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Description

PRIORITY CLAIM

[0001] This application claims the benefit of the filing
date of United States Patent Application Serial No.
14/282,520, filed May 20, 2014, for "Polar, Chiral, and
Non-Centro-Symmetric Ferroelectric Materials, Memory
Cells Including Such Materials, and Related Devices and
Methods."

TECHNICAL FIELD

[0002] Embodiments of the disclosure relate to the field
of semiconductor device design and fabrication. More
specifically, embodiments of the disclosure relate to
methods of forming ferroelectric memory cells including
a ferroelectric material and to related semiconductor de-
vice structures, such as memory devices.

BACKGROUND

[0003] Demands on semiconductor memory devices
toward larger storage capacity and faster access speed
have continued to increase. Semiconductor memory de-
vices may be categorized into volatile memory devices
and non-volatile memory devices. Dynamic Random Ac-
cess Memory (DRAM) is a prominent volatile memory
device, allowing for high speed and high capacity data
storage. Examples of non-volatile memory devices in-
clude ROM (Read-only-Memory), EEPROM (Electrically
Erasable Programmable ROM), FeRAM (Ferroelectric
RAM), and MRAM (Magnetoresistive RAM).
[0004] With regard to FeRAM devices, a ferroelectric
material is used to store information. The FeRAM devices
may include a 1T-1C (1 Transistor-1 Capacitor) memo
ry cell design, similar in construction to a DRAM memory
cell, wherein one capacitor and one access transistor
form a memory cell. While the dielectric material of DRAM
cell capacitor is a linear dielectric material, the dielectric
material of FeRAM cell capacitor includes a ferroelectric
dielectric material. The FeRAM devices may include a
1T (1 Transistor) memory cell design, based on a ferro-
electric field effect transistor (FeFET). For FeFET mem-
ory cell, the gate isolation material includes a ferroelectric
dielectric material.
[0005] Ferroelectric (FE) materials are electrically po-
larizable materials that possess at least two polarization
states, which polarization states may be switched by the
application of an external electric field. Each polarization
state of FE materials remains stable even after the re-
moval of the applied electric field for at least some period
of time. Due to this stability of polarization states, FE
materials have been used for memory applications. One
of the polarization states is considered to be a logic "1"
and the other state a logic "0." FE materials have a non-
linear relationship between the applied electric field and
the apparent stored charge, resulting in a ferroelectric

characteristic in the form of a hysteresis loop. Several
types of FE memory devices have been reported, such
as FeRAM devices, and FeFET for NAND and NOR de-
vices.
[0006] Perovskite materials, such as lead zirconate ti-
tanate (PZT), have commonly been used as FE materials
for the FE memory device applications. However, such
conventional FE memory devices often fall short in terms
of bit density and scalability because perovskite materials
exhibit low remnant polarization (Pr). For FeRAM, the
thickness of ferroelectric PZT film must be up to 200 na-
nometers (nm). Thus, the use of conventional FE mate-
rials for the sub 20 nm-FE memory devices has been
limited. In addition, conventional FE materials, such as
PZT, possess limited compatibility with standard semi-
conductor processing techniques.
[0007] Thin films of silicon doped hafnium oxide
(SiHfO2) in orthorhombic phase have been investigated
as an FE material for FE memory devices. However, the
orthorhombic phase of SiHfO2 is not stable, and certain
restrictive processing techniques must be utilized in order
to stabilize the orthorhombic phase. For example, a tita-
nium nitride (TiN) top electrode may be formed over the
thin film of SiHfO2 material, prior to inducing the crystal-
lization of SiHfO2 material through a high temperature
annealing process. By crystallizing SiHfO2 material in the
presence of an overlying TiN top electrode cap, the or-
thorhombic phase of SiHfO2 material is formed and sta-
bilized by the mechanically confining (i.e., capping) effect
of TiN top electrode, which mechanically strains the un-
derlying SiHfO2 material. It has been reported that by
using such SiHfO2 material as the FE material for an FE
memory device, the required thickness of the FE material
may be reduced to less than 10 nm.
[0008] U.S. Patent 8,304823, issued November 6,
2012 to Boescke, discloses a method for manufacturing
a ferroelectric memory cell. An amorphous oxide layer
of Hf, Zr or (Hf, Zr) is formed over a carrier, and then a
covering layer is formed on the amorphous oxide layer.
Upon heating the amorphous oxide layer up to a temper-
ature above its crystallization temperature in the confine-
ment of covering layer (i.e., mechanical capping), at least
part of the amorphous oxide layer alters its crystal state
from amorphous to crystalline, resulting in a crystallized
oxide layer that is suitable as a FE material for an FE
memory cell. The article "Incipient Ferroelectricity in Al-
Doped HfO2 Thin Films" published in Advanced Func-
tional Materials vol. 22, no 11, 2012 investigates thin films
of aluminium-doped HfO2 of 16 nm thickness and uses
electrical characterization to show the incipient antifer-
roelectric and ferroelectric nature of the material system
which is said to be due to the incorporation of aluminium
into the host lattice.
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FIG. 1 is a cross-sectional view of a 1T-FeRAM mem-
ory cell in accordance with an embodiment of the
present disclosure;
FIG. 2 is a cross-sectional view of a 1T-FeRAM mem-
ory cell in accordance with another embodiment of
the present disclosure;
FIG. 3 is a cross-sectional view of a 1T-FeRAM mem-
ory cell in accordance with yet another embodiment
of the present disclosure;
FIG. 4A is a cross-sectional view of a 1T-FeRAM
memory cell like that of FIG. 1 in a quiescent state,
wherein the voltages of Vd, Vg, Vs, and Vb are set
to 0 V;
FIG. 4B is a cross-sectional view of a 1T-FeRAM
memory cell like that of FIG. 1 in a "write 0" opera-
tional state, wherein the gate voltage Vg is set to
above 0 V, and Vd, Vs, Vb are set to 0 V;
FIG. 4C is a cross-sectional views of a 1T-FeRAM
memory cell like that of FIG. 1 in a "write 1" opera-
tional state, wherein the gate voltage Vg is set to
below 0 V, and Vd, Vs, Vb are set to 0 V;
FIG. 5 is a cross-sectional view of a 1T-1C FeRAM
memory cell in accordance with another embodi-
ment of the present disclosure; and
FIG. 6 is a simplified plan view of a portion of a FeR-
AM memory cell array in accordance with an embod-
iment of the present disclosure.

MODE(S) FOR CARRYING OUT THE INVENTION

[0010] Ferroelectric memory cells are disclosed that
include a ferroelectric material according to claim 1. The
ferroelectric crystalline material may be doped, mechan-
ically strained, or both to prevent formation of inversion
symmetry through an inversion center. Also disclosed
are methods of forming a semiconductor structure that
includes such ferroelectric material, and related semi-
conductor devices.
[0011] The following description provides specific de-
tails, such as material types, material thicknesses, and
processing conditions in order to provide a thorough de-
scription of embodiments of the disclosure. However, a
person of ordinary skill in the art will understand that the
embodiments of the disclosure may be practiced without
employing these specific details. Indeed, the embodi-
ments of the disclosure may be practiced in conjunction
with conventional fabrication techniques employed in the
industry. In addition, the description provided herein does
not form a complete process flow for forming a semicon-
ductor device structure, and each of the semiconductor
device structures described below do not form a com-
plete semiconductor device. Only those process acts and
structures necessary to understand the embodiments of
the disclosure are described in detail below. Additional
acts to form a complete semiconductor device may be
performed by conventional fabrication techniques. Also
note, any drawings accompanying the present applica-
tion are for illustrative purposes only, and are thus not

drawn to scale. Additionally, elements common between
figures may retain the same numerical designation.
[0012] As used herein, the singular forms "a," "an," and
"the" are intended to include the plural forms as well,
unless the context clearly indicates otherwise.
[0013] As used herein, relational terms, such as "top,"
"bottom," "over," "under," etc., are used for clarity and
convenience in understanding the disclosure and accom-
panying drawings and do not connote or depend on any
specific preference, orientation, or order, except where
the context clearly indicates otherwise.
[0014] As used herein, the term "substrate" means and
includes a foundation material or construction upon
which components, such as those within a semiconduc-
tor device structure are formed. The substrate may be a
semiconductor substrate, a base semiconductor material
on a supporting structure, a metal electrode, or a semi-
conductor substrate having one or more materials, struc-
tures, or regions formed thereon. The substrate may be
a conventional silicon substrate or other bulk substrate
including a semiconductive material. As used herein, the
term "bulk substrate" means and includes not only silicon
wafers, but also silicon-on-insulator ("SOI") substrates,
such as silicon-on-sapphire ("SOS") substrates or sili-
con-on-glass ("SOG") substrates, epitaxial layers of sili-
con on a base semiconductor foundation, or other sem-
iconductor or optoelectronic materials, such as silicon-
germanium (Si1-xGex, where x is, for example, a mole
fraction between 0.2 and 0.8), germanium (Ge), gallium
arsenide (GaAs), gallium nitride (GaN), or indium phos-
phide (InP), among others. Furthermore, when reference
is made to a "substrate" in the following description, pre-
vious process stages may have been utilized to form ma-
terials, regions, or junctions in or on the base semicon-
ductor structure or foundation.
[0015] The disclosed ferroelectric materials may be
suitable for FeRAM devices. As non-limiting examples,
the FeRAM devices may include, but not limited to, a 1T-
1C (1 Transistor-1 Capacitor) FE memory cell, or a IT (1
Transistor) FE memory cell based on a ferroelectric field
effect transistor (FeFET).
[0016] FIGS. 1-4 show non-limiting examples of 1T-
FeRAM memory cells, and FIG. 5 shows a non-limiting
example of 1T-1C FeRAM memory cell.
[0017] FIG. 1 shows a non-limiting example of the dis-
closed 1T-FeRAM (FeFET) memory cell that is structur-
ally similar to metal-oxide-semiconductor field-effect
transistor (MOSFET) with the linear dielectric oxide ma-
terial replaced by the disclosed FE crystalline material.
The 1T-FeRAM memory cell 100 includes a substrate
102, a source 104, a drain 106, a FE crystalline material
140 over the substrate 102, and a gate electrode material
160 over the FE crystalline material 140.
[0018] The FE crystalline material 140 may include a
polar and chiral crystal structure without inversion sym-
metry through an inversion center, wherein the ferroe-
lectric crystalline material does not consist essentially of
an oxide of at least one of hafnium (Hf) and zirconium (Zr).
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[0019] Upon crystallization, the FE crystalline material
140 may form polycrystalline microstructrues, wherein at
least some grains or crystals within the polycrystalline
microstructure have ferroelectric properties. Some
grains or crystals within the polycrystalline microstructure
may not exhibit ferroelectric properties. In general, the
polar, chiral, non-centro-symmetric phase or phases ex-
hibit ferroelectric characteristics.
[0020] In some embodiments, the FE crystalline ma-
terial 140 may comprise a polar, chiral, non-centro-sym-
metric phase selected from the group consisting of or-
thorhombic, tetragonal, cubic, monoclinic, triclinic, trigo-
nal, and hexagonal phases.
[0021] In some embodiments, the FE crystalline ma-
terial 140 may comprise a polar, chiral, non-centro-sym-
metric phase selected from the group consisting of or-
thorhombic and tetragonal phases.
[0022] In some embodiments, the FE crystalline ma-
terial 140 may comprise a non-centro-symmetric or-
thorhombic structure corresponding to a space group se-
lected from the group consisting of Pca21, Pbc21, Pmc21,
Pmn21, and Pna21.
[0023] Non-limiting examples of the FE crystalline ma-
terials 140 having a non-centro-symmetric orthorhombic
structure corresponding to Pca21 space group may in-
clude, but not limited to, V2P2O9, K3Mo3ScO12,
BaYCo4O8, CaNa2Al4Si4O16, or LaNa3V2O8.
[0024] Non-limiting examples of the FE crystalline ma-
terials 140 having a non-centro-symmetric orthorhombic
structure corresponding to Pbc21 space group may in-
clude, but not limited to, V2P2O9, K3Mo3ScO12,
BaYCo4O8, CaNa2Al4Si4O16, or LaNa3V2O8.
[0025] Non-limiting examples of the FE crystalline ma-
terials 140 having a non-centro-symmetric orthorhombic
structure corresponding to Pmc21space group may in-
clude, but not limited to, SnGa4Se7, SeO2, TixTayLazO11
where x+y+z = 3, or In11Mo40O62. In one embodiment,
the FE crystalline material 140 having a non-centro-sym-
metric orthorhombic structure corresponding to Pmc21
space group may be Ti1.92Ta 1.08La3O11-
[0026] Non-limiting examples of the FE crystalline ma-
terials 140 having a non-centro-symmetric orthorhombic
structure corresponding to Pmn21 space group may in-
clude, but not limited to, TiSO5, V2O5, Sr5Nb5O16, or
ZrMo2O8.
[0027] Non-limiting examples of the FE crystalline ma-
terials 140 having a non-centro-symmetric orthorhombic
structure corresponding to Pna21 space group may in-
clude, but not limited to, Si2Y2O7, Sr2P2O7, or
Ti0.98Zr0.02RbPO5.
[0028] In some embodiments, the FE crystalline ma-
terial 140 may comprise a non-centro-symmetric tetrago-
nal structure corresponding to a space group selected
from the group consisting of P422, P4212, P4122,
P41212, P4222, P42212, P4322, and P43212.
[0029] In some embodiments, the FE crystalline ma-
terial 140 may be at least substantially free of zirconium
and hafnium.

[0030] In some embodiments, the FE crystalline ma-
terial 140 may be doped, mechanically strained, or both
to prevent formation of inversion symmetry through an
inversion center.
[0031] In some embodiments, the FE crystalline ma-
terial 140 may further comprise a ternary or quaternary
oxide material selected from the group consisting of
Ti1.1Zr0.893Hf0.008O4, Ti1.92 Ta1.08La3O11, Sr5Nb5O16,
ZrMo2O8, Si2Y2O7, andTi0.98Zr0.02RbPO5.
[0032] In some embodiments, the FE crystalline ma-
terial 140 may include at least one dopant selected from
the group consisting of yttrium (Y), lanthanum (La), gado-
linium (Gd), niobium (Nb), tantalum (Ta), vanadium (V),
phosphorus (P), potassium (K), scandium (Sc), rubidium
(Rb), selenium (Se), tin (Sn), magnesium (Mg), calcium
(Ca), barium (Ba), and indium (In).
[0033] The dopants included in the FE crystalline/poly-
crystalline material may be utilized to increase the en-
durance of FE memory cell, lower the coercive-field/volt-
age (Ec/Vc), modulate the capacitance/dielectric con-
stant and its frequency response, enhance the redox re-
sistance at the interfaces or in the relative bulk, reduce
the oxygen vacancy generation/migration and redistribu-
tion, as well as to stabilize the FE phase leading to in-
creased remnant/spontaneous polarization.
[0034] In some embodiments, the FE crystalline ma-
terial 140 may comprise a high-k dielectric material
doped with at least one metal selected from the group
consisting of gadolinium (Gd), lanthanum (La), vanadium
(V), phosphorus (P), potassium (K), scandium (Sc), ru-
bidium (Rb), selenium (Se), tin (Sn), magnesium (Mg),
calcium (Ca), barium (Ba), and indium (In). The high-k
dielectric material comprises hafnium oxide (HfOx), zir-
conium oxide (ZrOx), titanium oxide (TiOx), hafnium tita-
nium oxide (HfZrOx), hafnium titanium oxide (HfTiOx), or
hafnium silicon oxide (HfSiOx). The FE crystalline mate-
rial 140 may comprise the at least one metal in an amount
between about 0.5% and about 30% by weight.
[0035] In one embodiment, the FE crystalline material
140 may comprise a high-k dielectric material doped with
yttrium (Y), wherein high-k dielectric material comprises
hafnium oxide (HfOx), zirconium oxide (ZrOx), titanium
oxide (TiOx), hafnium titanium oxide (HfZrOx), hafnium
titanium oxide (HfTiOx), or hafnium silicon oxide (HfSiOx).
The FE crystalline material 140 may comprise Y in an
amount between about 0.5% and about 25% by weight.
[0036] In one embodiment, the FE crystalline material
140 may comprise a high-k dielectric material doped with
strontium (Sr), wherein high-k dielectric material com-
prises hafnium oxide (HfOx), zirconium oxide (ZrOx), ti-
tanium oxide (TiOx), hafnium titanium oxide (HfZrOx),
hafnium titanium oxide (HfTiOx), or hafnium silicon oxide
(HfSiOx). The FE crystalline material 140 may comprise
Sr in an amount between about 0.05% and about 20%
by weight.
[0037] In one embodiment, the FE crystalline material
140 may comprise a high-k dielectric material doped with
at least one of niobium (Nb) and tantalum (Ta), wherein
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high-k dielectric material comprises hafnium oxide
(HfOx), zirconium oxide (ZrOx), titanium oxide (TiOx), haf-
nium titanium oxide (HfZrOx), hafnium titanium oxide
(HfTiOx), or hafnium silicon oxide (HfSiOx). At least one
of Nb and Ta may be present in the FE crystalline material
140 in an amount between about 0.2% and about 10%
by weight.
[0038] The FE crystalline material 140 may be formed
over the substrate 102 by any conventional techniques.
Non-limiting examples of the conventional techniques
may include, but not limited to, atomic layer deposition
(ALD), metal organic atomic layer deposition (MOALD),
chemical vapor deposition (CVD), metal organic chemi-
cal vapor deposition (MOCVD), and physical vapor dep-
osition (PVD).
[0039] In some particular embodiments, the FE crys-
talline material 140 may be formed over the substrate
102 by ALD or MOALD process based on the precursors
of the FE metal oxide, oxidant, and, optionally, the dopant
capable of interrupting the inversion symmetry of FE met-
al oxide. The ALD or MOALD process may be performed
at a temperature between about 150°C and about 350°C,
and a pressure between about 10 mtorr and about 10 torr.
[0040] Various known oxidants may be used for the
process. By way of non-limiting examples, the oxidant
may include, but not limited to, water vapor (H2O), hy-
drogen peroxide (H2O2), ozone (O3), or oxygen (O2).
[0041] When the FE crystalline material 140 comprises
Zr-based material, the FE crystalline material 140 may
be formed by ALD process based on any known Zr-pre-
cursors. Non-limiting examples of Zr-precursors may in-
clude, but not limited to, ZrCl4, C8H24N4Zr, or
(C5H5)Zr[N(CH3)2]3.
[0042] When the FE crystalline material 140 comprises
Hf-based material, the FE crystalline material 140 may
be formed by ALD process based on any known Hf pre-
cursors. Non-limiting examples of Hf-precursors may in-
clude, but not limited to, HfCl4, C8H24N4Hf, or
(C5H5)Hf[N(CH3)2]3.
[0043] When the FE crystalline material 140 comprises
Ti-based material, the FE crystalline material 140 may
be formed by ALD process based on any known Ti pre-
cursors. Non-limiting examples of Ti-precursors may in-
clude, but not limited to, TiCl4, C8H24N4Ti, or
(C5H5)Ti[N(CH3)2]3-
[0044] When the FE crystalline material 140 comprises
a dopant, the amount of dopant in the FE crystalline ma-
terial 140 may be defined by varying the cycle ratio of
the precursors. The content of dopant may be monitored
and determined by any conventional techniques and,
therefore is not described in detail herein. Non-limiting
examples of such techniques may include, but not limited
to, secondary ions mass spectrometry, X-ray photoelec-
tron spectroscopy (XPS), high resolution transmission
spectroscopy (HR-TEM), etc. In some embodiments, the
amount of dopant in the FE crystalline material 140 may
be in a range of about 0.05% to about 30% by weight.
The amount of dopant may depend on the thickness of

FE crystalline material 140, the process temperature of
140 or top electrode 160, or the annealing conditions
such as post metallization annealing (PMA) conditions.
For example, when increasing the thickness of FE crys-
talline material 140, the amount of dopant may also have
to be increased to achieve a desired crystallization hav-
ing ferroelectric properties.
[0045] In some embodiments, the thickness of FE crys-
talline material 140 may be in a range of about 1 nm to
about 100 nm. In some embodiments, the thickness of
FE crystalline material 140 may be in a range of about 2
nm to about 20 nm.
[0046] The gate electrode material 160 may be formed
over the FE crystalline material 140 to provide the sem-
iconductor structure 100. The gate electrode material 160
may be formed over the FE crystalline material 140 by
any conventional techniques. Non-limiting examples of
such conventional techniques may include, but not lim-
ited to, atomic layer deposition (ALD), plasma enhanced
atomic layer deposition (PE-ALD), atomic vapor deposi-
tion (AVD), ultraviolet assisted atomic layer deposition
(UV-ALD), chemical vapor deposition (CVD), plasma en-
hanced chemical vapor deposition (PECVD), or physical
vapor deposition (PVD).
[0047] Any conventional gate electrode material may
be used for the gate electrode material 160. Such mate-
rials may comprise an elemental metal, an alloy of two
or more elemental metals, a conductive metal compound,
a conductively-doped semiconductor material, or mix-
tures thereof. Non-limiting examples may include, but not
limited to, TiN, TiCN, TiAIN, TiAlCN, Ti-W, Ru-TiN, or
RuCN.
[0048] Accordingly, the present disclosure describes
a ferroelectric memory device including a plurality of
memory cells. Each of the memory cells comprises at
least one electrode and a ferroelectric crystalline material
disposed proximate the at least one electrode. The fer-
roelectric crystalline material is polarizable by an electric
field generated by the at least one electrode in an elec-
trically charged state. The ferroelectric crystalline mate-
rial has a polar and chiral crystal structure without inver-
sion symmetry through an inversion center. The ferroe-
lectric crystalline material comprises a material selected
from the group consisting of hafnium oxide (HfOx), zirco-
nium oxide (ZrOx), titanium oxide (TiOx), hafnium zirco-
nium oxide (HfZrOx), hafnium titanium oxide (HfTiOx),
and hafnium silicon oxide (HfSiOx). The ferroelectric
crystalline material further comprises least one dopant
selected from the group consisting of yttrium (Y), stron-
tium (Sr), niobium (Nb), tantalum (Ta), lanthanum (La),
gadolinium (Gd),vanadium (V), phosphorus (P), potassi-
um (K), scandium (Sc), rubidium (Rb), selenium (Se), tin
(Sn), magnesium (Mg), calcium (Ca), barium (Ba), and
indium (In).
[0049] Furthermore, the present disclosure describes
a method of forming a semiconductor structure. The
method comprises forming a ferroelectric crystalline ma-
terial over a substrate, and forming at least one electrode
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proximate the ferroelectric crystalline material. The fer-
roelectric crystalline material has a polar and chiral crys-
tal structure without inversion symmetry through an in-
version center. The ferroelectric crystalline material does
not consist essentially of an oxide of at least one of haf-
nium (Hf) and zirconium (Zr).
[0050] In some embodiments, the method may further
comprise annealing the ferroelectric crystalline material
and altering a crystal structure of the ferroelectric crys-
talline material.
[0051] The FE crystalline material 140 may be an-
nealed to initiate the crystallization into the desired fer-
roelectric phase. The annealing of FE crystalline material
140 into the desired ferroelectric phase may be per-
formed by post deposition annealing (PDA) or post met-
allization annealing (PMA) process.
[0052] In the PDA process, the FE crystalline material
140 is annealed into the desired ferroelectric phase prior
to the formation of the gate electrode material 160 over
the FE crystalline material 140.
[0053] In the PMA process, the FE crystalline material
140 is annealed into the desired ferroelectric phase after
the gate electrode material 160 is formed over the FE
crystalline material 140. In some embodiments, the PMA
annealing may be performed by a rapid thermal process-
ing (RTP) annealing technique under ambient nitrogen
(N2) or argon (Ar) condition.
[0054] Thus, in some embodiments, the method may
further comprise mechanically straining the ferroelectric
crystalline material to stabilize the polar and chiral crystal
structure of the ferroelectric crystalline material.
[0055] Whether the FE crystalline material 140 is an-
nealed by PDA or PMA process depends on various fac-
tors, including, but not limited to, the types of high-k di-
electric material, the types and amounts of dopants, or
the desired structures of FE crystalline phase.
[0056] The PDA or PMA annealing conditions may be
defined based on various controlling factors. By non-lim-
iting examples, such controlling factor may include, but
not limited to, the composition of FE crystalline material
140, the thickness of FE crystalline material 140, and the
composition and thickness of electrode material 160
overlying the FE crystalline material 140 (in case of PMA
process). The relatively thinner FE crystalline/polycrys-
talline material 140 may require a higher annealing tem-
perature and longer annealing times. The annealing re-
quirement is strongly dependent on the choice of FE ma-
terial 140, such that, in some embodiments of present
disclosure, the post metallization anneal may be elimi-
nated, with only a post deposition anneal sufficing. In
addition to the thickness of FE crystalline/polycrystalline
material 140 and/or electrode material 160, the substrate
induced stress may play an important role and may sig-
nificantly influence the annealing conditions
[0057] When the FE crystalline material 140 comprises
at least one dopant, the annealing conditions of the FE
crystalline material 140 may also be a function of the
amount and type of dopant present in the FE crystalline

material 140. At relatively higher dopant concentrations,
the annealing temperature of the FE crystalline material
140 may be higher than the annealing temperature of the
FE crystalline material 140 having a lower amount of the
dopant.
[0058] In the embodiments wherein the FE crystalline
material 140 comprises at least one doped metal select-
ed from the group consisting of gadolinium (Gd), lantha-
num (La), vanadium (V), phosphorus (P), potassium (K),
scandium (Sc), rubidium (Rb), selenium (Se), tin (Sn),
magnesium (Mg), calcium (Ca), barium (Ba), and indium
(In), the annealing of the FE crystalline material 140 may
be achieved by PMA annealing at a temperature between
about 500°C and about 800°C for about 20 seconds to
about 600 seconds.
[0059] When the FE crystalline material 140 comprises
a high-k dielectric material doped with yttrium (Y), the
annealing of the FE crystalline material 140 may be
achieved by post deposition annealing (PDA) or post
metallization annealing (PMA) at a temperature between
about 450°C and about 800°C for about 20 seconds to
about 600 seconds.
[0060] When the FE crystalline material 140 comprises
a high-k dielectric material doped with strontium (Sr), the
annealing of the FE crystalline material 140 may be
achieved by PMA annealing at a temperature between
about 450°C and about 800°C for about 20 seconds to
about 600 seconds.
[0061] When the FE crystalline material 140 comprises
a high-k dielectric material doped with at least one of
niobium (Nb) and tantalum (Ta), the annealing of the FE
crystalline material 140 may be achieved by PMA an-
nealing at a temperature between about 450°C and about
800°C for about 20 seconds to about 300 seconds.
[0062] Accordingly, the present disclosure describes
a method of forming a semiconductor structure. The
method comprises forming a ferroelectric crystalline ma-
terial over a substrate. The ferroelectric crystalline ma-
terial has a polar and chiral crystal structure without in-
version symmetry through an inversion center. The fer-
roelectric crystalline material is selected from the group
consisting of hafnium oxide (HfOx), zirconium oxide
(ZrOx), titanium oxide (TiOx), hafnium zirconium oxide
(HfZrOx), hafnium titanium oxide (HfTiOx), and hafnium
silicon oxide (HfSiOx). The ferroelectric crystalline mate-
rial is doped with at least one dopant selected from the
group consisting of yttrium (Y), strontium (Sr), niobium
(Nb), tantalum (Ta), lanthanum (La), gadolinium (Gd),va-
nadium (V), phosphorus (P), potassium (K), scandium
(Sc), rubidium (Rb), selenium (Se), tin (Sn), magnesium
(Mg), calcium (Ca), barium (Ba), and indium (In). The
method further comprises forming at least one electrode
proximate the ferroelectric crystalline material.
[0063] In some embodiments, the FE crystalline ma-
terial 140 may be annealed and crystallized into a stable
ferroelectric crystalline phase, without requiring the cap-
ping effect to stabilize such ferroelectric crystalline
phase. By way of a non-limiting example, such stable
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ferroelectric crystalline phase may be orthorhombic
Pbc21 phase. Accordingly, in such embodiments, the
crystallization of FE crystalline material 140 is not nec-
essarily performed in the presence of mechanical con-
finement (capping) such as those described in U.S. Pat-
ent 8,304,823 wherein crystallization of FE crystalline
material must be performed in the presence of a covering
layer.
[0064] Thus, in some embodiments, the method of
forming a semiconductor structure comprises crystalliz-
ing the FE crystalline material 140 into a ferroelectric
phase without the presence of capping.
[0065] The FE crystalline material 140 may be pat-
terned before crystallizing into the desired ferroelectric
phase. Alternatively, the FE crystalline material 140 may
be crystallized into the desired ferroelectric phase prior
to or at the same time as patterning the FE crystalline
material 140. The patterning of the FE crystalline material
140 may be adapted to the intended use of such FE crys-
talline material 140. By way of non-limiting examples, the
FE crystalline material 140 may be patterned to define
at least part of a gate stack of a 1T-FeRAM (FeFET) or
to define a capacitor dielectric material of 1T-1C FeRAM.
[0066] FIG. 2 shows another non-limiting example of
the disclosed 1T-FeRAM (FeFET) memory cell. memory
cell 200 includes a substrate 202, a source 204, a drain
206, a FE crystalline material 240 over the substrate 202,
an insulating buffer material 220 between the substrate
202 and the FE crystalline material 240, and a gate elec-
trode material 260 over the FE crystalline material 240.
In some embodiments, the insulating buffer material 220
may include a crystallized material that is compatible with
the substrate 202 and the FE crystalline material 240. In
some embodiments, the insulating buffer material may
be silicon oxide, such as SiO2, or silicon oxynitride
(SiON). In some embodiments, the thickness of the in-
sulating buffer material 220 may be in a range between
about 0.3 nm to about 6 nm. In some embodiments, the
thickness of the insulating buffer material 220 may be in
a range between about 0.05 nm to about 3 nm.
[0067] FIG. 3 shows yet another non-limiting example
of the disclosed 1T-FERAM (FeFET) memory cell. 1T-
FeRAM memory cell 300 includes a substrate 302, a
source 304, a drain 306, a FE crystalline material 340
over the substrate 302, an insulating buffer material 320
between the substrate 302 and the FE crystalline material
340, a gate electrode material 360 over the FE crystalline
material 340, and an interfacial material 350 between the
FE crystalline material 340 and the gate electrode mate-
rial 360.
[0068] Accordingly, the present disclosure describes
a ferroelectric memory cell. The ferroelectric memory cell
comprises a ferroelectric crystalline material having a po-
lar and chiral crystal structure without inversion symmetry
through an inversion center. The ferroelectric crystalline
material does not consist essentially of an oxide of at
least one of hafnium (Hf) and zirconium (Zr).
[0069] FIGS. 4A-4C illustrate cross-sectional views of

the 1T-FeRAM memory cell 400 that comprises a sub-
strate 402, a source 404, a drain 406, a FE crystalline
material 440 over the substrate 402, and a gate electrode
material 460 over the FE crystalline material 440. The
gate electrode material 460 is coupled to a gate voltage
Vg; the source 404 is coupled to a source voltage Vs;
the drain 406 is coupled to a drain voltage Vd; and a bulk
region including source/drain 404/406 embedded therein
is coupled to a bulk voltage Vb.
[0070] FIG. 4A shows the 1T-FeRAM memory cell 400
in a quiescent state, wherein the voltages of Vd, Vg, Vs,
and Vb are set to zero (0) volt (V).
[0071] FIG. 4B shows the 1T-FeRAM memory cell 400
in a "write 0" operational state. The binary information
state "0" is written to the 1T-FeRAM memory cell 400 by
setting the gate voltage Vg to above 0 V, and setting Vd,
Vs, Vb to 0 V. Hence, an electric field between the bulk
(402, 404, 406) and the gate electrode 460 turns the FE
crystalline material 440 to a first polarization state 440B
that is associated with the information state "0." For ex-
ample, as shown in FIG. 4B, the FE crystalline material
440B polarizes such that its dipole moment has a down-
ward arrow direction. When the applied voltage is re-
moved, the polarization state "0" is preserved.
[0072] FIG. 4C shows the memory cell 400 in a "write
1" operation state. By setting gate voltage Vg to below 0
V and Vd, Vs, Vb to 0 V, the electric field between the
bulk (402, 404, 406) and the gate electrode 460 is re-
versed and operational state "write 1" is set. In this op-
eration state, the FE crystalline material 440 is set into a
second polarization state 440C that is associated with
binary information state "1" and is opposite from the first
polarization state 400B. For example, as shown in FIG.
4C, the FE crystalline material 440C polarizes such that
its dipole moment has an upward arrow direction. When
the applied voltage is removed, the reversed polarization
state "1" remains in the FE crystalline material.
[0073] Thus, operational states "0" and "1" may be as-
cribed to different polarization states (440B, 440C) of the
FE crystalline material 440. These different polarization
states (440B, 440C) result in different threshold voltages
of the 1T-FeRAM device.
[0074] Under a "read" operational state, the informa-
tion is read from the 1T-FeRAM memory cell 400 by sens-
ing the current between the source 404 and the drain
406. Readout from the 1 T-FeRAM memory cell 400 may
be non-destructive.
[0075] FIG. 5 shows a non-limiting example of the dis-
closed 1T-1C FeRAM memory cell, similar in construc-
tion to a DRAM memory cell, wherein one capacitor and
one access transistor form a memory cell. While the di-
electric material of DRAM cell capacitor is a linear die-
lectric material, the dielectric material of FeRAM cell ca-
pacitor includes a ferroelectric dielectric material.
[0076] As shown in FIG. 5, the 1T-1C FeRAM memory
cell 500 includes a source 504 and a drain 506 formed
within a substrate 502, a conventional transistor acting
as an access transistor and comprising a linear dielectric
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material 545 and a gate electrode 560, and a capacitor
510 coupled to the drain 506 via an interconnection struc-
ture 570 (e.g., a contact plug). The capacitor 510 com-
prises a bottom electrode 590, a top electrode 595, and
a FE crystalline material 540 between the bottom and
top electrodes 590, 595.
[0077] The FE crystalline material 540 may be formed
over the bottom electrode 590 using the methods as de-
scribed earlier for the FE crystalline material 140 of FIG.1.
The crystallization of FE crystalline material 540 into the
desired ferroelectric phase may be performed before
forming a top electrode 595 over the FE crystalline ma-
terial 540. Alternatively, the crystallization of FE crystal-
line material 540 into the desired ferroelectric phase may
be performed after or at the same time as forming a top
electrode 595 over the FE crystalline material 540.
[0078] The bottom and top electrodes 590, 595 may
be any conventional electrode materials. The bottom and
top electrodes 590, 595 may be formed of the same or
different materials. The bottom electrode 590 may be
formed as a continuous material, such as at a thickness
ranging from about 20 Å to about 200 Å, from about 50
Å to about 130 Å, or from about 40 Å to about 70 Å. In
some embodiments, the bottom electrode 590 has a
thickness of about 60 Å.
[0079] While FIGS. 1-5 show (FeFET) and 1T-1C FeR-
AM memory cells, it is understood that the present dis-
closure may be applied to any suitable types of FE mem-
ory cells (e.g., 2T-2C FeRAM memory cells). Further-
more, additional acts to form a complete FeRAM device
may be performed by conventional fabrication tech-
niques.
[0080] The disclosed FE crystalline materials may ex-
hibit significantly higher remnant polarization (Pr) than
perovskite materials that are conventionally used as the
FE materials for FE memory devices. Thus, the disclosed
FE crystalline materials may be suitable for various FE
memory device applications. By way of non-limiting ex-
amples, the disclosed FE crystalline materials may be
used for FERAM devices, or FeFET devices for NAND
and NOR applications.
[0081] The disclosed FE crystalline materials may sat-
isfy the properties required for use in the FE memory
devices, such as high polarization, fast switching speeds,
low coercive field, high retention, low fatigue, and low
imprint, because of their intrinsic microscopic structure.
In addition, these FE crystalline materials may fulfill the
extrinsic fabrication requirements, such as low process-
ing temperature, good CMOS compatibility, ease of avail-
ability, lower cost, better scalability, etc.
[0082] It is to be understood that the cross-sectional
views of FeRAM memory cells 100, 200, 300, 400, and
500, illustrated in FIGS. 1-5, merely refer to part of the
semiconductor devices. Therefore, the semiconductor
devices may comprise a plurality of FeRAM memory cells
arranged in the form of a ferroelectric memory cell array.
Furthermore, additional semiconductor structures may
be formed in the substrate. By way of non-limiting exam-

ples, these additional semiconductor structures may in-
clude, but not limited to, word line drive circuits, bit line
drive circuits, source line drive circuits, sense circuits, or
control circuits.
[0083] FIG. 6 shows a non-limiting example of a portion
of a FeRAM memory cell array. The FeRAM memory cell
array 600 includes a plurality of memory cells 601, a plu-
rality of digit lines 611 (in dashed lines to show they are
buried), and a plurality of word lines 612 (in dashed lines
to show they are buried). The FeRAM memory cells 601
are arranged in rows (coupled to a common digit line 611)
and in columns (coupled to a common word line 612).
Individual FeRAM memory cells 601 are located at a
cross-point of a digit line 611 and a word line 612.
[0084] Accordingly, the present disclosure describes
a ferroelectric memory device including a plurality of
memory cells. Each of the memory cells comprises at
least one electrode and a ferroelectric crystalline material
disposed proximate the at least one electrode. The fer-
roelectric crystalline material is polarizable by an electric
field responsive to an electrical charge of the at least one
electrode. The ferroelectric crystalline material has a po-
lar and chiral crystal structure without inversion symmetry
through an inversion center. The ferroelectric crystalline
material does not consist essentially of an oxide of at
least one of hafnium (Hf) and zirconium (Zr).
[0085] During use and operation, the FE memory cells
of present disclosure may exhibit improved cell perform-
ance, such as improved cycling, improved data retention,
lower ferroelectric coercivity (Ec), and lower electrical
field saturation.
[0086] The semiconductor structure of present disclo-
sure comprising the FE crystalline material may find ap-
plications in integrated circuit other than memory devic-
es.
[0087] While the disclosure is susceptible to various
modifications and alternative forms, specific embodi-
ments have been shown by way of example in the draw-
ings and have been described in detail herein. However,
the disclosure is not intended to be limited to the particular
forms disclosed. Rather, the disclosure is to cover all
modifications, equivalents, and alternatives falling within
the scope of the disclosure as defined by the following
appended claims.

Claims

1. A ferroelectric memory cell, comprising:

a ferroelectric crystalline material having a polar
and chiral crystal structure without inversion
symmetry through an inversion center, and
characterized in that
the ferroelectric crystalline material comprises
a ternary or quaternary oxide material selected
from the group consisting of
Ti1.1Zr0.893Hf0.008O4, Ti1.92Ta1.08La3O11,
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Sr5Nb5O16, ZrMo2O8, Si2Y2O7, and
Ti0.98Zr0.02RbPO5.

2. The ferroelectric memory cell of claim 1, wherein the
ferroelectric crystalline material comprises a polar,
chiral, non-centro-symmetric phase.

3. The ferroelectric memory cell of claim 1 or 2, wherein
the ferroelectric crystalline material has an or-
thorhombic crystal structure corresponding to a
space group selected from the group consisting of
Pca21, Pbc21, Pmc21, Pmn21, and Pna21.

4. The ferroelectric memory cell of claim 3, wherein the
orthorhombic crystal structure has a space group se-
lected from Pca21 and Pbc21.

5. The ferroelectric memory cell of claim 3, wherein:

(i) the orthorhombic crystal structure has a
Pmc21 space group, and the ferroelectric crys-
talline material comprises Ti1.92Ta1.08La3O11;
(ii) the orthorhombic crystal structure has a
Pmn21 space group, and the ferroelectric crys-
talline material comprises Sr5Nb5O16; or
(iii) the orthorhombic crystal structure has a
Pna21 space group, and the ferroelectric crys-
talline material comprises Ti0.98Zr0.02RbPO5.

6. The ferroelectric memory cell of claim 1 or claim 2,
wherein the ferroelectric crystalline material includes
at least one dopant selected from the group consist-
ing of yttrium (Y), lanthanum (La), gadolinium (Gd),
niobium (Nb), tantalum (Ta), vanadium (V), phos-
phorus (P), potassium (K), scandium (Sc), rubidium
(Rb), selenium (Se), tin (Sn), magnesium (Mg), cal-
cium (Ca), barium (Ba), and indium (In).

7. The ferroelectric memory cell of claim 1 or claim 2,
wherein the crystal structure of the ferroelectric crys-
talline material is selected from the group consisting
of orthorhombic, tetragonal, cubic, monoclinic, tri-
clinic, trigonal, and hexagonal crystal structures.

8. The ferroelectric memory cell of claim 1 or claim 2,
wherein the ferroelectric crystalline material is at
least one of doped and mechanically strained to pre-
vent formation of inversion symmetry through an in-
version center.

9. A ferroelectric memory device including at least one
ferroelectric memory cell of claim 1 to claim 8.

10. A method of forming a semiconductor structure, the
method comprising:

forming a ferroelectric crystalline material over
a substrate, the ferroelectric crystalline material

comprising a ternary or quaternary oxide mate-
rial selected from the group consisting of
Ti1.1Zr0.893Hf0.008O4, Ti1.92Ta1.08La3O11,
Sr5Nb5O16, ZrMo2O8, Si2Y2O7, and
Ti0.98Zr0.02RbPO5; and
forming at least one electrode proximate the fer-
roelectric crystalline material, wherein the ferro-
electric crystalline material has a polar and chiral
crystal structure without inversion symmetry
through an inversion center.

11. The method of claim 10, wherein forming a ferroe-
lectric crystalline material comprises forming the fer-
roelectric crystalline material to have an orthorhom-
bic crystal structure and a space group selected from
the group consisting of Pca21, Pbc21, Pmc21,
Pmn21, and Pna21.

12. The ferroelectric memory cell of claim 1 or the meth-
od of claim 10, wherein the ferroelectric crystalline
material comprises Ti1.1Zr0.893Hf0.008O4.

Patentansprüche

1. Ferroelektrische Speicherzelle, umfassend:
ein ferroelektrisches kristallines Material mit einer
polaren und chiralen Kristallstruktur ohne Inversi-
onssymmetrie durch ein Inversionszentrum, da-
durch gekennzeichnet, dass das ferroelektrische
kristalline Material ein ternäres oder quaternäres
Oxidmaterial aus der Gruppe bestehend aus
Ti1,1Zr0,893Hf0,008O4, Ti1,92Ta1,08La3O11,
Sr5Nb5O16, ZrMo2O8, Si2Y2O7 und
Ti0,98Zr0,02RbPO5 umfasst.

2. Ferroelektrische Speicherzelle nach Anspruch 1,
wobei das ferroelektrische kristalline Material eine
polare, chirale, nicht zentrosymmetrische Phase
umfasst.

3. Ferroelektrische Speicherzelle nach Anspruch 1
oder 2, wobei das ferroelektrische kristalline Material
eine orthorhombische Kristallstruktur aufweist, die
einer Raumgruppe aus der Gruppe bestehend aus
Pca21, Pbc21, Pmc21, Pmn21 und Pna21 entspricht.

4. Ferroelektrische Speicherzelle nach Anspruch 3,
wobei die orthorhombische Kristallstruktur eine aus
Pca21 und Pbc21 ausgewählte Raumgruppe auf-
weist.

5. Ferroelektrische Speicherzelle nach Anspruch 3,
wobei:

(i) die orthorhombische Kristallstruktur eine
Pmc21-Raumgruppe aufweist und das ferroe-
lektrische kristalline Material Ti1,92Ta1,08La3O11
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umfasst;
(ii) die orthorhombische Kristallstruktur eine
Pmn21-Raumgruppe aufweist und das ferroe-
lektrische kristalline Material Sr5Nb5O16 um-
fasst oder
(iii) die orthorhombische Kristallstruktur eine
Pna21-Raumgruppe aufweist und das ferroelek-
trische kristalline Material Ti0,98Zr0,02RbPO5
umfasst.

6. Ferroelektrische Speicherzelle nach Anspruch 1
oder 2, wobei das ferroelektrische kristalline Material
mindestens einen Dotanden aus der Gruppe beste-
hend aus Yttrium (Y), Lanthan (La), Gadolinium
(Gd), Niob (Nb), Tantal (Ta), Vanadium (V), Phos-
phor (P), Kalium (K), Scandium (Sc), Rubidium (Rb),
Selen (Se), Zinn (Sn), Magnesium (Mg), Calcium
(Ca), Barium (Ba) und Indium (In) enthält.

7. Ferroelektrische Speicherzelle nach Anspruch 1
oder 2, wobei die Kristallstruktur des ferroelektri-
schen kristallinen Materials aus der Gruppe beste-
hend aus orthorhombischen, tetragonalen, kubi-
schen, monoklinen, triklinen, trigonalen und hexa-
gonalen Kristallstrukturen ausgewählt ist.

8. Ferroelektrische Speicherzelle nach Anspruch 1
oder 2, wobei das ferroelektrische kristalline Material
dotiert und/oder mechanisch gespannt ist, um die
Bildung von Inversionssymmetrie durch ein Inversi-
onszentrum zu verhindern.

9. Ferroelektrische Speichereinrichtung mit mindes-
tens einer ferroelektrischen Speicherzelle nach An-
spruch 1 bis Anspruch 8.

10. Verfahren zum Bilden einer Halbleiterstruktur, das
Folgendes umfasst:

Bilden eines ferroelektrischen kristallinen Mate-
rials über einem Substrat, wobei das ferroelek-
trische kristalline Material ein ternäres oder qua-
ternäres Oxidmaterial aus der Gruppe beste-
hend aus Ti1,1Zr0,893Hf0,008O4,
Ti1,92Ta1,08La3O11, Sr5Nb5O16, ZrMo20g,
Si2Y2O7 und Ti0,98Zr0,02RbPO5 umfasst; und
Bilden mindestens einer Elektrode in der Nähe
des ferroelektrischen kristallinen Materials,
wobei das ferroelektrische kristalline Material ei-
ne polare und chirale Kristallstruktur ohne Inver-
sionssymmetrie durch ein Inversionszentrum
aufweist.

11. Verfahren nach Anspruch 10, wobei das Bilden eines
ferroelektrischen kristallinen Materials umfasst,
dass das ferroelektrische kristalline Material so ge-
bildet wird, dass es eine orthorhombische Kristall-
struktur und eine Raumgruppe aus der Gruppe be-

stehend aus Pca21, Pbc21, Pmc21, Pmn21 und
Pna21 aufweist.

12. Ferroelektrische Speicherzelle nach Anspruch 1
oder Verfahren nach Anspruch 10, wobei das ferro-
elektrische kristalline Material Ti1,1Zr0,893Hf0,008O4
umfasst.

Revendications

1. Cellule à mémoire ferroélectrique, comprenant :

un matériau cristallin ferroélectrique possédant
une structure cristalline polaire et chirale sans
symétrie d’inversion par un centre d’inversion,
et caractérisée en ce que
le matériau cristallin ferroélectrique comprend
un matériau d’oxyde ternaire ou quaternaire
choisi dans le groupe constitué par
Ti1,1Zr0,893Hf0,008O4, Ti1,92Ta1,08La3O11,
Sr5Nb5O16, ZrMo20g, Si2Y2O7, et
Ti0.98Zr0,02RbPO5.

2. Cellule à mémoire ferroélectrique selon la revendi-
cation 1, le matériau cristallin ferroélectrique com-
prenant une phase polaire, chirale, non centrosymé-
trique.

3. Cellule à mémoire ferroélectrique selon la revendi-
cation 1 ou 2, le matériau cristallin ferroélectrique
possédant une structure cristalline orthorhombique
correspondant à un groupe d’espace choisi dans le
groupe constitué par Pca21, Pbc21, Pmc21, Pmn21,
et Pna21.

4. Cellule à mémoire ferroélectrique selon la revendi-
cation 3, la structure cristalline orthorhombique pos-
sédant un groupe d’espace choisi parmi Pca21 et
Pbc21.

5. Cellule à mémoire ferroélectrique selon la revendi-
cation 3,

(i) la structure cristalline orthorhombique possé-
dant un groupe d’espace Pmc21, et le matériau
cristallin ferroélectrique comprenant
Ti1,92Ta1,08La3O11 ;
(ii) la structure cristalline orthorhombique pos-
sédant un groupe d’espace Pmn21, et le maté-
riau cristallin ferroélectrique comprenant
Sr5Nb5O16 ; ou
(iii) la structure cristalline orthorhombique pos-
sédant un groupe d’espace Pna21, et le maté-
riau cristallin ferroélectrique comprenant
Ti0.98Zr0,02RbPO5.

6. Cellule à mémoire ferroélectrique selon la revendi-
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cation 1 ou la revendication 2, le matériau cristallin
ferroélectrique comprenant au moins un dopant
choisi dans le groupe constitué par l’yttrium (Y), le
lanthane (La), le gadolinium (Gd), le niobium (Nb),
le tantale (Ta), le vanadium (V), le phosphore (P), le
potassium (K), le scandium (Sc), le rubidium (Rb),
le sélénium (Se), l’étain (Sn), le magnésium (Mg), le
calcium (Ca), le baryum (Ba), et l’indium (In) .

7. Cellule à mémoire ferroélectrique selon la revendi-
cation 1 ou la revendication 2, la structure cristalline
du matériau cristallin ferroélectrique étant choisie
dans le groupe constitué par des structures cristal-
lines orthorhombiques, tétragonales, cubiques, mo-
nocliniques, tricliniques, trigonales, et hexagonales.

8. Cellule à mémoire ferroélectrique selon la revendi-
cation 1 ou la revendication 2, le matériau cristallin
ferroélectrique étant au moins l’un parmi un matériau
dopé et sous contrainte mécanique pour empêcher
la formation d’une symétrie d’inversion par un centre
d’inversion.

9. Dispositif à mémoire ferroélectrique comportant au
moins une cellule à mémoire ferroélectrique selon
la revendication 1 à la revendication 8.

10. Procédé de formation d’une structure semiconduc-
trice, le procédé comprenant :

la formation d’un matériau cristallin ferroélectri-
que sur un substrat, le matériau cristallin ferro-
électrique comprenant un matériau d’oxyde ter-
naire ou quaternaire choisi dans le groupe cons-
titué par Ti1,1Zr0,893Hf0,008O4,
Ti1,92Ta1,08La3O11, Sr5Nb5O16, ZrMo20g,
Si2Y2O7, et Ti0.98Zr0,02RbPO5 ; et
la formation d’au moins une électrode à proxi-
mité du matériau cristallin ferroélectrique,
le matériau cristallin ferroélectrique possédant
une structure cristalline polaire et chirale sans
symétrie d’inversion par un centre d’inversion.

11. Procédé selon la revendication 10, la formation d’un
matériau cristallin ferroélectrique comprenant la for-
mation du matériau cristallin ferroélectrique pour
posséder une structure cristalline orthorhombique et
un groupe d’espace choisi dans le groupe constitué
par Pca21, Pbc21, Pmc21, Pmn21, et Pna21.

12. Cellule à mémoire ferroélectrique selon la revendi-
cation 1 ou procédé selon la revendication 10, le
matériau cristallin ferroélectrique comprenant
Ti1,1Zr0,893Hf0,008O4.
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