen gas.

[0657] For example, Ar gas is supplied at a flow rate
of 20 sccm into a plasma production chamber whose
internal pressure is set on the order of 10-° Pa. The in-
ternal pressure is set to about 10-3to 102 Pa. A magnetic
field of 0.0875 T and a microwave of 2.45 GHz (about
500 W) are supplied to set the electron cyclotron reso-
nance condition, thereby producing Ar plasmain the plas-
ma production chamber. Note that sccm is the unit of flow
rate and indicates that a fluid at 0°C and 1 atmospheric
pressure flows 1 cm3 in 1 min. T (tesla) is the unit of
magnetic flux density, and 1 T=10,000 gauss.

[0658] The plasma produced by the above-described
method is output from the plasma production chamber
to the process chamber side by the divergent magnetic
field of the magnetic coil. In addition, a high-frequency
power of 13.56 MHz (e.g., 500 W) is supplied from a high-
frequency power supply to the silicon target placed at the
outlet of the plasma production chamber. When Ar ions
collide against the silicon target, a sputtering phenome-
non occurs to sputter Si particles. The Si particles sput-
tered from the silicon target reach the surface of the sil-
icon substrate 11001 together with the plasma output
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from the plasma production chamber and the oxygen gas
which is supplied and activated by the plasma and are
oxidized to silicon dioxide by the activated oxygen. With
the above process, the insulating layer 11002 made of
silicon dioxide and having a thickness of, e.g., about 100
nm can be formed on the substrate 11001 (Fig. 112A).

[0659] The insulating layer 11002 ensures insulation
to prevent a voltage from leaking to the substrate 11001
and influencing desired electrical characteristics when a
voltage is applied between the electrodes to be formed
later. Forexample, a silicon oxide film formed by oxidizing
the surface of the silicon substrate by thermal oxidation
may be used as the insulating layer 11002. The insulating
layer 11002 may be made of any other insulating material
except silicon oxide if the insulating properties can be
ensured. The thickness of the insulating layer 11002
need not always be 100 nm and may be smaller or larger.
In the above-described formation of the insulating layer
11002 by ECR sputtering, the substrate 11001 is not
heated. However, the film may be formed while heating
the substrate 11001.

[0660] After the insulating layer 11002 is formed in the
above-described manner, a ruthenium film is formed on
the insulating layer 11002 by similar ECR sputtering us-
ing pure ruthenium (Ru) as a target, thereby forming the
ground electrode 11003, as shown in Fig. 112B. Forma-
tion of the Ru film will be described in detail. In an ECR
sputtering apparatus using a Ru target, for example, the
silicon substrate with the insulating layer formed on it is
heated to 400°C. Ar gas as a rare gas is supplied into
the plasma production chamber at a flow rate of, e.g., 7
sccm. In addition, Xe gas is supplied at a flow rate of,
e.g., 5 sccm to set the internal pressure of the plasma
production chamber to on the order of, e.g., 10-2 to 10-3
Pa.

[0661] The magnetic field of the electron cyclotron res-
onance condition is given to the plasma production cham-
ber. Then, a microwave of 2.45 GHz (about 500 W) is
supplied into the plasma production chamber to produce
ECR plasmaof Arand Xeinit. The produced ECR plasma
is output from the plasma production chamberto the proc-
ess chamber side by the divergent magnetic field of the
magnetic coil. In addition, a high-frequency power of
13.56 MHz (e.g., 500 W) is supplied to the ruthenium
target placed at the outlet of the plasma production cham-
ber. The sputtering phenomenon occurs to sputter Ru
particles from the ruthenium target. The Ru particles
sputtered from the ruthenium target reach the surface of
the insulating layer 11002 on the substrate 11001 and
are deposited.

[0662] With the above process, the ground electrode
11003 having a thickness of, e.g., about 10 nm can be
formed on the insulating layer 11002 (Fig. 112B). The
ground electrode 11003 enables voltage application to
the switching layer 11004 when a voltage is applied to
the bit electrode 11005 to be formed later. The ground
electrode 11003 may be made of any other material ex-
cept ruthenium if the conductivity can be ensured. The
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ground electrode 11003 may be made of, e.g., platinum.
A platinum film formed on silicon dioxide readily peels
off, as is known. To prevent this, a layered structure is
formed by inserting a titanium layer, titanium nitride layer,
or ruthenium layer under the platinum layer. The thick-
ness of the ground electrode 11003 need not always be
10 nm and may be smaller or larger.

[0663] As described above, in forming the Ru film by
ECR sputtering, the substrate 11001 is heated to 400°C.
However, the substrate need not always be heated. How-
ever, if the substrate is not heated, the adhesion of ru-
thenium to silicon dioxide becomes low, and the film may
peel off. To prevent peeling, the film is formed preferably
while heating the substrate.

[0664] After the ground electrode 11003 is formed in
the above-described manner, the switching layer 11004
is formed on the ground electrode 11003 to a thickness
to just cover its surface, as shown in Fig. 112C, by ECR
sputtering using argon (Ar) as a plasma gas and oxygen
gas and a target formed from an oxide sintered body
(Bi-Ti-O) in which the ratio of Bito Tiis 4 . 3.

[0665] Formation of the switching layer 11004 will be
described in detail. The substrate 11001 is heated to
300°C to 700°C. Ar gas as a rare gas is supplied into the
plasma production chamber at a flow rate of, e.g., 20
scecm to set the pressure on the order of, e.g., 103 to 10-2
Pa. In this state, the magnetic field of the electron cyclo-
tron resonance condition is given to the plasma produc-
tion chamber. Then, a microwave of 2.45 GHz (about
500 W) is supplied into the plasma production chamber
to produce ECR plasmain it.

[0666] The produced ECR plasma is output from the
plasma production chamber to the process chamber side
by the divergent magnetic field of the magnetic coil. In
addition, a high-frequency power of 13.56 MHz (e.g., 500
W) is supplied to the sintered body target placed at the
outlet of the plasma production chamber. When Ar par-
ticles collide against the sintered body target, the sput-
tering phenomenon occurs to sputter Bi particles and Ti
particles.

[0667] The Bi particles and Ti particles sputtered from
the sintered body target reach the surface of the heated
ground electrode 11003 together with the ECR plasma
output from the plasma production chamber and the ox-
ygen gas activated by the output ECR plasma and are
oxidized by the activated oxygen. The oxygen (O,) gas
serving as a reactive gas is supplied at a flow rate of,
e.g., 1 sccm separately from the Ar gas, as will be de-
scribed later. Although the sintered body target contains
oxygen, any shortage of oxygen in the deposited film can
be prevented by supplying oxygen. With the above-de-
scribed film formation by ECR sputtering, the switching
layer 11004 having a thickness of, e.g., about 40 nm can
be formed (Fig. 112C).

[0668] The film quality may be improved by irradiating
the formed switching layer 11004 with ECR plasma of an
inert gas and a reactive gas. As the reactive gas, not
oxygen gas but nitrogen gas, fluorine gas, or hydrogen
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gas can be used. The film quality improvement can also
be applied to formation of the insulating layer 11002. The
switching layer 11004 may be formed at a low substrate
temperature of 300°C or less and then annealed (heat-
treated) in an appropriate gas atmosphere such as oxy-
gen atmosphere to greatly improve the properties of the
film.

[0669] After the switching layer 11004 is formed in the
above-described manner, a Ti film having a thickness of
about 20 nm is formed by ECR sputtering. Next, a ruthe-
nium film having a thickness of about 10 nm is formed
again by the same ECR sputtering as described above
using pure ruthenium (Ru) as a target, thereby forming
the bit electrode 11005 having a layered structure on the
switching layer 11004, as shown in Fig. 112D. Formation
of the ruthenium film is the same as the above-described
formation of the ground electrode 11003. Next, the mem-
ory layer 11006 is formed on the bit electrode 11005 to
a thickness to just cover its surface, as shown in Fig.
112E, by ECR sputtering using argon (Ar) as a plasma
gas and oxygen gas and a target formed from an oxide
sintered body (Bi-Ti-O) in which the ratio of Bito Tiis 4 :
3. Formation of the memory layer 11006 is the same as
the above-described formation of the switching layer
11004.

[0670] After the memory layer 11006 is formed in the
above-described way, the word electrode 11007 made
of Au is formed on the memory layer 11006, thereby ob-
taining the memory element shown in Fig. 110. The word
electrode 11007 can be formed by gold deposition by
resistance heating vacuum deposition. The word elec-
trode 11007 may be made of another metal material or
conductive material such as Ru, Pt, or TiN. When Pt is
used, the adhesion is poor, and the film may peel off.
Hence, a structure such as Ti-Pt-Au that hardly peels off
needs to be employed. The switching layer 11004, bit
electrode 11005, memory layer 11006, and word elec-
trode 11007 are formed into a memory cell structure by
forming a layered structure thereof and patterning it by
well-known photolithography and etching.

[0671] The above-described layer formation by ECR
sputtering is done by using an ECR sputtering apparatus
shown in Fig. 112.

[0672] The memory element according to this embod-
iment is not limited to the structure example shown in
Fig. 110. For example, as shown in Fig. 113A, a switching
layer and memory layer 11016 may be arrayed in the
in-plane direction of the substrate 11001 in one memory
cell. Inthe memory element shown in Fig. 113A, aground
electrode 11013 and a connection electrode 11015b
spaced apart from it are arranged on the insulating layer
11002. The switching layer 11014 is formed across the
ground electrode 11013 and connection electrode
11015b. The memory layer 11016 is formed in contact
with the connection electrode 11015b. A bit electrode
11015a is formed on the switching layer 11014. A word
electrode 11017 is formed on the memory layer 11016.
[0673] As described above, the connection electrode
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11015b connected to the surface of the switching layer
11014 in the first direction is newly provided. The con-
nection electrode 11015b is connected to the first-direc-
tion surface of the memory layer 11016. The ground elec-
trode 11013 is connected to the first-direction surface of
the switching layer 11014 while being isolated from the
connection electrode 11015b. The bit electrode 11015a
is connected to the surface of the switching layer 11014
in the second direction different from the first direction.
The word electrode 11017 is connected to the second-
direction surface of the memory layer 11016. Even in this
structure, the ground electrode 11013, switching layer
11014, memory layer 11016, and word electrode 11017
are connected in series in this order, like the element
shown in Fig. 110. Hence, the components may be re-
versed in the vertical direction on the substrate 11001 on
the drawing surface of Fig. 113A.

[0674] An operation example of the memory element
shown in Fig. 113A will be described. In the read, the
switching layer 11014 is set in a high resistance "OFF"
state. In this initial state, the connection electrode 11015b
is grounded, and a low resistance transition voltage (e.g.,
pulse voltage) is applied to the bit electrode 11015a of a
corresponding memory cell to turn on the switching layer
11014. Next, the connection electrode 11015b and bit
electrode 11015a (corresponding bit line) are opened. A
read voltage is applied to the word electrode 11017 (cor-
responding word line). When the resistance value of the
memory layer 11016 is measured, data is read out. Fi-
nally, the connection electrode 11015b is grounded, and
an electrical signal (e.g., pulse voltage) to change the
switching layer 11014 to the high resistance mode is ap-
plied to the bit electrode 11015a to turn off the switching
layer 11014 serving as a switch.

[0675] In the write operation of the memory element
shown in Fig. 113A, the connection electrode 11015b is
grounded, and a write voltage is applied to a word line
corresponding to the memory cell as a write target. For
example, to set a "write state" of "1", the low resistance
transition voltage is applied to the word electrode 11017.
To set a "write state" of "0", the high resistance transition
voltage is applied to the word electrode 11017.

[0676] The memory element may have the structure
shown in Fig. 113B. In the memory element shown in
Fig. 113B, a bit electrode 11025a is arranged on the in-
sulating layer 11002. A switching layer 11024 is formed
on the bit electrode 11025a. A ground electrode 11023
and a connection electrode 11025b spaced part from it
are arranged on the switching layer 11024. A memory
layer 11026 is formed on the connection electrode
11025b. A word electrode 11027 is formed on the mem-
ory layer 11026.

[0677] As described above, the connection electrode
11025b connected to the surface of the switching layer
11024 in the first direction is newly provided. The con-
nection electrode 11025b is connected to the surface of
the memory layer 11026 in the second direction different
from the first direction. The ground electrode 11023 is
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connected to the first-direction surface of the switching
layer 11024. The bit electrode 11025a is connected to
the second-direction surface of the switching layer
11024. The word electrode 11027 is connected to the
first-direction surface of the memory layer 11026. Even
in this structure, the ground electrode 11023, switching
layer 11024, memory layer 11026, and word electrode
11027 are connected in series in this order, like the ele-
ment shown in Fig. 110. Hence, the components may be
reversed in the vertical direction on the substrate 11001
on the drawing surface of Fig. 113B.

[0678] The memory element may have an insulating
layer between the electrode and the metal oxide layer,
as shown in Fig. 114. The memory element shown in Fig.
114A comprises an insulating layer 11008 between the
bit electrode 11005 and the memory layer 11006. The
memory element shown in Fig. 114B comprises an insu-
lating layer 11009 between the ground electrode 11003
and the switching layer 11004. The memory element
shown in Fig. 114C comprises both the insulating layers
11008 and 11009.

[0679] In applying a voltage from the insulating layer
11008 or 11009 to memory layer 11006 or switching layer
11004, the voltage applied to each layer can be control-
led. When aninsulating layer is formed, and the switching
layer 11004 or memory layer 11006 is formed on it, the
switching layer 11004 or memory layer 11006 can be
formed without degrading the morphology of the surface
of the underlying metal film or the surface of the metal
oxide layer in the above-described formation by ECR
sputtering. For example, if the underlying layer is made
of a metal material which is readily oxidized, the surface
of the underlying layer may be partially oxidized in for-
mation of the switching layer 11004, resulting in degra-
dation in morphology. However, when an insulating layer
is inserted, the switching layer 11004 can be formed while
keeping the good surface morphology of the underlying
layer. Hence, the switching layer 11004 with higher qual-
ity can be obtained.

[0680] AsshowninFig.115,aninsulatinglayer 11018,
insulating layer 11019, insulating layer 11028, and insu-
lating layer 11029 may be provided. The memory ele-
ment shown in Fig. 115A comprises the insulating layer
11018 between the connection electrode 11015b and the
memory layer 11016. The memory element shown in Fig.
115B comprises the insulating layer 11019 between the
switching layer 11014 and the bit electrode 11015a. The
memory element shown in Fig. 115C comprises the in-
sulating layer 11018 between the connection electrode
11015b and the memory layer 11016 and the insulating
layer 11019 between the switching layer 11014 and the
bit electrode 11015a. The memory element shown in Fig.
115D comprises the insulating layer 11028 between the
switching layer 11024 and the connection electrode
11025b. The memory element shown in Fig. 115E com-
prises the insulating layer 11029 between the bit elec-
trode 11025a and the switching layer 11024. The mem-
ory element shown in Fig. 115F comprises the insulating
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layer 11028 between the switching layer 11024 and the
connection electrode 11025b and the insulating layer
11029 between the bit electrode 11025a and the switch-
ing layer 11024.

[0681] Figs. 114 and 115 show examples of a form
including an insulating layer, and the present invention
is not limited to those. The above-described insulating
layer need only be provided in contact with the switching
layer and memory layer. The insulating layer may be pro-
vided in contact with either the surface of one of the
switching layer and memory layer or the surfaces of both
the switching layer and memory layer. The insulating lay-
er need only be provided between the metal oxide layer
of the switching layer or memory layer and one of elec-
trodes connected to it.

[0682] As the metal oxide layer of the switching layer
11004 ormemory layer 11006 becomes thick, the current
flows more hardly, and the resistance increases. When
memory element is implemented by using a change in
resistance value, the resistance value of in each of the
low resistance mode and high resistance mode is impor-
tant. For example, when the metal oxide layer becomes
thick, the resistance value in the low resistance mode
increases. Since it is difficult to ensure a high S/N ratio,
the ON or OFF state is hard to determine. On the other
hand, when the metal oxide layer becomes thin, and the
leakage current is dominant, the ON or OFF state can
hardly be held, and the resistance value in the high re-
sistance mode decreases. It is therefore difficult to en-
sure a high S/N ratio.

[0683] Hence, the metal oxide layer preferably has an
optimum thickness. For example, when the problem of
leakage current is taken into consideration, the metal ox-
ide layer need only have a thickness of at least 10 nm.
When the resistance value in the low resistance mode is
taken into consideration, the metal oxide layer is prefer-
ably thinner than 300 nm. In experiments conducted by
the present inventors, the operation of the memory ele-
ment was confirmed when the thickness of the metal ox-
ide layer was 30 to 200 nm.

[0684] According to the memory element shown in Fig.
110, a multilevel operation is also possible. For example,
in the current-voltage characteristic of the memory layer
11006 when a voltage is applied between the bit elec-
trode 11005 (and the word electrode 11007), when the
applied voltage is changed, the low resistance mode
changes to a different low resistance state, as shown in
Fig. 116. In Fig. 116, the current value at the read voltage
shown in Fig. 116 changes between the low resistance
mode after a voltage up to -0.5 V is applied, the low re-
sistance mode after a voltage up to -1.0 V is applied, and
the low resistance mode after a voltage up to -1.5 V is
applied. These states can be read out by applying a read
voltage between the electrodes and measuring a current
flowing between the electrodes. Three states (three val-
ues) "0","1", and "2" can be implemented in correspond-
ence with the inter-electrode currents obtained by a pre-
determined read voltage.
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[0685] According to the element shown in Fig. 110, a
multilevel state can be implemented by the difference in
pulse voltage value. As shown in Fig. 117, every time a
predetermined pulse voltage with a predetermined pulse
width is applied a predetermined number of times, the
current value between the electrodesis read out ataread
voltage of 0.2 V at a point indicated by a triangle. Then,
as shown in Fig. 118, three states (three values) "0", "1",
and "2" are obtained. In this example, the memory isreset
by the state "2".

[0686] For example, when the insulating layer 11008
is provided between the bit electrode 11005 and the
memory layer 11006, as shown in Fig. 114A, the cur-
rent-voltage characteristic of the memory layer 11006 is
changed as shown in Fig. 46 by changing the voltage
applied to the word electrode 11007. In this case, for
example, when the read voltage is about 0.5 V, ternary
states can be implemented.

[0687] In many cases, a plurality of elements using a
thin film made of a metal oxide as described above are
monolithically integrated on a single substrate. When a
plurality of elements are integrated in this way, adjacent
elements are isolated, as shown in, e.g., Fig. 12D. The
elementisolation structure is formed in the following way.
As shownin Fig. 119A, an insulating layer 1602 is formed
on a substrate 1601. A metal film 1623 is formed on the
insulating layer 1602. As shown in Fig. 119B, a ferroe-
lectric thin film 1614 is formed on the metal film 1623. As
shown in Fig. 119C, a metal film 1615 is formed on the
ferroelectric thin film 1614.

[0688] As shown in Fig. 119D, a plurality of mask pat-
terns 1620 are formed on the metal film 1615. The metal
film 1615 and ferroelectric thin film 1614 are selectively
removed by etching using the mask pattern 1620 as a
mask to form a plurality of elements each including a
ferroelectric layer 1604 and upper electrode 1606 on a
lower electrode layer 1613, as shown in Fig. 119E. After
that, the mask patterns 1620 are removed. An insulating
material is deposited between the elements to form ele-
ment isolation insulating layers 1605 between the ele-
ments, as shown in Fig. 119F.

[0689] As described above, in the conventional ele-
ment isolation, a thin film serving as a ferroelectric layer
is formed, a plurality of element portions are formed by
processing the thin film, and insulating layers for element
isolation are formed between the elements. Convention-
ally, to obtain an element isolation structure, a number
of thin film formation steps and thin film processing steps
are required, resulting in an increase in number of steps.
Especially, in the processing step, photolithography and
etching are used in general. For this reason, one pattern
must be formed using a number of steps.

[0690] Unlike the above-described situation, when el-
ements are isolated in a manner to be described below,
the element isolation structure can be formed without re-
quiring many steps.

[0691] Element isolation will be described below with
reference to the accompanying drawings. Fig. 120 is a
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schematic sectional view showing a structure example
of the element isolation structure. As shown in Fig. 120,
in the element isolation structure shown in Fig. 120, an
insulating layer 102 is provided on a substrate 101, and
a plurality of elements each including a lower electrode
103 formed on the insulating layer 102, a ferroelectric
layer 104 having a thickness of about 30 to 200 nm, and
an upper electrode 136 are isolated by an isolation layer
135. The ferroelectric layer 104 is formed on the lower
electrode 103 made of a crystalline material. The isola-
tion layer 135 is formed on the insulating layer 102 made
of an amorphous material.

[0692] The ferroelectric layer 104 and isolation layer
135 are made of, e.g., Bi, Ti, and O and contain a plurality
of microcrystalline grains of Bi,TisO4, crystal having a
stoichiometric composition and a grain size of about 3 to
15 nm. The ferroelectric layer 104 also contains column
crystal with the stoichiometric composition of Bi,TizO45
in addition to the microcrystalline grains. The isolation
layer 135 having the above-described structure has a
higher electrical resistance than the ferroelectric layer
104 so that the dielectric isolation for a breakdown volt-
age is large. On the other hand, the ferroelectric layer
104 has two stable states, i.e., low resistance state and
high resistance state, as will be described later. An ele-
ment using the ferroelectric layer 104 is a functional el-
ement to hold two states.

[0693] An example of a method of manufacturing the
element isolation structure shown in Fig. 120 will be de-
scribed next. As shown in Fig. 121A, the p-type silicon
substrate 101 having a plane orientation of (100) on the
principal plane and a resistivity of 1to 2 Q cmis prepared.
The surface of the substrate 101 is cleaned by a solution
mixture of sulfuric acid and a hydrogen peroxide solution,
pure water, and a hydrogen fluoride solution and dried.
The insulating layer 102 is formed on the cleaned and
dried substrate 101. In forming the insulating layer 102,
e.g., an ECR sputtering apparatus and pure silicon (Si)
as atargetare used. ECR sputtering is executed by using
argon (Ar) as a plasma gas and oxygen gas. The insu-
lating layer 102 in a metal mode by Si-O molecules is
formed on the silicon substrate 101 to a thickness to just
cover its surface by ECR sputtering.

[0694] For example, Ar gas is supplied at a flow rate
of 20 sccm into a plasma production chamber whose
internal pressure is set on the order of 10-° Pa. The in-
ternal pressure is set to about 10-3to 102 Pa. A magnetic
field of 0.0875 T and a microwave of 2.45 GHz (about
500 W) are supplied to set the electron cyclotron reso-
nance condition, thereby producing Ar plasmain the plas-
ma production chamber. Note that sccm is the unit of flow
rate and indicates that a fluid at 0°C and 1 atmospheric
pressure flows 1 cm3 in 1 min. T (tesla) is the unit of
magnetic flux density, and 1 T=10,000 gauss.

[0695] The plasma produced by the above-described
method is output from the plasma production chamber
to the process chamber side by the divergent magnetic
field of the magnetic coil. In addition, a high-frequency
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power of 13.56 MHz (e.g., 500 W) is supplied from a high-
frequency power supply to the silicon target placed at the
outlet of the plasma production chamber. When Ar ions
collide against the silicon target, a sputtering phenome-
non occurs to sputter Si particles. The Si particles sput-
tered from the silicon target reach the surface of the sil-
icon substrate 101 together with the plasma output from
the plasma production chamber and the oxygen gas
which is supplied and activated by the plasma and are
oxidized to silicon dioxide by the activated oxygen. With
the above process, the insulating layer 102 made of sil-
icon dioxide and having a thickness of, e.g., about 100
nm can be formed on the substrate 101.

[0696] The insulating layer 102 ensures insulation to
prevent a voltage from leaking to the substrate 101 and
influencing desired electrical characteristics when a volt-
age is applied between the electrodes to be formed later.
For example, a silicon oxide film formed by oxidizing the
surface of the silicon substrate by thermal oxidation may
be used as the insulating layer 102. The insulating layer
102 may be made of any other insulating material except
silicon oxide if the insulating properties can be ensured.
The thickness of the insulating layer 102 need not always
be 100 nm and may be smaller or larger. In the above-
described formation of the insulating layer 102 by ECR
sputtering, the substrate 101 is not heated. However, the
film may be formed while heating the substrate 101.
[0697] After the insulating layer 102 is formed in the
above-described manner, a ruthenium film is formed on
the insulating layer 102 by similar ECR sputtering using
pure ruthenium (Ru) as a target. Formation of the Ru film
willbe describedin detail. Inan ECR sputtering apparatus
using a Ru target, for example, the silicon substrate with
the insulating layer formed on it is heated to 400°C. Ar
gas as arare gas is supplied into the plasma production
chamber at a flow rate of, e.g., 7 sccm. In addition, Xe
gas is supplied at a flow rate of, e.g., 5 sccm to set the
internal pressure of the plasma production chamber to
on the order of, e.g., 102 to 10-3 Pa.

[0698] The magnetic field of the electron cyclotron res-
onance condition is given to the plasma production cham-
ber. Then, a microwave of 2.45 GHz (about 500 W) is
supplied into the plasma production chamber to produce
ECR plasmaof Arand Xeinit. The produced ECR plasma
is output from the plasma production chamberto the proc-
ess chamber side by the divergent magnetic field of the
magnetic coil. In addition, a high-frequency power of
13.56 MHz (e.g., 500 W) is supplied to the ruthenium
target placed at the outlet of the plasma production cham-
ber. The sputtering phenomenon occurs to sputter Ru
particles from the ruthenium target. The Ru particles
sputtered from the ruthenium target reach the surface of
the insulating layer 102 on the substrate 101 and are
deposited.

[0699] With the above process, a metal film made of
Ru and having a thickness of, e.g., about 10 nm can be
formed on the insulating layer 102. When the metal film
is patterned by known lithography and etching, the plu-
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rality of lower electrodes 103 arranged while spaced
apart from each other are formed, as shownin Fig. 121A.
When rutheniumis irradiated with oxygen plasma, ozone,
or oxygen radicals, a ruthenium oxide (e.g., RuO, or
RuO, having a high vapor pressure is formed, as is
known. When ruthenium is oxidized by irradiation through
a mask by using the above nature, selective etching can
be done.

[0700] The dry etching using oxygen plasma, ozone,
or oxygen radicals is an isotropic etching process so that
so-called undercuts may be produced in the sectional
shape after etching. To avoid this, the ruthenium film may
be irradiated with plasma of a gas prepared by adding
argon to oxygen. When anisotropy is imparted to etching
in this way, a pattern without undercut can be formed.
[0701] The lower electrode 103 enables voltage appli-
cation to the ferroelectric layer 104 when a voltage is
applied between the lower electrode 103 and the upper
electrode 136 to be formed later. The lower electrode
103 may be made of any other material except ruthenium
if the conductivity can be ensured. The lower electrode
103 may be made of, e.g., platinum. A platinum film
formed on silicon dioxide readily peels off, as is known.
To prevent this, a layered structure is formed by inserting
a titanium layer, titanium nitride layer, or ruthenium layer
under the platinum layer. Platinum cannot be etched by
oxygen plasma, unlike ruthenium. Patterning for elec-
trode formation can be done by using a known lift-off
method. The thickness of the lower electrode 103 need
not always be 10 nm and may be smaller or larger.
[0702] As described above, in forming the Ru film by
ECR sputtering, the substrate 101 is heated to 400°C.
However, the substrate need not always be heated. How-
ever, if the substrate is not heated, the adhesion of ru-
thenium to silicon dioxide becomes low, and the film may
peel off. To prevent peeling, the film is formed preferably
while heating the substrate.

[0703] After the lower electrode 103 is formed in the
above-described manner, the ferroelectric layer 104 is
formed on the lower electrode 103, and the isolation layer
135 is formed on the insulating layer 102, as shown in
Fig. 121B, by ECR sputtering using argon (Ar) as a plas-
ma gas and oxygen gas and a target formed from an
oxide sintered body (Bi-Ti-O) in which the ratio of Bi to
Tiis 4 . 3. Formation of the ferroelectric layer 104 and
isolation layer 135 will be described. The substrate 101
is heated to 400°C to 450°C. Ar gas as a rare gas is
supplied into the plasma production chamber at a flow
rate of, e.g., 20 sccm to set the pressure on the order of,
e.g., 1073 to 102 Pa. In this state, the magnetic field of
the electron cyclotron resonance condition is given to the
plasma production chamber. Then, a microwave of 2.45
GHz (about 500 W) is supplied into the plasma production
chamber to produce ECR plasma in it.

[0704] The produced ECR plasma is output from the
plasma production chamber to the process chamber side
by the divergent magnetic field of the magnetic coil. In
addition, a high-frequency power of 13.56 MHz (e.g., 500
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W) is supplied to the sintered body target placed at the
outlet of the plasma production chamber. When Ar par-
ticles collide against the sintered body target, the sput-
tering phenomenon occurs to sputter Bi particles and Ti
particles. The Bi particles and Ti particles sputtered from
the sintered body target reach the surfaces of the heated
insulating layer 102 and lower electrode 103 together
with the ECR plasma output from the plasma production
chamber and the oxygen gas activated by the output ECR
plasma and are oxidized by the activated oxygen.
[0705] The oxygen (O,) gas serving as a reactive gas
is supplied at a flow rate of, e.g., 1 sccm separately from
the Ar gas, as will be described later. Although the sin-
tered body target contains oxygen, any shortage of oxy-
gen in the deposited film can be prevented by supplying
oxygen. With the above-described film formation by ECR
sputtering, the ferroelectric layer 104 and isolation layer
135 each having a thickness of, e.g., about 40 nm can
be formed (Fig. 121B). The isolation layer 135 formed on
the insulating layer 102 in an amorphous state contains
a plurality of microcrystalline grains of BisTizO, crystal
having a stoichiometric composition and a grain size of
about 3 to 15 nm. The ferroelectric layer 104 formed on
the lower electrode 103 in a crystalline state also contains
column crystal with the stoichiometric composition of
Bi, Ti3O4, in addition to the microcrystalline grains.
[0706] As shown in Fig. 121C, a metal film 146 made
of, e.g., Au is formed on the ferroelectric layer 104 and
isolation layer 135. As shownin Fig. 121D, resist patterns
150 are formed on portions as prospective elements by
well-known lithography. The metal film 146 is patterned
by dry etching using the resist patterns 150 as a mask
to form the upper electrodes 136 on the ferroelectric lay-
ers 104, as shown in Fig. 121E. When the resist patterns
150 are removed then, the element isolation structure
shown in Fig. 120 is obtained. The upper electrode 136
may be made of another metal material or conductive
material such as Ru, Pt, or TiN. When Pt is used, the
adhesion is poor, and the film may peel off. Hence, the
upper electrode 136 must be formed as an electrode by
forming a structure such as Ti-Pt-Au that hardly peels off
and executing a patterning process by photolithography
on that structure.

[0707] The above-described layer formation by ECR
sputtering is done by using an ECR sputtering apparatus
shown in Fig. 5.

[0708] In the film formation condition range wherein
microcrystalline grains are observed, as shown in Figs.
7B and 7B’, the base layer is amorphous, or column crys-
tal is observed in it. In either case, the state of the micro-
crystalline grains does not change. The size of the ob-
served microcrystalline grains is about 3 to 15 nm. In the
film formation range wherein the microcrystalline grains
are observed, different dependences are exhibited de-
pending on the underlayer condition and temperature
condition of the layer to be formed, as shown in Figs.
122. Temperatures to generate states "amorphous", "mi-
crocrystalline grains are dispersed”, "dispersed microc-

EP 2 348 555 B9

10

15

20

25

30

35

40

45

50

55

77

152

rystalline grains and column crystal are mixed", and "col-
umn-crystal or single-crystal ferroelectric" change be-
tween film formation on an amorphous material such as
oxide silicon and film formation on a crystal material such
as ruthenium.

[0709] As shown in Fig. 122, on an amorphous mate-
rial, an "amorphous" state is obtained under a film for-
mation condition up to 350°C. "Microcrystalline grains
are dispersed" under a film formation condition from
350°C to 500°C. "Dispersed microcrystalline grains and
column crystal are mixed" under a film formation condi-
tion from 500°C to 540°C. A "column-crystal or single-
crystal ferroelectric" is obtained under a film formation
condition of 540°C or more. On the other hand, on a crys-
tal material, an "amorphous" state is obtained under a
film formation condition up to 300°C. "Microcrystalline
grains are dispersed" under a film formation condition
from 300°C to 450°C. "Dispersed microcrystalline grains
and column crystal are mixed" under a film formation con-
dition from 450°C to 530°C. A "column-crystal or single-
crystal ferroelectric" is obtained under a film formation
condition of 530°C or more.

[0710] Hence, when the film formation condition is set
to 450°C to 500°C in a temperature range T shown in
Fig. 122, a film in which "microcrystalline grains are dis-
persed" is formed on an amorphous material, and a film
in which "dispersed microcrystalline grains and column
crystal are mixed" is formed on a crystal material.
[0711] The film in which "microcrystalline grains are
dispersed" and the film in which "dispersed microcrystal-
line grains and column crystal are mixed" will be de-
scribed next. A sample element A is prepared by forming
a film in which "microcrystalline grains are dispersed"
(thickness: about 50 nm) on a lower electrode made of
ruthenium at a temperature lower than 450°C and form-
ing an upper electrode made of gold on the film. A sample
element B is prepared by forming a film in which "dis-
persed microcrystalline grains and column crystal are
mixed" (thickness: about 50 nm) on a lower electrode
made of ruthenium at a temperature of 450°C to 500°C
and forming an upper electrode made of gold on the film.
[0712] Fig. 123 shows aresultobtained when a voltage
was applied to the upper electrode and lower electrode
in each of the above-described sample elements A and
B, and the state of a current flowing between the upper
electrode and the lower electrode was measured. As
shown in Fig. 123, in the sample element A, even when
avoltage of about 10 V is applied, no large current flows.
To the contrary, in the sample element B, when a voltage
of about 2 V is applied, a large current flows. That is, the
dielectric isolation for a breakdown voltage is larger in
the film in which "microcrystalline grains are dispersed"
than the film in which "dispersed microcrystalline grains
and column crystal are mixed".

[0713] After the EO process of applying a high voltage
in the film formation initial state is executed to flow a
current as shown in Fig. 123, these films exhibit a cur-
rent-voltage characteristic (resistance change character-
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istic) to repeat the high resistance state and low resist-
ance state in accordance with the applied voltage, as will
be described later.

[0714] When the film in which "microcrystalline grains
are dispersed" and film in which "dispersed microcrys-
talline grains and column crystal are mixed" undergo the
EO process, they exhibit the resistance change charac-
teristic shown in Fig. 124. As shown in Fig. 123, although
the film in which "microcrystalline grains are dispersed”
requires voltage application of 10 V or more for the EO
process, the EO process of the film in which "dispersed
microcrystalline grains and column crystal are mixed"
can be executed by voltage application of about 2 V. Al-
though the film in which "dispersed microcrystalline
grains and column crystal are mixed" can be EO-proc-
essed by applying a voltage of about 2 V to obtain the
resistance change characteristic, the film in which "mi-
crocrystalline grains are dispersed" is not EO-processed
by the same voltage application and exhibits no resist-
ance change characteristic.

[0715] When the film in which "dispersed microcrystal-
line grains and column crystal are mixed" is used as the
ferroelectric layer 104, and the film in which "microcrys-
talline grains are dispersed" is used as the isolation layer
135, an element isolation structure can be obtained in
which a plurality of elements using the ferroelectric layer
104 with the resistance change characteristic are isolated
by the isolation layers 135 having a high resistance. As
described above, by changing the underlayer condition,
the ferroelectric layer 104 and isolation layer 135 can be
formed simultaneously under the same sputtering film
formation condition in the same temperature range T.
[0716] The above-described resistance change char-
acteristics will be described next. The characteristics
were investigated by applying a voltage between the low-
er electrode 103 and the upper electrode 136. When a
voltage from a power supply was applied between the
lower electrode 103 and the upper electrode 136 after
the above-described EO process, and a current flowing
when the voltage was applied was measured by an am-
meter, aresult shownin Fig. 124 was obtained. Referring
to Fig. 124, the ordinate represents the current density
obtained by dividing the current value by the area. Fig.
124 and the operation principle of each element isolated
by the element isolation structure shown in Fig. 120 will
be described below. The voltage values and current val-
ues to be described here are mere examples measured
in an actual element. Hence, the phenomenon is not lim-
ited to the following numerical values. Other numerical
values can also be measured depending on the material
and thickness of each film actually used in the element
and other conditions.

[0717] Fig. 124 shows the hysteresis characteristics of
the values of currents which flow in the ferroelectric layer
104 when the voltage applied to the upper electrode 136
is increased from 0 in the positive direction, returned to
0, decreased in the negative direction, and finally re-
turned to 0 again. When the voltage applied to the upper
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electrode 136 is gradually increased from 0 V in the pos-
itive direction, the positive current flowing in the ferroe-
lectric layer 104 is relatively small (about 0.4 pA at0.1V).
[0718] When the voltage exceeds 0.5 V, the positive
current value starts abruptly increasing. After the voltage
is increased up to about 1 V, the positive voltage is de-
creased. Even when the voltage decreases from 1V to
about 0.7 V, the positive current value further increases.
When the voltage is lower than about 0.7 V, the current
value also starts decreasing. At this time, the positive
current readily flows as compared to the previous state.
The current value is about 4 pA at 0.1 V (10 times the
previous current value). When the applied voltage is re-
turned to 0, the current value also becomes 0.

[0719] Next, a negative voltage is applied to the upper
electrode 136. In this state, when the negative voltage is
low, a relatively large negative current flows according
to the previous hysteresis. When the applied negative
voltage is changed up to about -0.5 V, the negative cur-
rent suddenly starts decreasing. Even when the applied
negative voltage is changed up to about-1V, the negative
current value continuously decreases. Finally, the ap-
plied negative voltage is decreased from -1 Vto 0V, the
negative current value further decreases together and
returns to 0. In this case, the negative current hardly flows
and about -0.5 pA at-0.1 V.

[0720] The above-described hysteresis of the current
flowing in the ferroelectric layer 104 can be regarded as
being generated because the resistance value of the fer-
roelectric layer 104 changes depending on the voltage
applied to the upper electrode 136, as described above.
When a positive voltage V,y4 with a predetermined mag-
nitude or more is applied, the ferroelectric layer 104
changes to a "low resistance state" (data "1") wherein
the current hardly flows. When a negative voltage V\y,
with a predetermined magnitude is applied, the ferroe-
lectric layer 104 changes to a "high resistance state" (da-
ta "0") wherein the current hardly flows.

[0721] The ferroelectric layer 104 in the element iso-
lation structure also has the two stable states, i.e., low
resistance state and high resistance state. Each state
remains unless the above-described positive or negative
voltage with a predetermined magnitude or more is ap-
plied. The value of V,y is about +1 V. The value of Vyy
is about -1 V. The resistance ratio of the high resistance
state to the low resistance state is about 10 to 100. When
the above-described phenomenon that the resistance of
the ferroelectric layer 104 is switched by the voltage is
used, a nonvolatile functional element capable of a non-
destructive read operation can be implemented even in
the element isolation structure, like the above-described
functional elements.

[0722] Another element isolation structure will be de-
scribed next. Fig. 125 is a schematic sectional view show-
ing another structure example of the element isolation
structure. In the element isolation structure shown in Fig.
125, an insulating layer 102 is provided on a substrate
101 made of, e.g., single-crystal silicon, and a plurality
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of elements each including a common electrode layer
113 formed on the insulating layer 102, a lower electrode
103, a ferroelectric layer 104 having a thickness of about
30 to 200 nm, and an upper electrode 136 are isolated
by an isolation layer 135.

[0723] The ferroelectric layer 104 and isolation layer
135 are made of, e.g., Bi, Ti, and O and contain a plurality
of microcrystalline grains of BisTi;O4, crystal having a
stoichiometric composition and a grain size of about 3 to
15 nm. The ferroelectric layer 104 also contains column
crystal with the stoichiometric composition of Bi;TizO45
in addition to the microcrystalline grains. The isolation
layer 135 having the above-described structure has a
higher electrical resistance than the ferroelectric layer
104 so that the dielectric isolation for a breakdown volt-
age is large. On the other hand, the ferroelectric layer
104 has two stable states, i.e., low resistance state and
high resistance state, as will be described later. An ele-
ment using the ferroelectric layer 104 is a functional el-
ementto hold two states. This is the same as in the struc-
ture shown in Fig. 120.

[0724] The element isolation structure shown in Fig.
125 is different from the element isolation structure
shown in Fig. 120 in that the lower electrodes 103 are
connected by the common electrode layer 113. In the
element isolation structure shown in Fig. 125, the com-
mon electrode layer 113 is made of a conductive material
in an amorphous state. The common electrode layer 113
is made of, e.g., titanium nitride, zinc oxide, or ITO (In-
dium Tin Oxide) in an amorphous state. Hence, even in
the element isolation structure shown in Fig. 125, the
isolation layer 135 is formed on an amorphous layer.
[0725] An example of a method of manufacturing the
element isolation structure shown in Fig. 125 will be de-
scribed next. As shown in Fig. 126A, the p-type silicon
substrate 101 having a plane orientation of (100) on the
principal plane and aresistivity of 1to 2 Qcm is prepared.
The surface of the substrate 101 is cleaned by a solution
mixture of sulfuric acid and a hydrogen peroxide solution,
pure water, and a hydrogen fluoride solution and dried.
The insulating layer 102 is formed on the cleaned and
dried substrate 101. A common electrode layer 143 made
of, e.g., titanium nitride is formed on the insulating layer
102. Ametalfilm made of, e.g., Ru and having a thickness
of about 10 nm is formed on the common electrode layer
143. When the metal film is patterned by known lithog-
raphy and etching, the plurality of lower electrodes 103
spaced apart from each other are formed, as shown in
Fig. 126A.

[0726] After the lower electrode 103 is formed in the
above-described manner, the ferroelectric layer 104 is
formed on the lower electrode 103, and the isolation layer
135 is formed on the common electrode layer 143, as
shown in Fig. 126B, by ECR sputtering using argon (Ar)
as a plasma gas and oxygen gas and a target formed
from an oxide sintered body (Bi-Ti-O) in which the ratio
of Bito Tiis 4 : 3. Formation of the ferroelectric layer 104
and isolation layer 135 will be described. The substrate
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101 is heated to 400°C to 450°C. Ar gas as a rare gas is
supplied into the plasma production chamber at a flow
rate of, e.g., 20 sccm to set the pressure on the order of,
e.g., 103 to 102 Pa. In this state, the magnetic field of
the electron cyclotron resonance condition is given to the
plasma production chamber. Then, a microwave of 2.45
GHz (about 500 W) is supplied into the plasma production
chamber to produce ECR plasma in it.

[0727] The produced ECR plasma is output from the
plasma production chamber to the process chamber side
by the divergent magnetic field of the magnetic coil. In
addition, a high-frequency power of 13.56 MHz (e.g., 500
W) is supplied to the sintered body target placed at the
outlet of the plasma production chamber. When Ar par-
ticles collide against the sintered body target, the sput-
tering phenomenon occurs to sputter Bi particles and Ti
particles. The Bi particles and Ti particles sputtered from
the sintered body target reach the surfaces of the heated
common electrode layer 143 and lower electrode 103
together with the ECR plasma output from the plasma
production chamber and the oxygen gas activated by the
output ECR plasma and are oxidized by the activated
oxygen.

[0728] The oxygen (O,) gas serving as a reactive gas
is supplied at a flow rate of, e.g., 1 sccm separately from
the Ar gas, as will be described later. Although the sin-
tered body target contains oxygen, any shortage of oxy-
gen in the deposited film can be prevented by supplying
oxygen. With the above-described film formation by ECR
sputtering, the ferroelectric layer 104 and isolation layer
135 each having a thickness of, e.g., about 40 nm can
be formed (Fig. 126B). The isolation layer 135 formed on
the common electrode layer 143 in an amorphous state
contains a plurality of microcrystalline grains of Bis TizO 5
crystal having a stoichiometric composition and a grain
size of about 3 to 15 nm. The ferroelectric layer 104
formed on the lower electrode 103 in a crystalline state
also contains column crystal with the stoichiometric com-
position of Bi,TizO4, in addition to the microcrystalline
grains.

[0729] As shown in Fig. 126C, a metal film 146 made
of, e.g., Au is formed on the ferroelectric layer 104 and
isolation layer 135. As shown in Fig. 126D, resist patterns
150 are formed on portions as prospective elements by
well-known lithography. The metal film 146 is patterned
by dry etching using the resist patterns 150 as a mask
to form the upper electrodes 136 on the ferroelectric lay-
ers 104, as shown in Fig. 126E. When the resist patterns
150 are removed then, the element isolation structure
shown in Fig. 125 is obtained.

[0730] The substrate 101 can be made of any one of
asemiconductor, insulator, and conductive material such
as a metal. When the substrate 101 is made of an insu-
lating material, the insulating layer 102 can be omitted.
The lower electrode 103 and upper electrode 136 need
only be made of a transition metal including noble metals
such as gold (Au) and silver (Ag). The above-described
electrodes may be made of a compound such as a nitride,
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oxide, or fluoride of a transition metal, such as titanium
nitride (TiN), hafnium nitride (HfN), strontium ruthenate
(SrRu0,), zinc oxide (ZnO), indium tin oxide (ITO), or
lanthanum fluoride (LaF3) in a crystalline state, or a com-
posite film formed by stacking them. The common elec-
trode layer 143 may be made of a compound such as a
nitride, oxide, or fluoride of a transition metal, such as
hafnium nitride (HfN), strontium ruthenate (SrRuO,), or
lanthanum fluoride (LaF3) in an amorphous state, or a
composite film formed by stacking them.

[0731] Figs. 120 and 125 show three element portions.
A plurality of elements may be arrayed and integrated
two-dimensionally. For example, when island-shaped
metal oxide layers are arrayed on a substrate at a pre-
determined interval and connected by an electrode, the
degree of integration can easily be increased.

Claims

1. A method of forming a metal oxide thin film, charac-
terized by comprising:

the step of producing a first plasma made of an
inert gas and oxygen gas which are supplied at
a predetermined composition ratio, applying a
negative bias to a target made of titanium and
bismuth and causing particles generated from
the first plasma to collide against the target to
cause a sputtering phenomenon, and depositing
a material of the target on a substrate, thereby
forming, on the substrate, a metal oxide thin film
including at least a base layer which is made of
titanium and oxygen, and a plurality of fine par-
ticles which are made of titanium, bismuth, and
oxygen and dispersed in the base layer,
wherein the first plasma is an electron cyclotron
resonance plasma which is produced by elec-
tron cyclotron resonance and receives kinetic
energy from a divergent magnetic field, and
the substrate is heated to a predetermined tem-
perature.

Patentanspriiche

1. Verfahren zum Bilden eines Metalloxidfiims, da-
durch gekennzeichnet, dass es umfasst:

den Schritt des Herstellens eines ersten Plas-
mas, bestehend aus einem inerten Gas und
Sauerstoffgas, die in einem vorbestimmten Zu-
sammensetzungsverhaltnis zugefiihrt werden,
des Anlegens einer negativen Vorspannung an
ein Target, das aus Titan und Bismut hergestellt
istund das bewirkt, dass von dem ersten Plasma
erzeugte Partikel mit dem Ziel kollidieren und
dadurch ein Sputter-Phadnomen erzeugen, und
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des Aufbringens eines Materials des Targets auf
ein Substrat, wodurch auf dem Substrat ein Me-
talloxidfilm gebildet wird, der mindestens eine
aus Titan und Sauerstoff bestehende Basis-
schichtund eine Mehrzahl aus Titan, Bismut und
Sauerstoff bestehender feiner Partikel umfasst,
die in der Basisschicht dispergiert sind,

wobei das erste Plasma ein Elektron-Zyklotron-
Resonanzplasma ist, das durch Elektron-Zyklo-
tron-Resonanz hergestelltistund kinetische En-
ergie von einem divergenten Magnetfeld erhalt,
und

das Substrat auf eine vorbestimmte Temperatur
erwarmt wird.

Revendications

1. Procédé de formation d’'une couche mince d’oxyde
métallique, caractérisé en ce qu’il comprend :

I'étape consistant a produire un premier plasma
composeé d’un gaz inerte et d’'un gaz d’oxygéne
qui sont fournis a un rapport de composition pré-
déterminé, a appliquer une polarisation négative
a une cible constituée de titane et de bismuth et
a provoquer la collision des particules générées
a partir du premier plasma contre la cible pour
que se produise un phénomene de pulvérisa-
tion, et a déposer un matériau de la cible sur un
substrat, formant ainsi, sur le substrat, une cou-
che mince d’'oxyde métallique comprenant au
moins une couche de base composée de titane
et d’oxygene, et une pluralité de fines particules
composees de titane, de bismuth et d’'oxygéne
et dispersées sur la couche de base,

dans lequel le premier plasma est un plasma a
résonance de cyclotron d’électrons qui est pro-
duit par la résonance de cyclotron d’électrons
et recoit une énergie cinétique d’'un champ ma-
gnétique divergent, et

le substrat est chauffé a une température pré-
déterminée.
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