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(a) The process of write “1” operation (0} The process of read "1” operation

Fig. 3

(b) The process of read "0” operation
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LARGE CURRENT-READOUT
FERROELECTRIC SINGLE-CRYSTAL THIN
FILM MEMORY AS WELL AS METHOD OF
PREPARING THE SAME AND METHOD OFK

OPERATING THE SAME

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s the National Stage of International
Application No. PCT/CN2016/079068 filed on 12 Apr.

2016, the content of which 1s hereby incorporated by refer-
ence.

FIELD OF THE INVENTION

The present invention pertains to a techmical field of
terroelectric memory, specifically to a non-destructive read-
out ferroelectric memory, and in particular, to a non-destruc-
tive readout ferroelectric single-crystal thin film memory
having a large readout current as well as a method of
preparing the ferroelectric memory and a method of oper-
ating the ferroelectric memory.

BACKGROUND

Ferroelectric random access memory (FRAM) 1s a non-
volatile memory which stores data by using two diflerent
polarization orientations of a ferroelectric domain (or
referred to as “electric domain™) 1n an electric field as logic
information (*0” or “17), and can be also referred to as
“ferroelectric memory”™.

The storage medium layer of a ferroelectric memory 1s a
terroelectric thin film layer having a reversible (or “switch-
able”) ferroelectric domain. Currently, the fastest speed of
reversing an electric domain that can be measured 1n a lab
can reach up to 0.2 ns. In fact, 1t can be even faster. Usually,
the reversing speed of electric domain determines the read-
write time ol the memory, a coercive voltage for electric
domain reversing determines the read-write voltage of ele-
ments, and 1t will decrease almost 1n equal proportion to a
reduction of the thickness of the thin film. Theretore, the
terroelectric memory has such advantages as fast speed of
data reading, low drive voltage, high density of storage, etc,
and has earned widespread attention and rapid development
In recent years.

Currently, the ferroelectric memory can be mainly divided
into two categories according to a basic mode of work or
operation: a destructive readout (DRO) FRAM and a non-
destructive readout (NDRQO) ferroelectric memory.

The conventional non-destructive readout (NDRO) ferro-
clectric memory builds the storage unit using one transistor
T and one ferroelectric capacitor C (1.e., 1T1C), and 1s based
on charge-reading.

CN patent application No. 201510036256.X, entitled
“Non-Destructive Readout Ferroelectric Memory as Well as
Method of Preparing the Same and Method of Read/Writing
the Same” and CN patent application No. 2015100363586.1,

entitled “Non-Destructive Readout Ferroelectric Memory as
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2

Well as Method of Preparing the Same and Method of
Operating the Same™ disclose another NDRO ferroelectric
memory which realizes NDRO 1n a way of current reading
(1.e., non-destructive current readout), and which has advan-
tages of simple preparation, low cost and high storage
density. Therefore, 1t has received a lot of attention in the
industry.

However, such a non-destructive current readout ferro-
clectric memory has a relatively small read current. For
example, at a pA order of magnitude, a stable read current
disclosed in the above CN patents 1s also 1n a range of 100
to 1000 pA. A small read current will lead to problems of

poor reading ability of data, slow speed of reading (of the
order of millisecond to second), etc., which have signifi-

cantly restricted a practical application of such a ferroelec-
tric memory.

SUMMARY OF THE INVENTION

In order to address the above or other problems, the
invention proposes a large current-readout non-destructive
terroelectric single-crystal thin film memory as well as a
method of preparing the ferroelectric memory and a method
of operating the ferroelectric memory.

According to an aspect of the invention, a non-destructive
readout ferroelectric memory 1s provided, which comprises
a ferroelectric thin film layer and a first electrode layer
disposed on the ferroelectric thin film layer, wherein the first
clectrode layer comprises a first electrode and a second
clectrode that are disposed separately, and a polarization
direction of the electric domain 1n the ferroelectric thin film
layer 1s substantially not in parallel with a normal line
direction of the ferroelectric thin film layer; when an elec-
trical signal 1s applied between the first electrode and the
second electrode, a partial electric domain in the ferroelec-
tric thin film layer 1s enabled to be reversed, thus establish-
ing a first domain wall conductive passage which connects
the first electrode with the second electrode:
wherein, the ferroelectric thin film layer 1s a ferroelectric
single-crystal thin film layer.

According to another aspect of the invention, a method of
preparing the above described non-destructive readout fer-
roelectric memory 1s provided, characterized by comprising
the steps of:

providing a substrate;

forming a ferroelectric single-crystal thin film layer; and

forming a first electrode layer, which comprises a first
clectrode and a second electrode that are disposed sepa-
rately, on the ferroelectric single-crystal thin film layer.

According to yet another aspect of the invention, a
method for operating the above described non-destructive
readout ferroelectric memory 1s provided, wherein the fer-
roelectric single-crystal thin film layer comprises a program-
ming projected block which 1s disposed projectedly out-
wardly relative to the ferroelectric single-crystal thin film
layer, and the first electrode and the second electrode are
disposed at two sides of the programming projected block
and are spaced apart at least by the programming projected
block; when a write signal 1n a first direction 1s applied
between the first electrode and the second electrode, an
clectric domain 1n at least a part of the programming
projected block 1s enabled to be reversed, thus establishing
said first domain wall conductive passage;

wherein when data “1” 1s written, the write signal 1n the
first direction 1s applied between the first electrode and the
second electrode so that an electric domain 1n at least a part
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of the programming projected block 1s enabled to be
reversed, thus establishing said first domain wall conductive
passage;

wherein when data “0” 1s written, a write signal 1 a
second direction opposite to the first direction 1s applied
between the first electrode and the second electrode so that
the reversed electric domain 1n the programming projected
block 1s enabled to return to the 1nitial polarization direction,
thus making said first domain wall conductive passage
disappear.

The above features and operations of the mvention waill
become more apparent from the following description and
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objectives and advantages of the
invention will become thoroughly clear from the following
detailed description in connection with the accompanying
drawings, wherein i1dentical or similar elements are denoted
by 1dentical reference numerals.

FIG. 1 1s a schematic sectional structure view of a
non-destructive readout ferroelectric memory according to a
first embodiment of the mvention.

FIG. 2 1s a top plan structure view of an upper electrode
of the non-destructive readout ferroelectric memory shown
in FIG. 1.

FIG. 3 1s a schematic view showing the process and
principle of the operation of writing “1”” and reading “1” of
the ferroelectric memory according to the embodiment
shown 1n FIG. 1.

FIG. 4 1s a schematic view showing the process and
principle of the operation of writing “0” and reading “0” of
the ferroelectric memory according to the embodiment
shown 1n FIG. 1.

FIG. 5 1s a schematic sectional structure view of a
non-destructive readout ferroelectric memory according to
another embodiment of the mvention.

FIG. 6 1s a top plan structure view ol a read-write
clectrode of the non-volatile ferroelectric memory shown 1n
FIG. 1.

FIG. 7 1s a schematic view showing the process and
principle of the operation of writing “1” and reading “1” of

the ferroelectric memory according to the embodiment
shown 1n FIG. 5.

FIG. 8 1s a schematic view showing the process and
principle of the operation of writing “0” and reading “0” of
the ferroelectric memory according to the embodiment
shown 1n FIG. 5.

FIG. 9 1s an I-V characteristic graph 1 a read/write
operation of sweeping the voltage across the ferroelectric
memory according to the embodiment shown 1n FIG. 5.

FIG. 10 1s a schematic piezoelectric imaging view show-
ing the establishing and disappearing of the domain wall
conductive passage of the ferroelectric memory according to
the embodiment shown in FIG. 5.

FIG. 11 1s a schematic graph showing data retention
performance of the ferroelectric memory according to the
embodiment shown 1n FIG. 3.

FIG. 12 1s a schematic graph showing fatigue perfor-
mance of the ferroelectric memory according to the embodi-
ment shown 1 FIG. 3.

FIG. 13 1s a schematic view showing the flowchart of a
method of preparing the ferroelectric memory according to
the embodiment shown in FIG. 5.
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4

FIG. 14 1s a schematic sectional structure view of a
non-destructive readout ferroelectric memory according to

yet another embodiment of the mvention.

FIG. 15 1s a schematic view showing the process and
principle of the operation of writing “1”” and reading “1” of
the ferroelectric memory according to the embodiment
shown 1n FIG. 14.

FIG. 16 1s a schematic view showing the process and
principle of the operation of writing “0” and reading “0” of
the ferroelectric memory according to the embodiment

shown 1n FIG. 14.

DETAILED DESCRIPTION OF TH.
INVENTION

L1l

Hereinatter, some of many possible embodiments of the
imvention will be described 1 order to provide a basic
understanding of the mvention and not to identify crucial or
decisive elements of the mvention or define the scope of
protection.

In the drawings, the thicknesses of layers and areas have
been exaggerated for clarity. The dimensional scaling rela-
tionship among the portions shown 1n the drawings does not
reflect an actual dimensional scaling relationship.

In the following embodiments, an electric domain direc-
tion or polarization direction 1s illustratively given for the
purpose ol a clear description. However, 1t 1s to be under-
stood that the electric domain direction or polarization
direction of ferroelectric memory 1s not limited to the
direction shown in the embodiment in the drawings.

Herein, the ferroelectric single-crystal thin film layer can
be a single-crystal thin film formed by epitaxial single-
crystal growth, or can be a thin film layer formed by being
separated or cut from a single crystal, which refers to a
single-crystal structure or a quasi single-crystal structure
having no “crystal boundaries” of a poly-crystal structure
inside. That 1s, each storage unit of the fimished non-
destructive readout ferroelectric memory has a single-crystal
structure, and there 1s no limitation to the size of the unit.

FIG. 1 1s a schematic sectional structure view of a
non-destructive readout ferroelectric memory according to a
first embodiment of the invention, and FIG. 2 1s a top plan
structure view ol an upper e¢lectrode of the non-destructive
readout ferroelectric memory shown 1n FIG. 1.

As shown 1 FIG. 1, a partial sectional structure of the
terroelectric memory 10 1s shown, which mainly comprises
a substrate 101, a ferroelectric thin film layer 105 and a
clectrode layer 107, wherein the electrode layer 107 1is
located on the ferroelectric thin film layer 105 and 1s 1n
contact with the ferroelectric thin film layer 105, and the
upper electrode layer 107 1s provided therein with a clear-
ance 109 which divides the upper electrode layer 107 into
several portions. Therefore, the upper electrode layer 107 at
least comprises two or more than two electrodes that are
separately disposed. In this example, the clearance 109
divides the upper electrode layer 107 into two portions, 1.e.,
a first electrode 1071 and a second electrode 1073 which
constitute a read-write electrode pair. In this embodiment,
this read-write electrode pair constitutes the upper electrode
layer 107 of this embodiment, which not only can be also
used for a write operation of the ferroelectric memory 10 in
this embodiment, but also can be used for a read operation
of the ferroelectric memory 10 in this embodiment.

The substrate 101 can be formed by various substrate
materials commonly used 1n a ferroelectric memory, e.g., Si,
Sr110; or LiNbO,. Usually, the material of the substrate 100

1s mainly determined by a lower electrode layer 103 and the
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terroelectric thin film layer 105 together. In this embodi-
ment, the substrate 101 can be a single-crystal Si1 substrate
which 1s easily compatible with a semiconductor CMOS
process and 1s advantageous for a massive production. In
addition, the substrate material such as SrT10, or LiINbO, 1s
typically selected according to lattice constant requirements
on the lower electrode layer 103 and the ferroelectric thin
film layer 105 so that an epitaxial thin film layer with
excellent performance 1s obtained.

The ferroelectric thin film layer 105 1s formed above the
substrate 101, and 1s formed from a ferroelectric material
having an appropriate domain structure, especially a ferro-
clectric single-crystal material. Therefore, the ferroelectric
thin film layer 105 i1s chosen as the ferroelectric single-
crystal thin film layer. This ferroelectric single-crystal layer
can be formed by growing on the substrate 101, or can be
tormed by firstly cutting or peeling oif the surface of formed
terroelectric single crystal and then bonding or adhering it to
the substrate 101. The specific method of preparing and
forming the ferroelectric single-crystal thin film layer 1s not
limiting, and will be described below in detail by way of
example.

In a specific embodiment, a LiNbO, ferroelectric single-
crystal thin film layer 1s formed by being bonded on a
single-crystal Si substrate 101.

Specifically, firstly, by using the Czochralski method
(abbreviated as “CZ method”), Li,CO,; powder having a
high purity (e.g., reaching up to 99.99%) and Nb,O. powder
are melted at approximately 1250° C., and then 1somorphic
LiNbO; 1s formed by growing, wherein there 1s 48.5% L1,0
mol; by using a dual-hearth CZ method and an automatic
powder feeding system, a LiINbO, single crystal 1s gener-
ated, which has 49.6 mol. % L1,0. In this way, a stoichio-
metric ratio between L1 and Nb 1s the LiNbO, single crystal
1s close to or equal to 1:1. During this process, 1n order to
increase the magnitude of current in the domain wall con-
ductive passage in the finally formed ferroelectric single-
crystal thin film layer, 2 mol. % MgO 1s doped mnto the
LiNbO; single crystal. Then, using 10n injecting and silicon
slice bonding technology, a surface of the LiNbO, single
crystal 1s peeled off bonding so as to form a LiNbO,
terroelectric single-crystal thuin film layer. For example,
firstly, H" or He™ 10ns 1njection 1s used at the surface, and the
depth of 10ns entering the LiNbO; single crystal 1s controlled
by controlling the 1on imection energy; secondly, the
LiNbO; single crystal 1s cleaned after 1on 1injection, and the
ion 1njection surface 1s chemically bonded to a single-crystal
silicon substrate which serves as the substrate 101, and a

S10, layer can be deposited onto the single-crystal silicon
substrate 101 so as to improve the adhesion of the substrate
101 with the LiNbO, single crystal; the LiNbO, ferroelectric
single-crystal thin film layer adhered on the substrate 101 1s
separated from the LiNbO, single crystal. By doing so, the
terroelectric thin film layer 105 (the ferroelectric single-
crystal thin film layer) 1s prepared and formed, and the
terroelectric thin film layer 105 1s specifically single-crystal
LiNbO; doped with MgO.

It 1s noted that with differences 1n the process and mate-
rials or the like of the preparation, a ferroelectric single-
crystal thin film layer 105 with difference types of materials
can be obtained, and the specific type of material 1s not
limited to the above embodiment. For example, the ferro-
clectric single-crystal thin film layer 105 can be also made
from other single-crystal LiNbO; type of ferroelectrics (e.g.,
single-crystal LiTaO,), and even 1n other alternative
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6
embodiments, single-crystal (Pb,Zr) T10,, La doped (Bi,La)
FeQO,, or BiFeO, or single-crystal B1, 11,0, ,, (La,B1),11,0,,
or SrBi,Ta,0,.

By using MgO doping 1n the above LiINbO; ferroelectric
single-crystal thin film layer, the magnitude of current can be
increased when electric conduction 1s realized based on the
domain wall conductive passage. The basic principle thereof
1s that the substitution with Mg ions can cause lattice
distortion, and can generate a donor level.

In other embodiments, FeO or TaO can be also used to
dope the LiNbO, ferroelectric single-crystal thin film layer
or other ferroelectric single-crystal thin film layers. Of
course, any combination of the MgQO, FeO and TaO can be
also used to dope the ferroelectric single-crystal thin film
layer 105, wherein the mol. % of the doped material 1s 0.1%
to 10%.

It 1s noted that 1n the process of peeling ofl and cutting the
LiNbO; single crystals in the above embodiment, the
Li1NbO, ferroelectric single-crystal thin film layer 1s formed
based on a X-direction cutting. Therefore, the finally pre-
pared specific ferroelectric single-crystal thin film layer 105
1s 2 mol. % MgO doped—X direction cutting—I1NbO,
terroelectric single-crystal thin film layer. In other embodi-
ments, the LiINbO, ferroelectric single-crystal thin film layer
can be also formed based on a cutting in the XY Z direction
or XZ(YZ) direction.

In an embodiment, the thickness range of the ferroelectric
thin film layer 105 can be larger than or equal to 5 nm or
smaller than or equal to 22 um; for example, 1t can be 40 nm,
30 nm or 200 nm.

Still referring to FIGS. 1 and 2, the first electrode 1071
and the second electrode 1073 1n this embodiment can be
formed by pattern etching the clearance 109 with a continu-
ous metal thin film layer. Of course, 1n other embodiments,
the first electrode 1071 and the second electrode 1073 can be
formed by patterning respectively. In this specification, the
first electrode 1071 and the second electrode 1073 form a
read-write electrode pair. Herein, the term “read” retlects
that they have at least the function of readout operation, and
the term “write” reflects that they have at least the function
ol write operation.

The first electrode 1071 and/or the second electrode 1073
can be formed of a conductive material having a low

resistance. For example, the matenial of the first electrode
1071 and the second electrode 1073 can be selected from
one of Pt, SrRuQO,, LaNi1O;, Al, Cu, Ru, Ir and IrO, or a
combination of more than one of Pt, SfRuO,, LaN10,, Al,
Cu, Ru, Ir and IrO,. The thickness of the first electrode 1071
and/or the second electrode 1073 can be 5-100 nm, e.g., 20
nm. The first electrode 1071 and/or the second electrode
1073 can be formed by, for example, but not limited to, thin
film deposition methods such as sputtering, chemical vapor
deposition (CVD), pulse laser deposition (PLD), eftc.

The clearance 109 is used for realizing a relative electric
1solation between the first electrode 1071 and the second
clectrode 1073 (the electric 1solation does not include a
following situation in which a domain wall conductive
passage 1s established during the operation process), that 1s,
the first electrode 1071 and the second electrode 1073 are
clectrically 1solated with the help of the ferroelectric thin
f1lm layer 105 or the like. The clearance 109 can be obtained
by processing a flat metal layer with electron beam, nano-
imprint or other photo-etching methods. However, the meth-
ods of forming the clearance 109 are not limited to the
embodiments of the ivention. The iterval d of the clear-
ance 109 can be 1n a range from larger than or equal to 2 nm
to smaller than or equal to 10 um, preferably from larger
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than or equal to 5 nm to smaller than or equal to 2 um, e.g.
it could be 10 nm, 100 nm, 1 um, etc. A smaller interval d
1s more advantageous for improving a storage density of the
ferroelectric memory, more advantageous for reducing a
write voltage and a read voltage and increasing a read
current, and will lead to less read power consumption and
write power consumption. Therefore, the {ferroelectric
memory 10 1n the embodiment of the mnvention can be scaled
down, and optionally the clearance 109 can be a clearance
having various nanometer-order dimensions. The shape of
the clearance 109 1s not limited to the shape shown 1n FIG.
2. In other embodiments, the clearance 109 can even have a
serrated shape. The dimension of the width w (1.e., a width
dimension of the clearance) of the first electrode 1071 and
the second electrode 1073 1n a direction perpendicular to the
clearance can be 1n a range from larger than or equal to 2 nm
to smaller than or equal to 10 um, e.g., it could be 100 nm.

Still referring to FIG. 1, 1n the invention, the ferroelectric
thin film layer 105 1s required to satisiy a condition that the
terroelectric domain thereof has a component 1n the plane,
1.¢., 1t has an in-plane component (a projection of sponta-
neous polarization of the ferroelectric domain onto a film
plane). The ferroelectric thin film layer 1035 can form electric
domains 1051 and 1033 1n two directions as shown in FIG.
1. The polarnization direction of the electric domain 1051 1s
completely opposite to the polarization direction of the
clectric domain 1053. When a biasing voltage 1s larger than
a coercive voltage, the electric domain will be oriented 1n the
clectric field direction. Therefore, when the biasing electric
field direction 1s opposite to the orniginal electric domain
direction and the biasing voltage 1s larger than the coercive
voltage, the electric domain 1051 or 1053 will be reversed.
In this embodiment, the polarization direction of the electric
domain of the ferroelectric thin film layer 105 is substan-
tially not perpendicular to a normal line (a broken line
perpendicular to the ferroelectric thin film layer 105 as
shown 1n the figure) direction of the ferroelectric thin film
layer 105, or 1s substantially not perpendicular to the upper
clectrode layer 107. Specifically, as shown 1n FIG. 1, an
angle o formed between the normal line of the ferroelectric
thin film layer 105 and the polanization direction of electric
domain 1s not equal to 0° or 180°. For example, a=45°. In
this way, the electric domain 1051 or 1053 has an 1n-plane
component, thus facilitating a write operation. Specifically,
it can be realized by controlling a crystal orientation 1n
which the ferroelectric thin film layer 105 grows or by
controlling the cutting direction (e.g., a X-direction cutting
or a XY Z-direction cutting).

The storage and operation principles of the ferroelectric
memory 10 according to embodiment shown 1 FIG. 1 will
be described below.

FIG. 3 1s a schematic view showing the process and
principle of the operation of writing “1” and reading “1” of
the ferroelectric memory according to the embodiment
shown 1n FIG. 1.

As shown 1n FIG. 3, in this embodiment, during a write
operation, 1t 1s assumed that the polarization direction of the
clectric domain 1n the ferroelectric single-crystal thin film
layer 105 1s unitized to be the direction of the electric
domain 1053 1n FIG. 1 (in other embodiments, 1t can be also
unitized to be the direction of the electric domain 1051 in
FIG. 1. Firstly, as shown 1n FIG. 3(a), a write signal V.
1s applied to the first electrode 1071 and the second electrode
1073 so that a positive voltage 1s biased onto the first
clectrode 1071 and a negative voltage 1s biased onto the
second electrode 1073 (at this point, a “+” write voltage 1s

5

10

15

20

25

30

35

40

45

50

55

60

65

8

defined). Based on the write signal V. . 1n this direction,
an electric field E1 substantially 1n the direction as shown 1n

FIG. 3(a) will be formed.

Due to existence of the clearance 109, the electric field E1
can partially have an influence on the electric domain of a
part of the ferroelectric thin film layer 10353 which corre-
sponds to the clearance 109. As shown in FIG. 3(a), with the
increase of the electric field FE1, 1n a corresponding part of
the ferroelectric thin film layer 105 below the clearance 109,
1.e., 1n a local part of the surface portion exposed to the
clearance 109, the electric domain 1s reversed, 1.e., the
clectric domain 1053 corresponding to the clearance 109 is
partially reversed to form an electric domain 1053b as
shown 1n FIG. 3(a), and the electric domain 1053 of other
portions of the {ferroelectric thin film layer 105 i1s not
reversed since 1t 1s substantially not aflected by the electric
field E1 (or the influence by the electric field E1 1s not
suflicient to reverse the electric domain thereot), and corre-
spondingly, an electric domain 10353a as shown i1s formed,
wherein the polarization direction of the electric domain
1053b 1s substantially opposite to that of the electric domain
1053a. The electric domain 1053b 1s reversed using an
clectric component of the electric field E1 1n a direction
opposite to the polarization direction of the electric domain
1053a. Therefore, in case that the coercive voltage of the
terroelectric thin film layer 1s known, a mimimum voltage for
forming the electric domain 1053b can be calculated, 1.e., a
minimum write voltage.

At this point, at a adjoining portion between a portion of
the ferroelectric thin film layer having the electric domain
1053a and a portion of the ferroelectric thin film layer
having the electric domain 1053b, 1.e., at a boundary wall or
interface between the electric domain 1053a and the electric
domain 1033b, a domain wall or domain boundary having
charges 1s generated. Therefore, mainly on the basis of
domain wall conductive mechanism, a conductive passage 1s
created between the second electrode 1073 and the first
clectrode 1071, 1.e., “domain wall conductive passage
1054”. The creation of the domain wall conductive passage
1054 represents that the write “1” operation 1s successiul,

that 1s, data “1” 1s stored.

As shown 1 FIG. 3 (b), a read signal V___ . 1s applied to
the first electrode 1071 and the second electrode 1073 so that
a positive voltage 1s biased onto the first electrode 1071 and
a negative voltage 1s biased onto the second electrode 1073
(at this point, a “+”" read voltage 1s defined). The direction of
the read signal V . 1s also not limiting, and a “-” read
voltage can be also applied to the first electrode 1071 and the
second electrode 1073. The voltage of the read signal V,__ ,
1s smaller than the voltage of the write signal V.., which
can prevent an erroneous write operation during the read
operation process. For example, the voltage of the read
signal V__ . 1s smaller than a coercive voltage for reversing,
the electric domain 1051 or 1053. Therefore, the electric
field E2 generated by the read signal V,__ . in FIG. 3(b) 1s
smaller than a coercive field E _, and thus there 1s no electric
field component suflicient for reversing the electric domain
1053b. The electric domain 1053b and 1053a 1n the ferro-
clectric single-crystal thin film layer 105 substantially
remain constant, and the domain wall conductive passage
1054 also remains constant. Correspondingly, the first elec-
trode 1071 and the second electrode 1073 will generate a
read current 1, .. At this point, the read current 1, 1s
relatively large, which represents an on-state, thus reading
out logic information *“17.
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FIG. 4 1s a schematic view showing the process and
principle of the operation of writing “0” and reading “0” of
the ferroelectric memory according to the embodiment
shown 1n FIG. 1.

As shown 1n FIG. 4(a), a write signal V. 1s applied to
the first electrode 1071 and the second electrode 1073 so that
a positive voltage 1s biased onto the second electrode 1073
and a negative voltage 1s biased onto the first electrode 1071
(at this point, a “-" write voltage i1s defined). Based on the
write signal V. . 1n this direction, an electric field E3
substantially 1n the direction as shown in FIG. 4(a) will be
tformed, which has an opposite direction to the electric field
E1l in FIG. 3(a). Based on the same principle in which the
clectric field E1 acts on the ferroelectric single-crystal thin
f1lm layer 103 1n the process of writing “1”” operation 1n FIG.
3(a), the electric field E3 can reverse the electric domain
1053b (as shown in FIG. 3(a)) so that it returns to the
original polarization direction, thus being unitized to form
the electric domain 1053 1n the ferroelectric single-crystal
thin film layer 105. At this point, the domain wall or domain
boundary disappears, and the domain wall conductive pas-
sage 1054 originally generated between the second electrode
1073 and the first electrode 1071 also disappears. At this
point, the write “0” operation 1s successiul, that 1s, data “0”
1s stored.

As shown in FIG. 4(b), aread signal V, _ ,1s applied to the
first electrode 1071 and the second electrode 1073, which 1s
the same as the read signal in FIG. 3(b). That 1s, a positive
voltage 1s biased onto the first electrode 1071 and a negative
voltage 1s biased onto the second electrode 1073 (at this
point, a “+”" read voltage 1s defined). Since the domain wall
conductive passage 1054 disappeared, a read current I _ .,
which 1s substantially O or very small 1s correspondingly
generated between the first electrode 1071 and the second
clectrode 1073, which represents an off-state, thus reading
out logic mnformation “0”.

In the above process of read “1” or read “0” operation, the
clectric domain of the ferroelectric single-crystal thin film
layer 105 also substantially does not change. Therefore, after
the read signal V . 1s cancelled, the state (“exist” or
“disappear”) of the domain wall conductive passage 1054
does not change, thus having no influence on the stored data
“1” or *“0” and realizing non-destructive readout. Moreover,
in the above read “1” or read “0”” operation, the state of data
1s distinguished by the magnitude of the current that has
been read out, which 1s completely different from the way of
reading charges in a conventional ferroelectric memory.

In the above ferroelectric memory according to the
embodiment shown 1n FIG. 1, the read current I __ ,, 1n the
read “1” operation can reach up to an order of magnitude of
100 nA to 1000 nA, and there can be a difterence of 4 to 7
in terms of the order of magnitude between the read current
I . 1nthe read “1” operation and the read current I _ ., 1n
the read “1” operation. Therefore, the readout window 1s
large, and the readability of data 1s good. The mventor of the
application has found that this 1s mainly because the use of
single-crystal ferroelectric thin film layer 105 as a storage
layer to form the storage unit has etfectively reduced lattice
defects, e.g., crystal boundary, domain boundary, defect rich
area, a second phase, etc.

Moreover, 1n case where the read current of the ferroelec-
tric memory 10 according to the embodiment shown in FIG.
1 1s greatly increased, a reading speed thereof will also
increase significantly.

The inventor of the application has found that data
retention performance and data endurance performance of
the above ferroelectric memory 10 according to the embodi-
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ment shown 1n FIG. 1 are greatly improved as compared to
the non-destructive ferroelectric memory cited in the back-
ground section, and this 1s mainly because that 1n a single
crystal structure, the positive and negative polarization
directions ol a single crystal are stable, and defects are
fewer.

FIG. 5 1s a schematic sectional structure view of a
non-destructive readout ferroelectric memory according to
another embodiment of the invention, and FIG. 6 15 a top
plan structure view of a read-write electrode of the non-
volatile ferroelectric memory shown 1n FIG. 1. As shown in
FI1G. 5, a schematic sectional structure view of a ferroelec-
tric memory 30 1s shown, which mainly comprises a sub-
strate 301, a ferroelectric thin film layer 303, a programming,
projected block 305 disposed 1n the ferroelectric thin film
layer 303 and a read-write electrode layer 307. The term
“read” of the read-write electrode layer 307 reflects that 1t
has at least the function of readout operation, and the term
“write” of the read-write electrode layer 307 reflects that 1t
has at least the function of write operation.

With continued reference to FIG. 5, the substrate 301 can
be formed by various substrate materials commonly used in
a ferroelectric memory, e.g., S1, SrT10, or LiNbO,. Usually,
the material of the substrate 301 1s mainly determined by the
substrate 301 and the ferroelectric thin film layer 303
together. In this embodiment, the substrate 301 can be Si
substrate which 1s easily compatible with a semiconductor
CMOS process and 1s advantageous for a massive produc-
tion. In addition, the substrate matenial such as Sr110; or
LiNbO, 1s typically selected according to lattice constant
requirements on the ferroelectric thin film layer 303 so that
an epitaxial thin film layer with excellent performance is
obtained. Furthermore, the substrate 301 and the ferroelec-
tric thin film layer 303 can be formed by the same type of
materal, 1.¢., ferroelectric material, comprising ferroelectric
block ceramic and single crystal, etc.

As compared to the ferroelectric thin film layer 105 of the
terroelectric memory 10 according to the embodiment
shown 1n FIG. 1, the ferroelectric thin film layer 303 shown
in FIG. 5 can be also a ferroelectric single-crystal thin film
layer, which has the same type of matenal and the same
process of preparation as the above ferroelectric thin film
layer 105 according to the embodiment shown 1n FIG. 1, and
thus a repeated discussion 1s omitted herein.

The programming projected block 305 1s disposed on the
terroelectric single-crystal thin film layer 303 and 1s pre-
pared and formed integrally therewith. That 1s, the program-
ming projected block 305 and the ferroelectric single-crystal
thin film layer 303 are integral and have the same type of
material, and they belong to a single crystal. Specifically, the
programming projected block 305 which 1s projected out-
wardly relative to the ferroelectric single-crystal thin film
layer 303 can be formed after pattern etching the ferroelec-
tric single-crystal thin film layer 303. For example, by using
a semiconductor photo-etching process, an image transier of
the programming projected block 305 can be realized
through techniques such as electron beam direct writing or
nano-imprint or photo-etchung; then, using etching tech-
nique comprising dry method and wet method etching, the
programming projected block 305 1s formed on the surface
of the ferroelectric single-crystal thin film layer 303. For
example, the programming projected block 305 can be a
boss having a rectangular block structure or a columnar
structure, and there 1s no limitation to the specific shape of
the programming projected block 305.

With continued reference to FIGS. 5§ and 6, a first elec-
trode 3071 and a second electrode 3073 that are separate
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from each other are disposed in the read-write electrode
layer 307. The first electrode 3071 and the second electrode
3073 are disposed on the ferroelectric single-crystal thin film
layer 303 and are located on two sides of the programming
projected block 305 respectively. That 1s, the first electrode
3071 and the second electrode 3073 are disposed at two
sides of the programming projected block 3035 of the ferro-
clectric single-crystal thin film layer 303, and are spaced
apart at least by the programming projected block 305. The
first electrode 3071 and the second electrode 3073 are 1n
contact with side edges of the programming projected block
305 respectively.

In this embodiment, the width d of the programming
projected block 305 corresponds to the clearance interval
between the first electrode 3071 and the second electrode
3073, and specifically d could be larger than or equal to 2 nm
and smaller than or equal to 10 um, e.g. 1t could be 10 nm,
100 nm, 1 um, etc. A smaller interval d 1s more advantageous
for improving a storage density of the ferroelectric memory,
more advantageous for reducing a write voltage and a read
voltage and reducing read power consumption and write
power consumption. Therefore, the programming projected
block 305 can be of a structure having various mircometer
or nanometer dimensions. The height of the programming
projected block 305 relative to the {ferroelectric single-
crystal thin film layer 303 (1.e., the thickness of the pro-
gramming projected block 3035) can be larger than or equal
to 2 nm and smaller than or equal to 1 um, e.g., 1t could be
S0 nm.

In another embodiment, the read-write electrode layer 307
can be of a side wall structure disposed at two sides of the
programming projected block 305. The first electrode 3071
and the second electrode 3073, which are two separate side
walls, are disposed at two opposite side edges of the
programming projected block 305.

Specifically, the first electrode 3071 and the second elec-
trode 3073 can be formed of a conductive material having a
low resistance. For example, the material of the first elec-
trode 3071 and the second electrode 3073 can be selected
from one of Pt, SfRuO,, LaN10,, Al, Cu, Ru, Ir and IrO, or
a combination of more than one of Pt, SrRuQO;, LaN10O;, Al,
Cu, Ru, Ir and IrO,. The thickness of the first electrode 3071
and/or the second electrode 3073 can be 2-100 nm, e.g., 30
nm. The thickness of the read-write electrode layer 307 can
be larger than or equal to the thickness of the programming
projected block 305. The first electrode 3071 and/or the
second electrode 3073 can be formed by, for example, but
not limited to, thin film deposition methods such as sput-
tering, chemical vapor deposition (CVD), pulse laser depo-
sition (PLD), etc.

Still referring to FIG. 1, 1n the invention, the ferroelectric
thin film layer 303 and the programming projected block
305 are required to satisiy a condition that the ferroelectric
domain thereot has a component 1n the plane, 1.e., 1t has an
in-plane component (a projection of spontaneous polariza-
tion of the ferroelectric domain onto a film plane). The
terroelectric thin film layer 303 can form electric domains
3031 and 3033 1n two directions as shown 1n FIG. 1, and the
programming projected block 305 can form electric domains
3051 and 3053 1n two directions as shown 1n FIG. 1. The
polarization directions of the electric domain 3031 and 3051
are completely opposite to the polarization directions of the
clectric domain 3033 and 3033 respectively. When a biasing
voltage 1s larger than a coercive voltage, the electric domain
will be oriented 1n the electric field direction. Therefore,
when the biasing electric field direction 1s opposite to the
original electric domain direction and the biasing voltage 1s
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larger than the coercive voltage, the electric domains 3031
and 3051 or 3033 and 3033 will be reversed. In this
embodiment, the polanzation direction of the electric
domain of the ferroelectric thin film layer 303 and the
programming projected block 305 1s substantially not par-
allel to a normal line (a broken line perpendicular to the
read-write electrode layer 307 as shown in the figure)
direction of the read-write electrode layer 307. Specifically,
it can be realized by controlling a crystal orientation 1n
which the ferroelectric thin film layer 303 grows. By way of
example, a BiFeO, ferroelectric thin film layer 303 having a
thickness of 100 nm can grow epitaxially on the SrTi03
substrate 303 having a crystal face (001), wherein the
polarization direction of the electric domain of the BiFeO,
terroelectric thin film layer 303 1s along a direction <111>.

It 1s noted that in order to {facilitate illustration, the
terroelectric thin film layer 303 and the programming pro-
jected block 305 are shown separately 1n FIG. 5. However,
in practice, it 1s possible that they are not separate; on the
contrary, they can be continuous, and the electric domains 1n
the ferroelectric thin film layer 303 and the programming
projected block 305 constitute a single domain. For
example, when the polarization directions of the ferroelec-
tric thin film layer 303 and the programming projected block
305 are consistent, the electric domains 3031 and 3051 have
a consistent polarization direction (or the electric domains
3033 and 3053 have a consistent polarization direction), and
they can be represented continuously.

The storage and operation principles of the ferroelectric
memory 30 according to embodiment shown in FIG. § will
be described below.

FIG. 7 1s a schematic view showing the process and
principle of the operation of writing “1”” and reading “1” of
the ferroelectric memory according to the embodiment
shown 1 FIG. 5.

As shown 1n FIG. 7(a), 1n this embodiment, during a write
“1” operation, 1t 1s assumed that the polarization direction of
the electric domain 1n the ferroelectric single-crystal thin
film layer 303 1s unitized to be the direction of the electric
domain 3031 in FIG. 5. Durning the write “1” operation, a
write signal V. . 1s applied between the first electrode
3071 and the second electrode 3073 of the read-write
clectrode layer 307, that 1s, the write signal V. . 1s biased
onto the read-write electrode pair formed by the second
electrode 3073 and the first electrode 3071, wherein for the
direction of the wrnte signal V__ .., the second electrode
3073 1s biased 1n a negative direction, and the first electrode
3071 1s biased in a positive direction, thus forming an
clectric field E4 substantially in the direction as shown 1n
FIG. 3(a). Since the first electrode 3071 and the second
clectrode 3073 are located at two sides of the programming
projected block 305, based on the distribution characteristic
of the electric field E4, the intensity of electric field in the
programming projected block 305 1s larger than the intensity
of electric field 1n the ferroelectric single-crystal thin film
layer 303, thus having a greater intluence on the electric
domain in the programming projected block 305. Conse-
quently, the electric domain 3031 in the programming pro-
jected block 305 1s easier to be reversed as compared to the
clectric domain 3031 in the ferroelectric single-crystal thin
film layer 303. Therefore, under the action of the electric
field E4, the electric domain 3051 is reversed to form the
clectric domain 3053. That 1s, an electric field component of
the electric field E4 1n a direction opposite to the polarization
direction of the electric domain 3051 of the programming
projected block 305 1s larger than a coercive voltage for
reversing the electric domain, the electric domain in the
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programming projected block 305 that has an in-plane
terroelectric polarization component 1s reversed, 1.e., the
clectric domain 3051 1s reversed to form the electric domain
3053. By setting the magnitude of the write signal V.,
the electric domain 3051 of the programming projected
block 305 can be reversed while the electric domain 3031 of
the ferroelectric thin film layer 303 1s substantially not
reversed (or only a very small portion of the programming,
projected block 305 1s reversed). That 1s, at this point, the
clectric domain 3031 of the ferroelectric thin film layer 303
1s substantially not influenced by the electric field E4 (or the
influence on the electric domain 3031 by the electric field E4
1s not suilicient for reversing the electric domain 3031).

Therelore, at this point, the polarization direction of the
clectric domain 3053 in the programming projected block
305 will substantially be completely opposite to the polar-
ization direction of the electric domain 3031 in the ferro-
clectric thin film layer 303, and a domain wall or domain
boundary with charges 1s formed between the electric
domain 3031 and the electric domain 3053 (the electric
domain that was not reversed around the programming
projected block 3035), thus forming a domain wall conduc-
tive passage 3054. At this point, the first electrode 3071 and
the second electrode 3073 can be conductively connected
via the domain wall conductive passage 3054. The creation
of the domain wall conductive passage 3034 represents that
the write “1” operation 1s successiul, that 1s, data “1” 1s
stored.

It 1s noted that with the increase of the voltage of the write
signal V., 1t 1s possible that the electric domain 3031 of
more and more portions in the ferroelectric single-crystal
thin film layer 303 that are close to the programming
projected block 305 will be reversed under the influence of
the electric field E4, which 1s similar to the write operation
principe of the ferroelectric memory 10 shown in FIG. 4.
Therefore, the domain wall conductive passage 3054 will be
projected downward continuously until 1t 1s close to the
substrate 301. In this way, 1t 1s possible that the domain wall
conductive passage 3054 will break at a position close to the
substrate 301, thus shutting off the conductive passage
between the second electrode 3073 and the first electrode
3071. Therefore, on one hand, the magnitude of the voltage
of the wnite signal V., can be set so that only the electric
domain 3051 or 3053 of the programming projected block
305 1s reversed while the electric domain 3031 or 3033 of
the ferroelectric thin film layer 303 1s not reversed; on the
other hand, the thickness of the ferroelectric single-crystal
thin film layer 303 can be set to be larger than the height of
the programming projected block 305 so that the domain
wall conductive passage 3054 formed after the write “1”
operation cannot substantially longitudinally penetrate
through the upper and lower surfaces of the ferroelectric thin
film layer 303.

It 1s noted that the electric domain 3033 is reversed using
an electric component of the electric field E4 1n a direction
opposite to the polarization direction of the electric domain
3031. Therefore, 1n case that the width d of the programming
projected block and the coercive voltage V _ are known, a
mimmum write voltage V . . for forming the electric
domain 3053 by reversing the electric domain 3051 can be
calculated.

As shown 1 FIG. 7(b), 1n the present embodiment, the
read operation principe 1s completely diflerent from that of
a conventional ferroelectric memory, wherein during a read
operation, the substrate 301 i1s not required to be biased a
signal, and i1t can be suspended. The read signal V __ . 1s
biased between the read-write electrode pair. In the follow-
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ing, an example will be described 1n which the signal 1s
based between the first electrode 3071 and the second
clectrode 3073.

With continued reference to FIG. 7(b), during the read *“1”
operation, a read signal V., 1s biased between the first
electrode 3071 and the second electrode 3073, wherein the
second electrode 3073 1s biased 1n the negative direction and
the first electrode 3071 1s biased 1n the positive direction,
thus forming an electric field ES (which 1s smaller than a
coercive field E ) in the direction as shown 1n the figure
between the second electrode 3073 and the first electrode
3071. Since the electric field ES does not contain an electric
field component for reversing the electric domain 3053, the
clectric domain 30353 will remain completely constant, and
the formed domain wall conductive passage 3054 1s not shut
ofl. At this point, the second electrode 3073 and the first
clectrode 3071 will generate a read current I ,,, which 1s
relatively large and represents an on-state, thus reading out
logic information “17.

It 1s noted that the read voltage of the read signal V,__ ,can
be smaller than the write voltage of the write signal V...
which 1s advantageous for avoiding an “over-write” opera-
tion during the read operation.

It should be understood that when the read signal V__ ,1s
cancelled, since the electric domain 3053 of the program-
ming projected block 305 does not change during the above
read operation process, the electric domain 3053 of the
programming projected block 3035 will also not change after
the read signal V . 1s cancelled, and the domain wall
conductive passage 3054 will exist stably. The data “1”” can
be always retained. Therefore, this read operation process 1s
a non-destructive readout.

FIG. 8 1s a schematic view showing the process and
principle of the operation of writing “0”” and reading “0” of
the ferroelectric memory according to the embodiment
shown 1n FIG. 5. As shown in FIG. 8(a), during a write “0”
operation, a write signal V. . which has the opposite
direction to the write signal V . . 1s biased onto the
read-write electrode pair formed by the second electrode
3073 and the first electrode 3071, wherein the second
clectrode 3073 1s biased 1n a positive direction, and the first
clectrode 3071 1s biased 1n a negative direction, thus forming
an electric field E6 substantially 1n the direction as shown 1n
FIG. 8(a). The principle of the write operation performed by
the write signal V.., on the programming projected block
305 1s substantially the same as the principe of the write
operation performed by the write signal V. on the
programming projected block 305. The electric field E6 can
have an influence on the electric domain corresponding to
the programming projected block 305, that 1s, can also have
an intluence on the electric domain 3033 as shown 1n FIG.
7(a). When an electric field component of the electric field
E6 1n a direction opposite to the polarization direction of the
clectric domain 3053 of the programming projected block
305 1s larger than a coercive voltage for reversing the
electric domain, the electric domain 3053 1s reversed and
returns to the original or initial polarization direction, thus
being unitized to form the electric domain 3051. At this
point, the polarization direction of the electric domain 3051
of the programming projected block 3035 1s the same as the
polarization direction of the electric domain 3031 of the
terroelectric single-crystal thin film layer 303, and there 1s
no domain wall or domain boundary therebetween. The
domain wall conductive passage 3054 originally generated
between the second electrode 3073 and the first electrode
3071 also disappears. At this point, the write “0”” operation
1s successtul, that 1s, data “0” 1s stored.
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It 1s noted that the specific forms of the write signal V.,
and write signal V. . are not limiting. For example, the
form can be a voltage pulse signal having a certain fre-
quency, €tc.

As shown 1n FIG. 8(b), during the read “0” operation, a
read signal V___ . 1s biased between the first electrode 3071
and the second electrode 3073, thus forming an electric field
ES in the direction shown in the figure. Since the intensity
of the electric field ES 1s smaller than a coercive field E_ of
the programming projected block 305, the electric domain
3051 of the programming projected block 305 will not be
reversed during the read operation, and the domain wall
conductive passage as shown in FIG. 7 cannot be formed.
Since the domain wall conductive passage 3054 disappears,
at this point, the second electrode 3073 and the first elec-
trode 3071 do not generate a read current (I, ,_=0) or merely
generate a very small read current, and the read current I,
1s 1n an ofl state, representing that logic information “0” 1s
read out.

It should be understood that when the read signal V,__ , 1s
cancelled, since the electric domain 3051 of the program-
ming projected block 305 does not change during the above
read operation process, the electric domain of the program-
ming projected block 305 will also not change after the read
signal V___ . 1s cancelled, and the data “0” can be always
retained. Therefore, this read operation process 1s a non-
destructive readout.

It 1s noted that while described above 1s an example in
which logic information “0” 1s stored in the polarization
directions of the electric domain 3051 of the programming
projected block 305 and the electric domain 3031 of the
terroelectric single-crystal thin film layer 303 and logic
information “1” 1s stored 1n the polarization directions of the
clectric domain 3053 of the programming projected block
305 and the electric domain 3031 of the ferroelectric single-
crystal thin film layer 303, those skilled in the art will
understand 1t 1s also possible that logic mnformation “0” 1s
stored 1n the polarization directions of the electric domain
3053 of the programming projected block 305 and the
clectric domain 3033 of the ferroelectric single-crystal thin
film layer 303 and logic information *“1” 1s stored in the
polarization directions of the electric domain 30351 of the
programming projected block 3035 and the electric domain
3033 of the ferroelectric single-crystal thin film layer 303.
Correspondingly, the directions of voltage signals 1n the
write operation and the read operation can be also changed
adaptively so as to realize a read/write operation process
similar to that shown i FIGS. 7 and 8.

Hereinafter, relevant tests have been conducted on the
terroelectric memory 350 according to the embodiment
shown 1n FIG. 5, wherein the ferroelectric single-crystal thin
film layer 303 (comprising the programming projected block
305) of the ferroelectric memory 30 1s specifically a 2 mol.
% MgO doped-X direction cutting-L.iINbO, ferroelectric
single-crystal thin film layer.

FIG. 9 1s an I-V characteristic graph in a read/wrnite
operation of sweeping the voltage across the ferroelectric
memory according to the embodiment shown in FIG. 5,
wherein solid lines represents an I-V characteristic graph of
a sample 1n which the width d of the programming projected
block 305 1s 150 nm, and broken lines represents an I-V
characteristic graph of a sample 1n which the width d of the
programming projected block 3035 1s 50 nm. As shown in
FIG. 9, the voltage biased between the first electrode 3071
and the second electrode 3073 can be swept. For example,
firstly, the voltage 1s gradually increased to +12V from 0V,
1s returned to OV, and 1s then increased to =12V from OV by
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sweeping. It can be seen that during the process of gradually
increasing to +12V from 0V, the current will be increased
suddenly, meaning that the write “1” operation 1s success-
tully and the domain wall conductive passage 1s established.
Then, the maximum current that can be read out can reach
up to a microampere order of magnitude. Therefore, the read
current 1s greatly increased.

FIG. 10 1s a schematic piezoelectric imaging view show-
ing the establishing and disappearing of the domain wall
conductive passage of the ferroelectric memory according to
the embodiment shown 1n FIG. 5, wherein the width of the
programming projected block 305 1s 150 nm, “left elec-
trode” and “right electrode’” constitute a read-write electrode
pair and are piezoelectrically imaged under a voltage of £7V
when biased write voltages (e.g., +7V, =7V) 1n different
directions. An on or ofl state of the domain wall can be
clearly seen therefrom; that 1s, when data “1” 1s written, the
domain wall conductive passage 1s clearly established, and
when data “0” 1s written, the domain wall conductive
passage clearly disappears.

FIG. 11 1s a schematic graph showing data retention
performance of the ferroelectric memory according to the
embodiment shown 1n FIG. 5. In this test sample, the width
of the programming projected block 305 1s 150 nm, and the
first electrode 3071 and the second electrode 3073 are Pt
metal electrodes having a width of 100 nm. Under the action
of the a read signal V,___ ~4V, a switch current that 1s read
out changes with the time and forms the curve as shown 1n
FIG. 11. It can be at least seen from FIG. 11 that 1n one
aspect, the read current in the on state can reach up to 10’
A to 107° A, and the read current is large; in another aspect,
a ratio between the on-state current and the ofl-state current
(i.e., an on/off ratio) can be larger than 10°, and the data
window 1s large; and 1n further another aspect, the readout
current 1s stable as time elapses, and the data can still be well
retained after 10° seconds, thus exhibiting an excellent data
retention performance.

FIG. 12 1s a schematic graph showing fatigue perfor-
mance of the ferroelectric memory according to the embodi-
ment shown i FIG. 5. In this test sample, the width of the
programming projected block 305 1s 150 nm, and the first
clectrode 3071 and the second electrode 3073 are Pt metal
clectrodes having a width of 100 nm. Under the action of a
write voltage having a write period of +8V/-10V (compris-
ing writing “0” and writing “1”’) and a period frequency of
1 MHz, after each time of writing “0” and writing “17, a
corresponding switch current 1s read out under a voltage of
4V. FI1G. 12 shows the variation of switch current for each
write period with the number of write periods. It can be at
least seen from FIG. 12 that 1n one aspect, the read current
in the on state can reach up to 10~" A, the read current is
large and will not be reduced as the write operation con-
tinuously proceeds; 1n another aspect, a ratio between the
on-state current and the ofi-state current (1.e., an on/ofl ratio)
can be larger than 10°, and the data window is large; and in
further another aspect, the read/write period 1s larger than
10'°.

Therefore, 1t can be seen that 1n the ferroelectric memory
30 according to the embodiment shown 1n FIG. 5§, at least
because both the ferroelectric thin film layer 303 and the
programming projected block 305 use ferroelectric single-
crystal materials, the programming operation 1s performed
in the same single-crystal structure or quasi single-crystal
structure. Therefore, the read current it larger (which can
reach up to an pA order of magnitude), and the readability
of data 1s good. Moreover, reliabilities such as retention
performance of data and fatigue performance are excellent.
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Furthermore, the on/ofl ratio 1s large. Also, since the ferro-
clectric memory 30 uses the programming projected block
305, the electric field of the first electrode 3071 and the
second electrode 3073 that can be applied to two sides
thereot can be better, and can have an influence on the
clectric domain 1n the programming projected block 3035
more effectively. During the programming operation, by
casily controlling the magnitude of the write voltage (or read
voltage), the programming action (i.e., reversal of electric
domain) will substantially take place in the programming
projected block 305. The existence of the programming,
projected block 305 increases the electric field whose elec-
tric domain 1s effectively reversed, reduces the write voltage,
and reduces a depolarization effect. Therefore, a more effec-
tive programming operation can be realized under the same
magnitude of voltage, and the established domain wall
conductive passage 1s more stable. In this way, the write
voltage of writing “0”” or writing “1” 1s further reduced, and
the reliability of data storage 1s improved.

FIG. 13 1s a schematic view showing the flowchart of a
method of preparing the ferroelectric memory according to
the embodiment shown 1n FIG. 5. As shown 1n FIGS. 5 and
13, firstly, a substrate 310 as shown 1n FIG. 1 1s provided,
whose material 1s mainly determined by the ferroelectric
thin film layer 303 together, or can be the same as the
ferroelectric matenal, 1.e., a ferroelectric ceramic block or a
single crystal. In this embodiment, the substrate 301 can be
a S1 substrate which 1s easily compatible with a semicon-
ductor CMOS process.

Next, at step S820, the ferroelectric thin film layer 303 1s
formed. In this embodiment, the ferroelectric thin film layer
303 can comprise, but not limited to, the following materi-
als: single-crystal LiINbO, type of ferroelectrics (e.g., single-
crystal L1Ta0,), single-crystal (Pb,Zr) T10,, La doped (B4,
La) FeO,, or BiFeO, or single-crystal B1,11,0,,, (La,B1),
11,0, , or SrB1,Ta,O,. The ferroelectric thin film layer 303
can be formed by thin film deposition methods such as
ion-bonding techmique, sputtering, chemical vapor deposi-
tion (CVD), pulse laser deposition (PLD), etc.

In an embodiment, a LiNbO, ferroelectric single-crystal
thin film layer 1s formed by being bonded onto the single-
crystal silicon substrate 301.

Specifically, firstly, by using the Czochralski method
(abbreviated as “CZ method”), Li1,CO,; powder having a
high purity (e.g., reaching up to 99.99%) and Nb,O. powder
are melted at approximately 1250° C., and then 1somorphic
LiNbO, 1s formed by growing, wherein there 1s 48.5% [1,0
mol; by using a dual-hearth CZ method and an automatic
powder feeding system, a LiNbO, single crystal 1s gener-
ated, which has 49.6 mol. % L1,0. In this way, a stoichio-
metric ratio between L1 and Nb 1s the LiNbO, single crystal
1s close to or equal to 1:1. During this process, 1n order to
increase the magnitude of current in the domain wall con-
ductive passage in the finally formed ferroelectric single-
crystal thin film layer, 2 mol. % MgO 1s doped mnto the
LiNbO, single crystal. Then, using 1on injecting and silicon
slice bonding technology, a surface of the LiNbO, single
crystal 1s peeled off bonding so as to form a LiNbO,
terroelectric single-crystal thin film layer. For example,
firstly, H" or He™ ions injection 1s used at the surface, and the
depth of 10ns entering the LiNbO, single crystal 1s controlled
by controlling the 1on imection energy; secondly, the
LiNbO, single crystal 1s cleaned after 1on injection, and the
ion 1njection surface 1s chemically bonded to a single-crystal
silicon substrate which serves as the substrate 301, and a
S10, layer can be deposited onto the single-crystal silicon
substrate 301 so as to improve the adhesion of the substrate
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301 with the LiNbO; single crystal; the LiNbO; ferroelectric
single-crystal thin film layer adhered on the substrate 301 1s
separated from the LiNbO, single crystal. By doing so, the
terroelectric thin film layer 303 (the ferroelectric single-
crystal thin film layer) 1s prepared and formed, and the
terroelectric thin film layer 303 1s specifically single-crystal
LiNbO; doped with MgO.

By using MgO doping 1n the above LiNbO, ferroelectric
single-crystal thin film layer, the magnitude of current can be
increased when electric conduction 1s realized based on the
domain wall conductive passage. In other embodiments,
FeO or Ta,O: can be also used to dope the LiNbO; ferro-
clectric single-crystal thin film layer or other ferroelectric
single-crystal thin film layers. Of course, any combination of
the MgO, FeO and Ta,O. can be also used to dope the
terroelectric single-crystal thin film layer 105, wherein the
mol. % of the doped material 1s 0.1% to 10%.

It 1s noted that 1n the process of peeling ofl and cutting the
LiNbO; single crystals in the above embodiment, the
LiNbO, ferroelectric single-crystal thin film layer 1s formed
based on a X-direction cutting. Therefore, the finally pre-
pared specific ferroelectric single-crystal thin film layer 303
1s 2 mol. % MgO doped—X direction cutting—I1NbO,
terroelectric single-crystal thin film layer. In other embodi-
ments, the LiNbO, ferroelectric single-crystal thin film layer
can be also formed based on a cutting 1n the XY Z direction
or XZ(YZ) direction.

Next, at step S830, the programming projected block 305
1s formed by etching 1n the plane of the ferroelectric thin film
layer 303. In this embodiment, the programming projected
block 305 can be formed by firstly transferring an image
onto the erroelectric thin film layer 303 using techniques
such as semiconductor photo-etching, electron beam direct
writing or nano-imprint, and then using dry method (reactive
ion etching (RIE) or inductively coupled plasma etching
(ICP)) and wet method etching. It 1s noted that the program-
ming projected block 305 1s prepared and formed on the
single-crystal ferroelectric thin film layer 303. Therefore,
both the ferroelectric thin film layer 303 and the program-
ming projected block 305 are i the same single-crystal
structure. Preferably, the height of the programming pro-
jected block 305 1s smaller than the thickness of the etched
terroelectric thin film layer 303. For example, the height of
the programming projected block 305 can be from 2 nm to
500 nm.

Next, at step S840, an in-plane read-write electrode pair
1s formed on the ferroelectric thin film layer 303 and the
programming projected block 305. In this embodiment, the
read-write electrode pair 1s mainly composed of the first
clectrode 3071 and the second electrode 3073 which are
separated by the programming projected block 305. The
material of the read-write electrode pair can be selected from
one of Pt, SrRuQ,, LaNi1O,, Al, Cu, Ru, Ir and IrO, or a
combination of more than one of Pt, StTRuO;, LaN1O;, Al,
Cu, Ru, Ir and IrO,. The thickness of the first electrode 3071
and the second electrode 3073 can be larger than or equal to
the height of the programming projected block 305; for
example, 1t could be 2-100 nm, e.g., 30 nm. The read-write
clectrode layer 307 1n which the first electrode 3071 and the
second electrode 3073 are located can be formed by, for
example, but not limited to, thin film deposition methods
such as sputtering, chemical vapor deposition (CVD), pulse
laser deposition (PLD), etc. The first electrode 3071 and the
second electrode 3073 can be further obtamned by, for
example, but not lmmited to, electron beam processing,
nano-imprint or other photo-etching methods.
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In this way, the ferroelectric memory 30 according to the
embodiment shown in FIG. § 1s substantially formed.

FIG. 14 1s a schematic sectional structure view of a
non-destructive readout ferroelectric memory according to
yet another embodiment of the invention. In this embodi-
ment, as compared to the ferroelectric memory 30 according
to the embodiment shown in FIG. 5, the {ferroelectric
memory 40 further comprises a third electrode 4075 dis-
posed on the programming projected block 305. Therefore,
the first electrode 3071, the second electrode 3073 and the
third electrode 4075 form a read-write electrode layer 407 of
the ferroelectric memory 40 altogether. The third electrode
4075 has the function of read electrode and 1s used for
applying an electrical signal during the read operation. In an
embodiment, the third electrode 4075 1s formed of the same
material as the first electrode 3071 and the second electrode
3073, and 1s synchronously formed by pattern etching.

Other components 1n the ferroelectric memory 40 are
substantially the same as those in the ferroelectric memory
30 according to the embodiment shown 1n FIG. 5, and thus
a repeated discussion 1s omitted herein.

FIG. 15 1s a schematic view showing the process and
principle of the operation of writing “1”” and reading “1” of
the ferroelectric memory according to the embodiment
shown 1n FIG. 14.

As shown 1n FIG. 15(a), in this embodiment, the write *“1”
operation 1s substantially the same as the write operation
process shown in FIG. 7(a). Specifically, in this embodi-
ment, an appropriate biasing can be applied to the third
clectrode 4075, ¢.g., the third electrode 4075 1s grounded,
thus eflectively reducing the write voltage and also being
advantageous for increasing a domain wall current that 1s
read out; of course, the third electrode 4075 can be also
suspended. A write signal V., 1s biased between the first
electrode 3071 and the second electrode 3073. Therefore,
the principle of write “1” operation of the ferroelectric
memory 40 1s substantially the same as the principle of write
“1” operation of the ferroelectric memory 30, and thus a
repeated discussion 1s omitted herein. After the write “1”
operation, as shown 1n FIG. 15(a), under the influence of the
electric field E4, the electric domains 3051 and 3053 1n the
programming projected block 305 are unitized to be the
electric domain 3053; that is, the electric domain 3051 1s
completely reversed to form the electric domain 30353. The
polarization directions of the electric domains 1n the pro-
gramming projected block 305 are the same, and are com-
pletely opposite to the polarization direction of the unitized
clectric domain 3051 1n the ferroelectric thin film layer 303.
Therefore, the domain wall conductive passage 3054 is
established, which can conductively the first electrode 3071
and the second electrode 3073.

As shown 1n FIG. 15(b), during the read *“1”” operation, the
read signal V___ . 1s biased between the third electrode 4075
and any of the first electrode 3071 and the second electrode
3073. In the following, an example will be described 1n
which the read signal V ., 1s biased between the first
clectrode 3071 and the third electrode 4075.

As shown 1 FIG. 15(b), during the read “1” operation, a
read signal V___ . 1s biased between the first electrode 3071
and the third electrode 4075, wherein the third electrode
4075 1s biased in the negative direction and the first elec-
trode 3071 1s biased in the positive direction, thus forming
an electric field E7 (E7 1s larger than the coercive field Ec)
in the direction shown in the figure between the first elec-
trode 3071 and the third electrode 4075. Since the electric
field E7 does not contain an electric field component for
reversing the electric domain 3033, 1n a corresponding part
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of the programming projected block 305 below the clearance
between the first electrode 3071 and the third electrode
4075, the electric domain 3053 will not be reversed. In this
way, no domain wall conductive passage like that formed 1n
the write “1” operation will be generated 1n the program-
ming projected block 305. That 1s, no domain wall conduc-
tive passage 1s established between the first electrode 3071
and the third electrode 4075. At this point, the first electrode
3071 and the third electrode 4075 do not generate a read
current therebetween, and the read current 1 _~0, which
correspondingly represents that the domain wall conductive
passage 3054 between the programming projected block 3035
and the ferroelectric thin film layer 303 1s in an on-state, thus
reading out logic information “17.

After the read signal V,__ . 1s cancelled, since the electric
domain of the programming projected block 305 does not
change during the above read operation process, the electric
domain of the programming projected block 305 will also
not change after the read signal V___ , 1s cancelled, and the
stored data “1” does not change. Therefore, no destructive
readout will occur.

It should be understood that when a read signal V,__,
schematically shown 1n broken lines of FIG. 15(b) 1s biased
between the second electrode 3073 and the third electrode
4075, logic mnformation “1” can be also read out.

It 1s noted that unlike the requirement that the read voltage
of the read signal V___ , shown in FIG. 7(b) must be smaller
than the write voltage of the write signal V., the readout
voltage shown 1n FIG. 15(b) 1s completely not limited by the
magnitude of the write voltage and will substantially have
no influence on the domain wall conductive passage 3054.
Therefore, no erroneous write operation will occur during
the read operation.

FIG. 16 1s a schematic view showing the process and
principle of the operation of writing “0” and reading “0” of
the ferroelectric memory according to the embodiment
shown 1n FIG. 14.

As shown 1n FIG. 16(a), 1n this embodiment, the write “0”
operation 1s substantially the same as the write operation
process shown 1 FIG. 8(a). In this embodiment, the third
clectrode 40735 can be suspended, or an appropriate biasing
can be also applied to the third electrode 40785, e.g., the third
clectrode 4075 1s grounded, thus e'fectively reducing the
write voltage. A write signal V.., 1s biased between the
first electrode 3071 and the second electrode 3073. There-
fore, the principle of write “0” operation of the ferroelectric
memory 40 1s substantially the same as the principle of write
“0” operation of the ferroelectric memory 30, and thus a
repeated discussion 1s omitted herein.

After the write “0” operation, as shown 1 FIG. 16(a),
under the influence of the electric field E4, the electric
domains 3051 and 3053 1n the programming projected block
305 are unitized to be the electric domain 3051; that 1s, the
clectric domain 3053 1s completely reversed to form the
clectric domain 3051. The polarization directions of the
clectric domains 1n the programming projected block 305
are the same, and are completely opposite to the polarization
direction of the unitized electric domain 3031 in the ferro-
clectric thin film layer 303. Therefore, the previously estab-
lished domain wall conductive passage 3054 disappears.

It 1s noted that based on a distribution of the electric field
intensity of the programming projected block 305 under the
action of the write signal V. 1t can be known that a
larger write voltage of V.., will cause a deeper depth to
which the electric domain 3033 is returned and reversed.
Therefore, by controlling the magnitude of the voltage of the
write signal V the electric domain 3053 can be com-

write()?s
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pletely reversed to the electric domain 3031; by way of
example, as shown 1n FIG. 16(a), under the action of a write
signal V. - having a certain magnitude of voltage, the
clectric domain 3033 corresponding to the programming
projected block 305 (as shown 1 FIG. 15(a)) 1s completely
reversed to form the electric domain 3051, and the domain
wall conductive passage 3054 completely disappears.

As shown 1n FIG. 16(b), during the read “0”” operation, the
read signal V. 1s biased between the third electrode 4075
and any of the first electrode 3071 and the second electrode
3073. In the following, an example will be described 1n
which the read signal V,__, 1s biased between the first
clectrode 3071 and the third electrode 4075.

As shown 1 FIG. 16(b), during the read “0” operation, a
read signal V ___,1s biased between the first electrode 3071
and the third electrode 4075, wherein the third electrode
4075 1s biased in the negative direction and the first elec-
trode 3071 1s biased in the positive direction, thus forming
an electric field E7 (E7 1s larger than the coercive field Ec)
in the direction shown in the figure between the first elec-
trode 3071 and the third electrode 4075. Since the electric
field E7 contains an electric field component for reversing
the electric domain 3053, when an electric field component
of the electric field E7 1in a direction opposite to the
polarization direction of the electric domain 3051 1s larger
than a coercive voltage for reversing the electric domain, in
a corresponding part of the programming projected block
305 (1n a local part of the programming projected block 305)
below the clearance between the first electrode 3071 and the
third electrode 4075, the electric domain 3051 1s locally
reversed to form the electric domain 3053b, and the part of
the electric domain 3051 that is not reversed corresponds to
3051a. In this way, the polarization directions of the electric
domain 3053b and 3051b are opposite and a domain wall or
domain boundary 1s formed therebetween. In this way, a
domain wall conductive passage like that formed 1n the write
“1” operation will be generated in the programming pro-
jected block 3035; that 1s, a domain wall conductive passage
3057 1s established between the first electrode 3071 and the
third electrode 4075. At this point, the first electrode 3071
and the third electrode 4075 can be conductively connected
via the domain wall conductive passage 3057, thus gener-
ating a larger read current 1 __, which correspondingly
represents that the domain wall conductive passage 3054
between the programming projected block 305 and the
terroelectric thin film layer 303 i1s in an ofl-state, thus
reading out logic information “0”.

It should be understood that when a read signal V___,
schematically shown 1in broken lines of FIG. 16(b) 1s biased
between the second electrode 3073 and the third electrode
4075, logic information “0” can be also read out.

It 1s further noted that after the current signal I ,1s read
out, the read signal V___ . biased between the electrode 3071
and the third electrode 4075 1s cancelled, and the electric
fiecld E7 disappears. At this point, under the action of a
depolarization field, the electric domain 3053b will be
influenced by the electric domain 3051a and will be reversed
to substantially the original polarization direction; that is,
the electric domain 3053b disappears instantancously and
substantially returns to the electric domain 30351 1n a state
before the read operation. The domain wall conductive
passage 3057 also substantially disappears, and will how-
ever have no influence on the domain wall conductive
passage 3054. Therefore, logic information “0”” stored by the
terroelectric memory 40 before the read operation will not
change after the read operation, thus realizing non-destruc-
tive read out.
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Meanwhile, 1t should be further understood that 1in other
embodiments, even 1 the electric field disappears and the
clectric domain 3033b does not reverse to the polarization
direction before the read operation (1.e., the domain wall
conductive passage 3057 always exists after the read signal
1s cancelled), the electric domain 30353b will have no 1nflu-
ence on the logic information stored by the ferroelectric
memory 40 since the direction of the read signal V, ___, 1s
relatively fixed, and the existence of the domain wall con-
ductive passage 30357 will also not 1intluence logic informa-
tion that 1s subsequently read out. Moreover, 1t can be
understood that when the write operation 1s performed after
the read operation, 1t 1s certain that the electric domain
3053b will be polarized again, and the domain wall con-
ductive passage 3057 will also be erased.

With continued reference to FIG. 16(b), 1in this embodi-
ment, a smaller ratio between the volume of the part of the
programming projected block 305 having electric domain
3053b and the volume of the part of the programming
projected block 303 having electric domain 3051a would be
advantageous; that 1s, a smaller volume proportion of the
part of the programming projected block having partially
reversed electric domain (e.g., electric domain 3053b) dur-
ing the read operation would be advantageous. By designing
the height, area parameters and read voltage of the program-
ming projected block 305 and/or the interval d of the
clearance between the first electrode 3071 and the third

clectrode 3075, the read operation performance of the fer-

roelectric memory 40 can be optimized. Optionally, the
interval d of the clearance between the first electrode 3071

and the third electrode 30735 1s smaller than the height of the
programming projected block 303.

The direction of the read signal V,__  used in FIGS. 15 and
16 can be changed, and the states “1”” and “0” of data stored
therein can be also read out 1in a diflerentiated way. More-
over, the specific forms of the write signal V..., V
and V _ ,are not limiting. For example, the form can be a
voltage pulse signal having a certain frequency, etc.

WrT tel)

In the above description, directional terms (e.g., “upper”,
“lower”, etc.) and similar terms that are used to describe the
components 1n various embodiments represent the directions
shown 1n the drawings or directions that can be understood
by those skilled 1n the art. These directional terms are used
for a relative description and clarification, instead of limiting
the orientation 1n any embodiment to a specific direction or
orientation.

The above embodiments mainly describe the ferroelectric
memory of the invention as well as a method of operating
the same and a method of preparing the same. In particular,
the method and principle of read operation are described.
While only some of the embodiments of the mnvention are
described, those skilled 1in the art will understand that the
invention can be carried out 1n many other forms without
departing from the spirit and scope thereof. For example, the
shapes of the first electrode 3071 and the second electrode
3073 can be changed, and the three-dimensional shape of the
programming projected block 305 can be changed. There-
fore, the disclosed examples and embodiments should be
considered as 1llustrative rather than limiting. The mnvention
can cover many variations and replacements without depart-
ing from the spirit and scope of the mnvention defined by the
appended claims.
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What 1s claimed 1s:

1. A non-destructive readout ferroelectric memory, com-

prising:

a ferroelectric storage layer; and

a first electrode layer disposed on the ferroelectric storage
layer, wherein the first electrode layer comprises a first
clectrode and a second electrode that are disposed
separately, and wherein a polarization direction of the
clectric domain 1n the ferroelectric storage layer is
substantially not 1n parallel with a normal line direction
of the ferroelectric storage layer;

[wherein when an electrical signal in a first direction is
applied between the first electrode and the second
clectrode, a partial electric domain 1n the ferroelectric
storage layer 1s enabled to be reversed so that a first
domain wall conductive passage connecting the first
electrode with the second electrode is established; and}

wherein the ferroelectric storage layer 1s a ferroelectric
single-crystal storage layer;

wherein a programming projected block which is dis-
posed projectedly outwardly rvelative to the ferroelectric
single-crystal storage layer is provided in the fervo-
electric single-crystal storage layer, and the first elec-
trode and the second electrode ave disposed at two
sides of the programming projected block and are
spaced apart at least by the programming projected
block;

wherein when a write signal in a first divection is applied
between the first electrode and the second electrode, all
electric domains in the programming projected block
between the first electrode and the second electrode are
enabled to be reversed so that a first domain wall
conductive passage connecting the first electrode with
the second electrode is established;

wherein an electric field component, in a direction oppo-
site to the polarization direction of the electric domains
of the programming projected block, of the write signal
in the first direction is larger than a coercive voltage for
reversing the electric domains;

wherein when a write signal in a second direction oppo-
site to the first direction is applied between the first
electrode and the second electrode, the reversed elec-
tric domains in the programming projected block are
enabled to return to the initial polarization divection so
that the first domain wall conductive passage disap-
pears;

wherein an electric field component, in the polarization
dirvection of the electric domains of the programming
projected block, of the write signal in the second
divection is larger than a coercive voltage for reversing
the electric domains, wherein the write signal in the
fivst direction and the write signal in the second direc-
tion are electrical signals;

wherein the first electrode layer further comprises a thivd
electrode disposed above the programming projected
block, and the thivd electrode is separately disposed
from the first electrode and the second electrode so that
a first clearance is defined between the first electrode
and the third electrode, and a second clearance is
defined between the second electrode and the thivd
electrode.

2. The non-destructive readout {ferroelectric memory

according to claim 1, wherein the ferroelectric single-crystal
storage layer 1s made from single-crystal LiNbO; type of

terroelectrics, or single-crystal (Pb,Zr) T10,, La-doped (B4,
La) FeO,, BiFeO,, B1,11,0,,, (LaBi1),11,0,, or
SrBi,1a,0,.
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3. The non-destructive readout ferroelectric memory
according to claim 2, wherein the ferroelectric single-crystal

storage layer 1s made from single-crystal LiNbO; type of
terroelectrics, and wherein the LiNbO; type of ferroelectric
1s LiNbO, or Li1TaO,.

4. The non-destructive readout ferroelectric memory
according to claim 2, wherein the mol. % of the doped
material 1s 0.1% to 10%.

5. The non-destructive readout ferroelectric memory
according to claim 1, wherein the ferroelectric single-crystal
storage layer 1s a doped ferroelectric single-crystal storage
layer, and the doped matenials are MgO, FeO and Ta,O: or

any combination of MgQO, FeO and Ta,O-.
6. The non-destructive readout {ferroelectric memory

according to claim 5, wherein the ferroelectric single-crystal

storage layer 1s single-crystal LiNbO; doped with 0.1 mol %
to 10 mol % of MgO.

7. The non-destructive readout ferroelectric memory
according to claim 6, wherein a stoichiometric ratio between
[.1 and Nb 1s the single-crystal LiNbO, 1s close to or equal
to 1:1.

8. The non-destructive readout ferroelectric memory
according to claim 1, wherein the ferroelectric single-crystal
storage layer 1s formed based on a cutting 1n the X direction
or XYZ direction or XZ(YZ) direction.

9. The non-destructive readout ferroelectric memory
according to claim 8, wherein the ferroelectric single-crystal
storage layer 1s bonded onto a silicon substrate.

[10. The non-destructive readout ferroelectric memory
according to claim 1, wheremn a programming projected
block which 1s disposed projectedly outwardly relative to the
terroelectric single-crystal storage layer 1s provided 1n the
terroelectric single-crystal storage layer, and the first elec-
trode and the second electrode are disposed at two sides of
the programming projected block and are spaced apart at
least by the programming projected block; and

wherein when a write signal 1n a first direction 1s applied

between the first electrode and the second electrode,
clectric domain 1n at least a part of the programming
projected block 1s enabled to be reversed so that the first
domain wall conductive passage is established.}

[11. The non-destructive readout ferroelectric memory
according to claim 10, wherein when a write signal 1n a
second direction opposite to the first direction 1s applied
between the first electrode and the second electrode, the
reversed electric domain 1n the programming projected
block 1s enabled to return to the nitial polarization direction
so that the first domain wall conductive passage disappears.]

12. The non-destructive readout ferroelectric memory
according to claim [11] 7, wherein a read signal 1s applied
between the first electrode and the second electrode so as to
determine whether the first domain wall conductive passage
1s established; when the first domain wall conductive pas-
sage 1s established, 1t means that a first logic state 1s stored,
and when the first domain wall conductive passage disap-
pears, 1t means that a second logic state 1s stored.

13. The non-destructive readout ferroelectric memory
according to claim 12, wherein the voltage of the read signal
1s smaller than a coercive voltage of the ferroelectric single-
crystal storage layer.

14. The non-destructive readout ferroelectric memory
according to claim [10] 7, wherein a thickness of the
terroelectric single-crystal storage layer i1s set to be larger
than a height of the programming projected block.

15. The non-destructive readout ferroelectric memory
according to claim [14] /, wherein the height of the pro-
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gramming projected block 1s larger than or equal to 2 nm and
smaller than or equal to 1 um.
16. The non-destructive readout ferroelectric memory
according to claim 14, wherein a thickness of the first
clectrode layer 1s larger than or equal to the height of the
programming projected block.
17. The non-destructive readout ferroelectric memory
according to claim 10, wherein a width of the programming
projected block corresponds to an interval of a clearance
between the first electrode and the second electrode, and 1s
larger than or equal to 2 nm and smaller than or equal to 10
L.
[18. The non-destructive readout ferroelectric memory
according to claim 10, wherein the first electrode layer
turther comprises a third electrode disposed above the
programming projected block, and the third electrode 1s
separately disposed from the first electrode and the second
clectrode so that a first clearance 1s defined between the first
electrode and the third electrode, and a second clearance 1s
defined between the second electrode and the third elec-
trode.]
19. The non-destructive readout ferroelectric memory
according to claim [18] /, wherein, when a read signal is
applied between the first electrode/the second electrode and
the third electrode, a part of the programming projected
block corresponding to the first clearance/the second clear-
ance 1s partially reversed so that a second domain wall
conductive passage connecting the first electrode/the second
clectrode and the third electrode 1s established.
20. The non-destructive readout ferroelectric memory
according to claim 19, wherein a current state correspond-
ingly read out when the second domain wall conductive
passage 1s established represents that a first logic state 1s read
out, and a current state correspondingly read out when the
second domain wall conductive passage 1s not established
represents that a second logic state 1s read out.
21. The non-destructive readout ferroelectric memory
according to claim 19, wherein when the read signal is
cancelled, the electric [domain] domains of the program-
ming projected block that [was] were partially reversed [is]
are returned to the original polarization direction|, thus
making] so as to make the second domain wall conductive
passage disappear.
22. The non-destructive readout ferroelectric memory
according to claim 19, wherein the first clearance/the second
clearance 1s smaller than a height of the programming
projected block.
23. A method for operating the non-destructive readout
ferroelectric memory according to claim [10] /.
wherein when data 17 1s written, a write signal 1n the first
direction 1s applied between the first electrode and the
second electrode so that [an electric domain] all elec-
tric domains in [at least a part of] the programming
projected block [is] are enabled to be reversed, thus
establishing the first domain wall conductive passage;

wherein an electric field component, in a divection oppo-
site to the polarization direction of the electric domains
of the programming projected block, of the write signal
in the first direction is larger than a coercive voltage for
reversing the electric domains; and

wherein when data “0” 1s written, a write signal 1 a

second direction opposite to the first direction 1s
applied between the first electrode and the second
electrode so that the reversed electric [domain]
domains in the programming projected block [is] are
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enabled to return to the initial polarization direction,
thus making the first domain wall conductive passage
disappear;

wherein an electric field component, in the polarization
divection of the electric domains of the programming
projected block, of the write signal in the second

divection is larger than a coercive voltage for reversing
the electric domains;

wherein the first electrode layer further comprises a third
electrode disposed above the programming projected
block, and the thivd electrode is separately disposed
from the first electrode and the second electrode so that
a first clearance is defined between the first electrode
and the third electrode, and a second clearance is
defined between the second electrode and the third

electrode.

24. The method for operating according to claim 23,
wherein, when data “1” or “0” 1s read, a read signal 1s
applied between the first electrode and the second electrode
so as to determine whether the first domain wall conductive
passage 1s established; the magnitude of current read out
when the first domain wall conductive passage 1s established
represents data *“1” 1s read out, and the magnitude of current
read out when the first domain wall conductive passage
disappears represents data “0” 1s read out;

wherein the voltage signal is smaller than the coercive

voltage of the ferroelectric single-crystal storage laver.

25. The method for operating according to claim 23,
wherein [the first electrode layer further comprises a third
clectrode disposed above the programming projected block,
and the third electrode 1s separately disposed from the first
clectrode and the second electrode so that a first clearance 1s
defined between the first electrode and the third electrode,
and a second clearance 1s defined between the second
electrode and the third electrode;]

when data “1” or “0” 1s read, a read signal i1s applied

between the first electrode/the second electrode and the
third electrode so as to determine whether the second
domain wall conductive passage for connecting the first
electrode/the second electrode and the thivd electrode
1s established; the magnitude of current read out when
the second domain wall conductive passage 1s estab-
lished represents data “0” 1s read out, and the magni-
tude of current read out when the second domain wall
conductive passage disappears represents data “17 1s
read out.

26. The method for operating according to claim 25,
wherein when data “1” or “0” 1s written, the third electrode
1s grounded or biased a voltage so as to reduce the magni-
tude of the voltage of the write signal.

[27. A method of preparing the non-destructive readout
terroelectric memory according to claam 1, said method
comprising:

providing a substrate;

forming a ferroelectric single-crystal storage layer; and

forming a first electrode layer, which comprises a first

clectrode and a second electrode that are disposed
separately, on the ferroelectric single-crystal storage
layer.}

[28. The method of preparing according to claim 27,
wherein the ferroelectric single-crystal storage layer 1s made
from single-crystal LiNbO, type of ferroelectrics, or single-
crystal (Pb,Zr) Ti0O,, La-doped (Bi,La) FeO,;, BiFeOs;,
Bi1,T1,0,,, (La,Bi),Ti;0,, or SrBi,Ta,0,.}

[29. The method of preparing according to claim 28,
wherein the ferroelectric single-crystal storage layer 1s made
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from single-crystal LiNbO, type of ferroelectrics, and
wherein the LiNbO, type of ferroelectric 1s LiNbO, or
LiTaO, ]

[30. The method of preparing according to claim 27,
wherein the ferroelectric single-crystal storage layer 1s a
doped {ferroelectric single-crystal storage layer, and the
doped materials are MgQO, FeO and Ta,O. or any combina-
tion of MgO, FeO and Ta,Os ]

[31. The method of preparing according to claim 30,
wherein the mol. % of the doped material 1s 0.1% to 10%.]

[32. The method of preparing according to claim 30,
wherein the ferroelectric single-crystal storage layer is
single-crystal LiNbO, doped with 0.1 mol % to 10 mol % of
MgO.]

[33. The method of preparing according to claim 32,
wherein a stoichiometric ratio between L1 and Nb 1s the
single-crystal LiNbO, is close to or equal to 1:1.]

[34. The method of preparing according to claim 27,
wherein forming the ferroelectric single-crystal storage
layer comprises:

forming ferroelectric single crystals;

cutting the ferroelectric single crystals in X direction or

XYZ direction or XZ(YZ) direction so as to form a
terroelectric single-crystal thin film; and
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placing the ferroelectric single-crystal thin film onto the
substrate so as to form the ferroelectric single-crystal
storage layer.]

[35. The method of preparing according to claim 27,
wherein forming the ferroelectric single-crystal storage
layer comprises:

pattern etching the ferroelectric single-crystal storage

layer so as to form a programming projected block,
wherein the first electrode and the second electrode are

disposed at two sides of the programming projected
block and are spaced apart at least by the programming
projected block.]

[36. The method of preparing according to claim 35,
wherein at forming the first electrode layer, a metal layer for
forming the first electrode layer 1s pattern etched so as to
form the first electrode and the second electrode.]

[37. The method of preparing according to claim 35,
wherein at forming the first electrode layer, a metal layer for
forming the first electrode layer 1s pattern etched so as to
form the first electrode, the second electrode and the third
clectrode, wherein the third electrode 1s disposed above the
programming projected block.}
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