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NONVOLATILE SEMICONDUCTOR
MEMORY AND MANUFACTURING
METHOD THEREFOR

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is based upon and claims the
benefit of priority from Japanese Patent Application No.
2022-150447, filed Sep. 21, 2022, the entire contents of
which are incorporated herein by reference.

FIELD

[0002] Embodiments described herein relate generally to a
nonvolatile semiconductor memory and a manufacturing
method therefor.

BACKGROUND

[0003] Ferroelectric memories have attracted interest as
nonvolatile memories. Examples of the ferroelectric memo-
ries include 3-terminal memories in which ferroelectric
layers are used as gate insulating layers of memory cell
transistors and 2-terminal memories in which ferroelectric
layers are provided between two electrodes.

DESCRIPTION OF THE DRAWINGS

[0004] FIG. 1 is a diagram illustrating current-voltage
characteristics and polarization characteristics of a ferro-
electric substance;

[0005] FIG. 2 is a diagram illustrating current-voltage
characteristics and polarization characteristics of an antifer-
roelectric substance;

[0006] FIG. 3A is a diagram illustrating a polarization
characteristic example when the number of cycles=1 time
and the number of cycles=10 M times in a ferroelectric
substance and an antiferroelectric substance;

[0007] FIG. 3B is a diagram illustrating an advantage of
wakeup characteristics of a ferroelectric substance and an
antiferroelectric substance;

[0008] FIG. 4 is a diagram illustrating a current-voltage
characteristic example of an antiferroelectric substance (an
experimental result) (a broken line: an example of the
number of cycles=1 time, and a solid line: an example of the
number of cycles=10 M times);

[0009] FIG. 5 is a diagram illustrating a cycle character-
istic example of a mixture state of a ferroelectric substance
and an antiferroelectric substance (an experimental result)
(WA: wakeup in the case of the number of cycles=about 1
time and WP: wakeup in the case of the number of
cycles=about 100 K times);

[0010] FIG. 6 is a block diagram illustrating a nonvolatile
semiconductor memory according to a first embodiment;
[0011] FIG. 7 is an equivalent circuit diagram illustrating
a memory cell array of the nonvolatile semiconductor
memory according to the first embodiment;

[0012] FIG. 8 is a schematic view illustrating a part of the
memory cell array of the nonvolatile semiconductor memory
according to the first embodiment;

[0013] FIG. 9 is a sectional view taken along the line I-I
of FIG. 8;
[0014] FIG. 10 is a sectional view taken along the line II-11
of FIG. 8;
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[0015] FIG. 11 is a sectional view illustrating an example
of a method of manufacturing a nonvolatile semiconductor
memory according to the first embodiment;

[0016] FIG. 12 is a sectional view illustrating the example
of the method of manufacturing the nonvolatile semicon-
ductor memory according to the first embodiment;

[0017] FIG. 13 is a sectional view illustrating the example
of the method of manufacturing the nonvolatile semicon-
ductor memory according to the first embodiment;

[0018] FIG. 14 is a sectional view illustrating the example
of the method of manufacturing the nonvolatile semicon-
ductor memory according to the first embodiment;

[0019] FIG. 15 is a sectional view illustrating the example
of the method of manufacturing the nonvolatile semicon-
ductor memory according to the first embodiment;

[0020] FIG. 16 is a sectional view illustrating the example
of the method of manufacturing the nonvolatile semicon-
ductor memory according to the first embodiment;

[0021] FIG. 17 is a sectional view illustrating the example
of the method of manufacturing the nonvolatile semicon-
ductor memory according to the first embodiment;

[0022] FIG. 18 is a sectional view illustrating the example
of the method of manufacturing the nonvolatile semicon-
ductor memory according to the first embodiment;

[0023] FIG. 19 is a sectional view illustrating the example
of the method of manufacturing the nonvolatile semicon-
ductor memory according to the first embodiment;

[0024] FIG. 20 is a sectional view illustrating the example
of the method of manufacturing the nonvolatile semicon-
ductor memory according to the first embodiment;

[0025] FIG. 21 is a schematic view illustrating a part of a
memory cell array of a nonvolatile semiconductor memory
according to a second embodiment;

[0026] FIG. 22 is a sectional view taken along the line
TI-11I of FIG. 21,

[0027] FIG. 23 is a sectional view illustrating an example
of a method of manufacturing a nonvolatile semiconductor
memory according to the second embodiment;

[0028] FIG. 24 is a sectional view illustrating the example
of the method of manufacturing the nonvolatile semicon-
ductor memory according to the second embodiment;
[0029] FIG. 25 is a sectional view illustrating the example
of the method of manufacturing the nonvolatile semicon-
ductor memory according to the second embodiment;
[0030] FIG. 26 is a sectional view illustrating the example
of the method of manufacturing the nonvolatile semicon-
ductor memory according to the second embodiment;
[0031] FIG. 27 is a sectional view illustrating the example
of the method of manufacturing the nonvolatile semicon-
ductor memory according to the second embodiment;
[0032] FIG. 28 is a sectional view illustrating the example
of the method of manufacturing the nonvolatile semicon-
ductor memory according to the second embodiment; and
[0033] FIG. 29 is a sectional view illustrating the example
of the method of manufacturing the nonvolatile semicon-
ductor memory according to the second embodiment.

DETAILED DESCRIPTION

[0034] Embodiments provide a nonvolatile semiconductor
memory with high cycle durability and a manufacturing
method therefor capable of enlarging a memory window.

[0035] In general, according to one embodiment, a non-
volatile semiconductor memory includes a memory cell
including: a core structure extending in a first direction
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orthogonal to a semiconductor substrate; a semiconductor
layer extending in the first direction and in contact with the
core structure; an insulating layer extending in the first
direction and in contact with the semiconductor layer; a
ferroelectric layer extending in the first direction and in
contact with the insulating layer; a first electrode extending
in a second direction orthogonal to the first direction and in
contact with the ferroelectric layer; a second electrode
adjacent to the first electrode in the first direction, extending
in the second direction, and in contact with the ferroelectric
layer; an insulating layer stacked in the first direction and
disposed between the first and second electrodes; and an
antiferroelectric layer disposed between the first and second
electrodes, and in contact with the insulating layer and the
ferroelectric layer.

[0036] Hereinafter, embodiments will be described with
reference to the drawings. In the following description, the
same reference numerals are given to the same or similar
members or the like, and the members or the like described
once will not be described as appropriate.

[0037] In the following description, a direction perpen-
dicular to a semiconductor substrate growing on an XY
plane is referred to as a Z direction, a direction orthogonal
to the Z direction and extending in a word line WL is
referred to as an X direction, and a direction in which the bit
line BL perpendicular to the Z and X directions extends is
referred to as a Y direction.

[0038] In the present specification, quantitative analysis
and qualitative analysis for chemical compositions of mem-
bers provided in a nonvolatile semiconductor memory can
be performed with, for example, a secondary ion mass
spectroscopy (SIMS) or an energy dispersive X-ray spec-
troscopy (EDX). When thicknesses of the members pro-
vided in the nonvolatile semiconductor memory, distances
between members, and the like are measured, for example,
a transmission electron microscope (TEM) can be used. In
identification of a crystalline system of the members pro-
vided in the nonvolatile semiconductor memory and mag-
nitude comparison of existence ratios of the crystalline
system, for example, electron diffraction can be used.
[0039] In the present specification, an “antiferroelectric
substance” is a substance in which an electric dipole
moment is cancelled as a whole although positive and
negative ions are displaced although there is no electric field.
The “ferroelectric substance” is a substance in which there
is spontaneous polarization although an electric field is not
applied from the outside, and polarization is reversed when
an electric field is applied from the outside.

[0040] (Characteristic Examples of Ferroelectric Sub-
stance and Antiferroelectric Substance)

[0041] The ferroelectric memory writes data to a memory
cell and erases data from a memory cell by using polariza-
tion reversal of the ferroelectric substance.

[0042] For example, in 3-terminal ferroelectric memories
(nonvolatile semiconductor memories according to first and
second embodiments) to be described below, a polarization
reversal state of a gate insulating layer of a memory cell
transistor is controlled with a voltage applied between a gate
electrode and a semiconductor layer. A threshold voltage of
the memory cell transistor is changed in accordance with a
polarization reversal state of the gate insulating layer.
[0043] When the threshold voltage of the memory cell
transistor is changed, a drain current of the memory cell
transistor is changed. For example, when a state in which the
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threshold voltage is high and an ON current is low is defined
as “0” and a state in which the threshold voltage is low and
an ON current is high is defined as “17, the memory cell can
store 1-bit data of “0” and “1”.

[0044] In the 3-terminal ferroelectric memory, it is desir-
able that a difference between a threshold voltage after
writing which is a state in which the ON current is low and
a threshold voltage in reading which is a state in which the
ON current is high, a so-called a memory window (MW) is
enlarged.

[0045] FIG. 1 is a diagram illustrating current-voltage
characteristics and polarization characteristics of the ferro-
electric substance. The current-voltage characteristics are
indicated by a broken line and the polarization characteris-
tics are indicated by a solid line. The polarization charac-
teristics represent a relationship between polarization
charges AQ and a voltage (V), and are expressed as an
integrated value of the current-voltage characteristics. In the
current-voltage characteristics of the ferroelectric substance,
one current peak is shown in each of a positive voltage side
and a negative voltage side, and by reflecting the character-
istics, it is possible to obtain polarization characteristics
illustrated in FIG. 1. In FIG. 1, P1 and PO indicate polar-
ization charges AQ at a voltage of 0 V. -V¢ and +Vc
respectively indicate a negative voltage value and a positive
voltage value at which a current I becomes zero.

[0046] FIG. 2 is a diagram illustrating current-voltage
characteristics and polarization characteristics of an antifer-
roelectric substance. The current-voltage characteristics are
indicated by a broken line and the polarization characteris-
tics are indicated by a solid line. In the current-voltage
characteristics of the antiferroelectric substance, two current
peaks are shown in each of a positive voltage side and a
negative voltage side, and by reflecting the characteristics, it
is possible to obtain polarization characteristics illustrated in
FIG. 2. In FIG. 2, polarization charges AQ at a voltage of 0
V indicate substantially zero.

[0047] Inthe case ofthe ferroelectric substance, an electric
field is intensified and polarization is increased. Thus, even
when the electric field is zero, polarization close to a
maximum value remains.

[0048] The residual polarization is major characteristics of
the ferroelectric substance and is also a principle of a
nonvolatile memory. On the other hand, in the case of the
antiferroelectric substance, an electric field is intensified and
polarization is increased. However, when the electric field is
zero, the polarization becomes nearly zero. There is no
residual polarization. Here, when the electric field is inten-
sified, the polarization is seldom large. When the electric
field is maximized and gradually weakened, the polarization
seldom becomes small. There is a hysteresis (history) effect.
Therefore, a curve made by the voltage and the polarization
charges AQ has a shape in which two rhombuses are
connected (also referred to as a “buttertly curve”).

[0049] (Cycle Characteristics of Ferroelectric Substance)
[0050] In an experimental result of cycle characteristics
indicating a relationship between the number of cycles and
the polarization charges AQ of the ferroelectric substance
that has HZO as a main component, polarization reversal
charges decrease with an increase in the number of cycles.
Thus, the polarization reversal charges decreased by 10% at
about 100 K times. A domain (polarization-fatigue domain)
in which polarization reversal does not arise with electric
stress is not reversed even when a high voltage is applied.
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Therefore, a ratio of a domain in which polarization is
reversed with an increase in the number of cycles decreased.
[0051] As a method of improving an increase in the ratio
of the domain in which the polarization is not reversed, the
present inventors have confirmed that cycle durability has
been improved by forming a state in which a domain of an
antiferroelectric substance is mixed in a ferroelectric sub-
stance.

[0052] In a ferroelectric memory, a memory window
(MW) is lost due to deterioration in a ferroelectric film.
However, by mixing a domain of an antiferroelectric sub-
stance with a ferroelectric substance in the ferroelectric film,
it is possible to improve the cycle durability and enlarge the
memory window. By enlarging the memory window, for
example, an operation of the ferroelectric memory is stabi-
lized.

[0053] (Method of Improving Cycle Durability)

[0054] (Cycle Characteristics of Mixture State of Ferro-
electric Substance and Antiferroelectric Substance)

[0055] FIG. 3A is a diagram illustrating a polarization
characteristic example when the number of cycles=1 time
and the number of cycles=10 M times in a ferroelectric
substance and an antiferroelectric substance. A broken line
indicates polarization characteristic of the antiferroelectric
substance in the case of the number of cycles=1 time. A solid
line indicates polarization characteristics of the ferroelectric
substance and the antiferroelectric substance in the case of
the number of cycles=10 M times. The polarization charac-
teristic of the ferroelectric substance in the case of the
number of cycles=1 time is not illustrated. The polarization
characteristics of the ferroelectric substance and the antifer-
roelectric substance in the case of the number of cycles=10
M times correspond to characteristics after the wakeup.
[0056] At an applying voltage of 0 V, PAF0 and PAF1
correspond to residual polarization in a mixture state of the
ferroelectric substance and the antiferroelectric substance in
the case of the number of cycles=1 time. PFE0 and PFE1
correspond to residual polarization in a mixture state of the
ferroelectric substance and the antiferroelectric substance in
the case of the number of cycles=10 M times.

[0057] At an applying voltage of 0 V, a difference AFE
between PFEO and PFE1 also indicates an increase in
polarization charges of the ferroelectric substance in the case
of the number of cycles=10 M times. As illustrated in FIG.
3A, AFE increases with an increase in the number of cycles.
[0058] At an applying voltage of V1, a difference AAF1
between PAF2 and PAF3 also indicates an increase in
polarization charges of the ferroelectric substance in the case
of the number of cycles=1 time. At an applying voltage of
V1, a difference AAF2 between PAF4 and PAFS5 also indi-
cates an increase in polarization charges of the antiferro-
electric substance in the case of the number of cycles=10 M
times. As illustrated in FIG. 3A, the number of cycles
increases and an increase in the polarization charges of the
antiferroelectric substance decrease because AAF2<AAF1.
In this way, because of an increase in the applying voltage
and/or the number of cycles, polarization reversal in a
domain in which there has been no residual polarization and
the polarization has not been reversed, a decrease in the
polarization charges of the antiferroelectric substance, and
an increase in the polarization charges of the ferroelectric
substance are referred to as wakeup.

[0059] FIG. 3B is a diagram illustrating an advantage of
wakeup characteristics of a ferroelectric substance and an
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antiferroelectric substance. P and Q schematically show a
state of a domain before and after the wakeup. FE indicates
a domain region of a ferroelectric substance and AF indi-
cates a domain region of an antiferroelectric substance.
FE+AF indicates a domain region in a mixture state of a
ferroelectric substance and an antiferroelectric substance.
When the number of cycles is increased by the wakeup in the
mixture state of the ferroelectric substance and the antifer-
roelectric substance, the mixture state FE+AF of the ferro-
electric substance and the antiferroelectric substance
decrease, the domain region FE of the ferroelectric sub-
stance increases, and the domain region AF of the antifer-
roelectric substance decreases. Here, the domains are the
domain region FE of the ferroelectric substance and the
domain region AF of the antiferroelectric substance, and are
crystalline grains of polycrystalline, and a size is, for
example, about 30 nm to 40 nm. The domain region FE of
the ferroelectric substance and the domain region AF of the
antiferroelectric substance are crystalline gains in which the
polarization is reversed. Adjacent installation of the domain
of the antiferroelectric substance in the ferroelectric film is
adjacent installation of other crystalline gains.

[0060] (Current-Voltage Characteristics of Antiferroelec-
tric Substance)
[0061] FIG. 4 is a diagram illustrating a current-voltage

characteristic example (experimental result) of an antiferro-
electric substance. A broken line is an example of the
number of cycles=1 time and a solid line is an example of
the number of cycles=10 M times.

[0062] When current-voltage characteristics were mea-
sured using the number of cycles as a parameter in an HZO
film, insulation breakdown in the number of cycles of 10 M
times was confirmed. Meanwhile, as a result obtained by
adding Si to the HZO film in a range of 1% or more and 6%
or less, as illustrated in FIG. 4, current-voltage characteris-
tics of a general antiferroelectric substance could be
obtained. Further, current-voltage characteristics were mea-
sured using the number of cycles as a parameter. As illus-
trated in FIG. 4, insulation breakdown did not occur even in
the number of cycles of 10 M times and current-voltage
characteristics of a good antiferroelectric substance could be
obtained. When Si was added excessively to an HZO film,
it was confirmed that antiferroelectric characteristics were
lost.

[0063] As an experimental result of the present inventors,
it was confirmed that an antiferroelectric substance could be
stably crystallized by adding Si to an HZO film in the range
ot 1% or more and 6% or less. It was confirmed that the HZO
to which Si was added exhibited antiferroelectricity and a
breakdown voltage was improved compared to an HZO to
which Si was not added.

[0064]

[0065] An antiferroelectric substance can be stably crys-
tallized by adding Si or Al to an HZO film which is a
ferroelectric substance in the range of 1% or more and 6%
or less. A crystalline state of the antiferroelectric substance
is good, leakage characteristics are improved, and break-
down voltage characteristics are improved. When an HZO
film is formed, Si or Al can be formed in a layer form by
atomic layer deposition (ALD). In an example according to
a second embodiment to be described below, Si may also be
added to an HZO by thermal diffusion of Si from the
insulating layer 14 containing SiO or SiN.

(Method of Forming Antiferroelectric Layer)
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[0066] The present inventors have carried out various
experiments and have found that, in the nonvolatile semi-
conductor memory according to the embodiment, in a struc-
ture in which ferroelectric substances are separately adja-
cent, it is preferable to form a ferroelectric film as an oxide
that has Hf and Zr as main components, form an antiferro-
electric film as an oxide that has Hf and Zr as main
components, and a density of Si, Al, Ge, or Ga is higher in
the antiferroelectric film in the range of 1% or more and 6%
or less than in the ferroelectric film.

[0067] FIG. 5 is a diagram illustrating a cycle character-
istic example of a mixture state of a ferroelectric substance
and an antiferroelectric substance. When an applying volt-
age is constant 3 V, WA corresponds to a wakeup state in the
case of the number of cycles=about 1 time and WP corre-
sponds to a wakeup in the case of the number of
cycles=about 100 K times. The number of cycles increases
from WA to WP and the polarization charges AQ gradually
increase. As the number of cycles increases, the domain
region AF of the antiferroelectric substance tends to
decrease and the domain region FE of the ferroelectric
substance tends to increase. From the result illustrated in
FIG. 5, it can be understood that high cycle durability can be
obtained because the polarization charges AQ are substan-
tially constantly held in a state in which a voltage is held at
3 V after the number of cycles=100 K times. As illustrated
in FIG. 5, it was confirmed that AQ3(a.u.) could be attained
at the number of cycles=1 G times by forming a mixture
state of a ferroelectric substance and an antiferroelectric
substance. It has been confirmed that a domain region which
becomes ferroelectric by wakeup was held even after two
weeks and was stably reversed even after the number of
cycles=1 G times. To accelerate a wakeup state WP in the
case of the number of cycles=about 100 K times, an apply-
ing voltage can be further increased to a predetermined
value or more. To accelerate the wakeup at a voltage, an
initialization operation of stabilizing polarization reversal
charges may be performed at a high voltage and a memory
operation may be performed at a low voltage. Accordingly,
it is possible to reduce the number of cycles of the wakeup
(the initialization operation).

[0068] To form the mixture state of the ferroelectric sub-
stance and the antiferroelectric substance, it is possible to
enlarge the memory window and provide a nonvolatile
semiconductor memory of high cycle durability by using a
structure in which ferroelectric substances are separately
adjacent.

[0069] To form the mixture state of the ferroelectric sub-
stance and the antiferroelectric substance, a region where Si
is locally added to an HZO layer in the range of 1% or more
and 6% or less and a region where Si is not locally added
may be mixed. As will be described below, Si may be
formed in a layer form.

First Embodiment

[0070] FIG. 6 is a block diagram illustrating a configura-
tion example of a nonvolatile semiconductor memory 1
according to a first embodiment. As illustrated in FIG. 6, the
nonvolatile semiconductor memory 1 according to the first
embodiment is electrically coupled to a memory controller
2.
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[0071] The memory controller 2 transmits a command
CMD, address information ADD, and various control signals
CNT to the nonvolatile semiconductor memory 1 according
to the first embodiment.

[0072] The nonvolatile semiconductor memory 1 receives
the command CMD, the address information ADD, and the
various control signals CNT. Data DAT is transmitted
between the nonvolatile semiconductor memory 1 and the
memory controller 2. Hereinafter, the data DAT transmitted
from the memory controller 2 to the nonvolatile semicon-
ductor memory 1 in a write operation is referred to as write
data. The write data DAT is written in the nonvolatile
semiconductor memory 1. The data DAT transmitted from
the nonvolatile semiconductor memory 1 to the memory
controller 2 in a read operation is referred to as read data.
The read data DAT is read from the nonvolatile semicon-
ductor memory 1.

[0073] The nonvolatile semiconductor memory 1 accord-
ing to the first embodiment includes, for example, a memory
cell array 100, a command register 110, an address register
120, a row control circuit 140, a sense amplifier circuit 150,
a driver circuit 160, and a sequencer 190.

[0074] The memory cell array 100 stores data. In the
memory cell array 100, a plurality of bit lines and a plurality
of word lines are provided. The memory cell array 100
includes a plurality of blocks BLKO to BLKn (where n is an
integer of 1 or more). The blocks BLK are a set of a plurality
of memory cells. Each memory cell is associated with one
bit line and one word line. A configuration of the memory
cell array 100 will be described below.

[0075] The command register 110 stores the command
CMD from the memory controller 2. The command CMD
includes, for example, commands to perform a read opera-
tion, a write operation, an erasing operation, and the like on
the sequencer 190.

[0076] The address register 120 stores the address infor-
mation ADD from the memory controller 2. The address
information ADD includes, for example, a block address, a
page address, and a column address. For example, the block
address, the page address, and the column address are used
to select a block BLK, a word line, and a bit line, respec-
tively. Hereinafter, a block selected based on a block address
is referred to as a select block. A word line selected based on
a page address is referred to as a select word line.

[0077] The row control circuit 140 controls an operation
related to a row of the memory cell array 100. The row
control circuit 140 selects one block BLK in the memory cell
array 100 based on a block address in the address register
120. The row control circuit 140 transmits, for example, a
voltage applied to a wiring corresponding to the selected
word line to a select word line in the select block BLK.
[0078] The sense amplifier circuit 150 controls an opera-
tion related to columns of the memory cell array 100. The
sense amplifier circuit 150 applies a voltage to each of the
bit lines BL provided in the memory cell array 100 in
accordance with the write data DAT from the memory
controller 2 in a write operation. The sense amplifier circuit
150 determines data stored in the memory cell MC based on
a potential (or whether a current is generated) of the bit line
BL in a read operation. The sense amplifier circuit 150
transmits the data which is based on the determination result
as read data to the memory controller 2.

[0079] The driver circuit 160 outputs a voltage used for a
read operation, a write operation, an erasing operation, or the
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like to the memory cell array 100. The driver circuit 160
applies a predetermined voltage to wirings corresponding to
a word line and a bit line based on the addresses in the
address register 120.

[0080] The sequencer 190 controls an operation of the
entire nonvolatile semiconductor memory 1. For example,
the sequencer 190 controls each circuit based on the com-
mand CMD in the command register 110.

[0081] For example, communication between the non-
volatile semiconductor memory 1 and the memory controller
2 is supported by a NAND interface standard. In this case,
a command latch enable signal CLE, an address latch enable
signal ALE, a write enable signal WEn, a read enable signal
REn, a ready busy signal RBn, and an input/output signal 10
are used in the communication between the nonvolatile
semiconductor memory 1 and the memory controller 2.

[0082] The command latch enable signal CLE is a signal
indicating that the input/output signal 1O received by the
nonvolatile semiconductor memory 1 is the command CMD.
The address latch enable signal ALE is a signal indicating
that the signal 1O received by the nonvolatile semiconductor
memory 1 is the address information ADD. The write enable
signal Wen is a signal for commanding the nonvolatile
semiconductor memory 1 to input the input/output signal 10.
The read enable signal REn is a signal for commanding the
nonvolatile semiconductor memory 1 to output the input/
output signal 10.

[0083] The ready busy signal RBn is a signal for notifying
the memory controller 2 whether the nonvolatile semicon-
ductor memory 1 is in a ready state in which a command is
received from the memory controller 2 or a busy state in
which a command is not received. The input/output signal
10 is, for example, an 8-bit signal and may include the
command CMD, the address information ADD, and the data
DAT.

[0084] The nonvolatile semiconductor memory 1 may
further include an input/output circuit (not illustrated) and a
voltage generation circuit (not illustrated). The input/output
circuit may function as an interface circuit of the nonvolatile
semiconductor memory 1 side between the nonvolatile semi-
conductor memory 1 and the memory controller. The voltage
generation circuit generates a plurality of voltages for vari-
ous operations of the nonvolatile semiconductor memory 1.

[0085]

[0086] FIG. 7 is an equivalent circuit diagram illustrating
the memory cell array 100 of the nonvolatile semiconductor
memory according to the first embodiment. The memory cell
array 100 has a 3-dimensional structure in which memory
cell transistors MT are disposed 3-dimensionally. As illus-
trated in FIG. 7, the memory cell array 100 includes a
plurality of word lines WL including word lines WL.1 and
WL2, a plurality of semiconductor pillars SP including
semiconductor pillars SP1 and SP2, a common source line
CSL, a source select gate line SGS, a plurality of drain select
gate lines SGD, a plurality of bit lines BL,, and a plurality of
memory strings MS. As illustrated in FIG. 7, the memory
strings MS include source select transistors SST connected
in series between the common source line CSL and the bit
lines BL, a plurality of memory cell transistors MT, and
drain select transistors SDT.

[0087] FIG. 8 is a schematic view illustrating a part of the
memory cell array of the nonvolatile semiconductor memory
1 according to a first embodiment. FIG. 9 is a sectional view

(Equivalent Circuit)
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taken along the line I-I of FIG. 8. FIG. 10 is a sectional view
taken along the line II-1I of FIG. 8.

[0088] As illustrated in FIGS. 8 to 10, the nonvolatile
semiconductor memory 1 according to the first embodiment
includes a memory cell MC including a core unit 10, a
semiconductor layer 16, an insulating layer 14, a ferroelec-
tric layer 13, a first potential applying electrode 12WL1, a
second potential applying electrode 12WL2, an insulating
layer 18, and an antiferroelectric layer 15. The core unit 10
extends in the Z direction orthogonal to a semiconductor
substrate (not illustrated). The semiconductor layer 16
extends in the Z direction and comes into contact with the
core unit 10. The insulating layer 14 extends in the Z
direction and comes into contact with the semiconductor
layer 16. The ferroelectric layer 13 extends in the Z direction
and comes into contact with the insulating layer 14. The first
potential applying electrode 12WL.1 extends in the X direc-
tion orthogonal to the Z direction and comes into contact
with the ferroelectric layer 13. The second potential apply-
ing electrode 12WL.2 is adjacent to the first potential apply-
ing electrode 12WL1 in the Z direction, extends in the X
direction, and comes into contact with the ferroelectric layer
13. The insulating layer 18 is stacked in the Z direction, and
is disposed between the first potential applying electrode
12WL1 and the second potential applying electrode 12WL.2.
The antiferroelectric layer 15 is disposed between the first
potential applying electrode 12WL1 and the second poten-
tial applying electrode 12WI.2 and comes into contact with
the insulating layer 18 and the ferroelectric layer 13. A
region of the ferroelectric layer 13 coming into contact with
the antiferroelectric layer 15 may be an antiferroelectric
substance influenced by a crystalline structure of the anti-
ferroelectric layer 15 during crystallization. The ferroelec-
tric layer 13 between a channel (the semiconductor layer 16)
and the first potential applying electrode 12WL1 or the
second potential applying electrode 12WL2 may be a fer-
roelectric substance, and the ferroelectric layer 13 between
the antiferroelectric layer 15 and the channel may be a
ferroelectric substance or an antiferroelectric substance.
[0089] The first potential applying electrode 12WL1 may
come into contact with the ferroelectric layer 13, with a
barrier metal layer 11 interposed therebetween. The second
potential applying electrode 12WL2 may come into contact
with the ferroelectric layer 13, with the barrier metal layer
11 interposed therebetween. The antiferroelectric layer 15
may be disposed between the first potential applying elec-
trode 12WL1 and the second potential applying electrode
12WL2, with the barrier metal layer 11 interposed therebe-
tween.

[0090] In the nonvolatile semiconductor memory accord-
ing to the first embodiment, the ferroelectric layer 13 and the
antiferroelectric layer 15 are oxides that both have Hf and Zr
as main components. In the antiferroelectric layer 15, a
density of Si, Al, Ge, or Ga is higher in a range of 1% or
more and 6% or less than in the ferroelectric layer 13.
[0091] In the nonvolatile semiconductor memory accord-
ing to the first embodiment, a crystalline structure of the
ferroelectric layer 13 has an orthorhombic crystal as one
main component and the crystalline structure of the antifer-
roelectric layer 15 has a tetragonal crystal as one main
component.

[0092] As illustrated in FIGS. 8 to 10, the nonvolatile
semiconductor memory 1 according to the first embodiment
may include the memory cell MC including: the core unit 10
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extending in the Z direction; the semiconductor layer 16
extending in the Z direction and having a cylindrical shape
covering the outer circumference of the core unit 10; the
insulating layer 14 extending in the Z direction and covering
the outer circumference of the semiconductor layer 16; the
ferroelectric layer 13 extending in the Z direction and
covering the outer circumference of the insulating layer 14;
the first potential applying electrode 12WL1 extending in
the X direction orthogonal to the Z direction and coming into
contact with the ferroelectric layer 13; the second potential
applying electrode 12WL.2 adjacent to the first potential
applying electrode 12WL.1 in the Z direction, extending in
the X direction, and coming into contact with the ferroelec-
tric layer 13; the insulating layer 18 stacked in the Z
direction and disposed between the first potential applying
electrode 12WL1 and the second potential applying elec-
trode 12WL.2; and the antiferroelectric layer 15 disposed
between the first potential applying electrode 12WL1 and
the second potential applying electrode 12WL2 and coming
into contact with the insulating layer 18 and the ferroelectric
layer 13.

[0093] As illustrated in FIG. 7, the nonvolatile semicon-
ductor memory 1 according to the first embodiment further
includes: a first select transistor SDT including the semi-
conductor layer 16 extending in the Z direction, the insu-
lating layer 14 extending in the Z direction and coming into
contact with the semiconductor layer 16, and a third poten-
tial applying electrode SGD extending in the X direction and
coming into contact with the insulating layer 14; and a
memory cell string MS including the first select transistor
SDT and the plurality of memory cells MC. The plurality of
memory cells MC are connected in series in the Z direction,
the first select transistor SDT is connected to one end of the
memory cell MC provided at a first end, and a fourth
potential applying electrode CSL is connected to one end of
the memory cell MC provided at a second end.

[0094] As illustrated in FIGS. 6 and 7, the nonvolatile
semiconductor memory 1 according to the first embodiment
further includes: a fifth potential applying electrode BL
connected to the other end of the first select transistor SDT
and extending in the Y direction orthogonal to the Z direc-
tion and the X direction orthogonal to the Z direction; and
the sequencer 190 selectively performing a read operation or
a write operation on some of the fifth potential applying
electrodes BL among the plurality of fifth potential applying
electrodes BL by applying a voltage between the fifth
potential applying electrode BL and the fourth potential
applying electrode CSL.

[0095] The word line WL preferably contains a metal
nitride. For example, the word line WL preferably contains
a titanium nitride (TiN), a tungsten nitride (WN), or a
tantalum nitride (TaN). The word line WL preferably con-
tains, particularly, a titanium nitride (TiN). The word line
WL may contain, for example, tungsten (W), tantalum (Ta),
niobium (Nb), vanadium (V), iron (Fe), molybdenum (Mo),
cobalt (Co), nickel (Ni), ruthenium (Ru), iridium (Ir), copper
(Cuw), palladium (Pd), silver (Ag), or platinum (Pt).

[0096] The bit line BL is preferably a metal from the
viewpoint of low resistance. The bit line BL preferably
contains tungsten (W) or a titanium nitride (TiN) from the
viewpoint of low resistance and consistency with a known
manufacturing process for a semiconductor device. The bit
line BL may contain, for example, a tungsten nitride (WN),
a tantalum nitride (TaN), tantalum (Ta), niobium (Nb),
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vanadium (V), iron (Fe), molybdenum (Mo), cobalt (Co),
nickel (Ni), ruthenium (Ru), iridium (Ir), copper (Cuw),
palladium (Pd), silver (Ag), or platinum (Pt).

[0097] (Manufacturing Method)

[0098] Inamethod of manufacturing the nonvolatile semi-
conductor memory 1 according to the first embodiment, an
opening 54 is formed in a stacked body of the insulating
layer 18 and an insulating layer 20, the first amorphous HZO
layer 15 is formed on an inner surface of the opening 54 by
retreating the insulating layer 18 of the opening 54 by
etching, the first HZO layer 15 of the opening 54 is flattened,
the first HZO layer 15 is crystallized by a first thermal
process, the second amorphous HZO layer 13 is formed on
the first HZO layer 15 of the opening 54, and the second
HZO layer 13 is crystallized by a second thermal process,
and the semiconductor layer 16 and the core unit 10 are
sequentially formed on the second HZO layer 13 of the
opening 54. Further, in a stacked body 50, the insulating
layer 20 is selectively removed by etching and an electrode
layer 12 is formed between the insulating layer 18 exposed
after the insulating layer 20 is removed.

[0099] The insulating layer 14 may be formed on the
crystallized second HZO layer 13, the semiconductor layer
16 and the core unit 10 may be formed sequentially on the
insulating layer 14, the metal layer 11 may be formed
between the insulating layer 18, and the electrode layer 12
may be formed on the metal layer 11. After the semicon-
ductor layer 16 and the core unit 10 are formed, a third
thermal process may be performed.

[0100] Through a thermal process, an antiferroelectric
substance that has an orthorhombic crystal as one main
component is formed in the first HZO layer 15 and a
ferroelectric substance having a tetragonal crystal as one
main component is formed in the second HZO layer 13.

[0101] The wakeup can be performed by applying a volt-
age to the second HZO layer 13. The wakeup may be
performed by increasing the number of cycles of polariza-
tion reversal on the second HZO layer 13.

[0102] Next, a method of manufacturing the nonvolatile
semiconductor memory 1 according to the first embodiment
will be described. FIGS. 11 to 20 are schematic sectional
views illustrating the method of manufacturing the nonvola-
tile semiconductor memory according to the first embodi-
ment. FIGS. 11 to 20 illustrate a cross-sectional surface
corresponding to FIG. 8.

[0103] First, a silicon oxide layer 18 and a silicon nitride
layer 20 are alternately stacked on a semiconductor substrate
(not illustrated) (FIG. 11). The stacked body 50 is formed by
the silicon oxide layer 18 and a silicon nitride layer 20. The
silicon oxide layer 18 and a silicon nitride layer 20 are
formed by, for example, chemical vapor deposition (CVD).
The silicon oxide layer 18 finally becomes an interlayer
insulating layer. As will be described below, when W is
replaced and formed, the silicon oxide layer 18 and a silicon
nitride layer 20 are stacked. When W is not replaced and
formed, the silicon oxide layer 18 and a polysilicon layer 0
are stacked. Hereinafter, a manufacturing process when W is
replaced and formed will be described.

[0104] Subsequently, the opening 54 is formed in the
silicon oxide layer 18 and a silicon nitride layer 20 (FIG.
12). The opening 54 is formed by, for example, lithography
and reactive ion etching (RIE).
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[0105] Subsequently, a thickness of the silicon oxide layer
18 is retreated by etching (FIG. 13). A thickness of a portion
in which the silicon oxide layer 18 is retreated is indicated
by AE.

[0106] Subsequently, the antiferroelectric layer 15 is
formed on the inner surface of the opening 54 (FI1G. 14). The
antiferroelectric layer 15 is formed of, for example, H{ZrO
to which Si is added. Specifically, the antiferroelectric layer
15 is formed of HfZrO to which a density of Si, Al, Ge, or
Ga is added in a range of 1% or more and 6% or less. The
antiferroelectric layer 15 is formed by, for example, ALD.
For example, as a method of adding Si, Hf is formed by ALD
and is oxidized, and Zr is formed by ALD and is oxidized.
Hf and Zr are stacked by repeating the processes, a layer
formed of Si by ALD is formed, and then a thermal process
is performed. As a result, the antiferroelectric layer 15 in
which Si is added to HfZrO in the range of 1% or more and
6% or less can be formed. In this case, Si is formed in a layer
form. The same applies to a method of adding Al, Ge, or Ga.
[0107] Subsequently, the antiferroelectric layer 15 on the
inner surface of the opening 54 is flattened by a leveling
process (FIG. 15). As a result, as illustrated in FIG. 15, the
antiferroelectric layer 15 and the silicon nitride layer 20 are
flush with each other on the inner surface of the opening 54,
and the silicon nitride layer 20 is exposed to the inner
surface of the opening 54. The antiferroelectric layer 15 may
be formed on the inner surface of the opening, the antifer-
roelectric layer 15 of the opening may be flattened, and the
antiferroelectric layer 15 may be crystallized by a thermal
process. A temperature of the thermal process is, for
example, about 600° C. to 900° C.

[0108] In the foregoing processes, when the antiferroelec-
tric layer 15 is crystallized by the thermal process and then
the ferroelectric layer 13 is formed, the ferroelectric layer 13
is formed by a subsequent thermal process by maintaining
crystallinity of the antiferroelectric layer 15. Therefore, the
antiferroelectric layer 15 can be used as a template. By using
the Si-doped or Al-doped antiferroclectric layer 15 as the
template, the ferroelectric layer 13 can be formed between
only the semiconductor layer 16 and the electrode layer 12
serving as the word line WL. The Si-doped or Al-doped first
HZO layer is first crystallized to form the antiferroelectric
layer 15. Thereafter, when the second amorphous HZO layer
is formed, the second amorphous HZO layer is crystallized
with the crystallinity of the antiferroelectric layer 15 main-
tained to form the ferroelectric layer 13.

[0109] Subsequently, the ferroelectric layer 13 is formed
on the inner surface of the opening 54 (FIG. 16). The
ferroelectric layer 13 is formed of, for example, HZO to
which Si, Al, or the like is not added. HZO to which Si, Al,
or the like is not added is formed as a ferroelectric substance.
The ferroelectric layer 13 is also formed by, for example,
ALD. The ferroelectric layer 13 is amorphous. The ferro-
electric layer 13 finally becomes a gate insulating layer. A
temperature at which the ferroelectric layer 13 is formed is,
for example, in the range of 150° C. or more and 350° C. or
less. The amorphous ferroelectric layer 13 may be crystal-
lized by a thermal process. A temperature of the thermal
process is, for example, in the range of about 600° C. or
more and 900° C. or less.

[0110] Subsequently, the insulating layer 14 is formed on
the inner surface of the opening 54 (FIG. 17). The insulating
layer 14 is formed of a silicon oxide film SiO or a silicon
nitride film SiN. The insulating layer 14 is formed by, for
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example, a CVD method. When the semiconductor layer 16
comes into direct contact with the ferroelectric layer 13
which is HZO to which Si, Al, or the like is not added,
oxygen reacts to Si, and thus SiO is easily formed. There-
fore, the insulating layer 14 may be formed as an interposing
layer between the ferroelectric layer 13 which is HZO and
the semiconductor layer 16 which is a Si channel. The
process of forming the insulating layer 14 may be omitted.
[0111] Subsequently, the semiconductor layer 16 is formed
of polysilicon on the inner surface of the opening 54 (FIG.
18). The semiconductor layer 16 is formed by, for example,
a CVD method.

[0112] Subsequently, an amorphous silicon layer is formed
inside the opening 54 to bury the opening 54 (FIG. 18). A
silicon oxide film may be formed instead of the amorphous
silicon layer. The amorphous silicon layer or the silicon
oxide film finally becomes the core unit 10. In this state, the
ferroelectric layer 13 and the antiferroelectric layer 15 may
be crystallized by a thermal process depending on a case. A
temperature of the thermal process is, for example, in the
range of about 600° C. or more and 900° C. or less.
[0113] Subsequently, the silicon nitride layer 20 is selec-
tively removed by wet etching using a groove for an etching
(not illustrated) formed in the stacked body 50 (FIG. 19). In
the wet etching, for example, a phosphating solution is used.
The silicon nitride layer 20 is selectively etched with respect
to the silicon oxide layer 18.

[0114] Subsequently, the barrier metal layer 11 is formed
(FIG. 20). The barrier metal layer 11 is formed by, for
example, a CVD method. An example of the barrier metal
layer 11 is a titanium nitride film.

[0115] Through the foregoing processes, the amorphous
ferroelectric layer 13 becomes a ferroelectric substance by
annealing for crystallizing the amorphous ferroelectric layer
13. In HZO, an orthorhombic HZO is formed by crystalli-
zation annealing. The crystallization annealing is performed
in, for example, a non-oxidating atmosphere. An amorphous
silicon layer is also crystallized to become a polycrystalline
silicon layer by the crystallization annealing. The amor-
phous antiferroelectric layer 15 is also crystallized by the
crystallization annealing. The amorphous antiferroelectric
layer 15 becomes a crystallized antiferroelectric substance
by the crystallization annealing. Tetragonal HZO to which Si
is added in the amorphous antiferroelectric layer 15 is
formed by the crystallization annealing.

[0116] Subsequently, the tungsten layer 12 is formed on
the barrier metal layer 11 as a W replacing process (FIG. 8).
The tungsten layer 12 is formed by, for example, a CVD
method. The tungsten layer 12 is an example of the first
potential applying electrode 12WL1 or the second potential
applying electrode 12WL2 serving as the word line WL.
[0117] Finally, the wakeup can be performed by applying
a voltage to the ferroelectric layer 13 serving as a gate
insulating film. The wakeup may be performed by increasing
the number of cycles of the polarization reversal on the
ferroelectric layer 13.

[0118] By the foregoing manufacturing method, the
memory cell array 100 of the nonvolatile semiconductor
memory according to the first embodiment is manufactured.

Advantage of First Embodiment

[0119] According to the first embodiment, it is possible to
enlarge the memory window and it is possible to provide the
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nonvolatile semiconductor memory of high cycle durability
and a manufacturing method therefor.

Second Embodiment

[0120] FIG. 21 is a schematic view illustrating a memory
cell array of a nonvolatile semiconductor memory 1 accord-
ing to a second embodiment. FIG. 22 is a sectional view
taken along the line III-III of FIG. 21. Hereinafter, the Z
direction illustrated in FIGS. 21 and 22 is defined as a first
direction, the X direction is defined as a second direction,
and the Y direction is defined as a third direction. A block
diagram of the nonvolatile semiconductor memory accord-
ing to the second embodiment is similar to FIG. 6 and an
equivalent circuit diagram of the memory cell array of the
nonvolatile semiconductor memory according to the second
embodiment is similar to FIG. 7.

[0121] The nonvolatile semiconductor memory 1 accord-
ing to the second embodiment includes the memory cell MC
including the core unit 10, the semiconductor layer 16, the
insulating layer 14, the ferroelectric layer 13, the first
potential applying electrode WL1, the second potential
applying electrode WL2, the insulating layer 18, and the
antiferroelectric layer 15, as illustrated in FIGS. 21 and 22.
The core unit 10 extends in the Z direction orthogonal to a
semiconductor substrate. The semiconductor layer 16
extends in the Z direction and comes into contact with the
core unit 10. The insulating layer 14 extends in the Z
direction and comes into contact with the semiconductor
layer 16. The ferroelectric layer 13 extends in the Z direction
and comes into contact with the insulating layer 14. The first
potential applying electrode WL1 extends in the X direction
orthogonal to the Z direction and comes into contact with the
ferroelectric layer 13. The second potential applying elec-
trode WL2 is adjacent to the first potential applying elec-
trode WL1 in the Z direction, extends in the X direction, and
comes into contact with the ferroelectric layer 13. The
insulating layer 18 is stacked in the Z direction, is disposed
between the first potential applying electrode 12WIL1 and
the second potential applying electrode 12WL2, and comes
into contact with the ferroelectric layer 13. The antiferro-
electric layer 15 is buried in the ferroelectric layer 13
between the first potential applying electrode WL1 and the
second potential applying electrode WL2 and comes into
contact with the insulating layer 14.

[0122] The first potential applying electrode 12WL1 may
come into contact with the ferroelectric layer 13, with the
barrier metal layer 11 interposed therebetween. The second
potential applying electrode 12WL2 may come into contact
with the ferroelectric layer 13, with the barrier metal layer
11 interposed therebetween. The antiferroelectric layer 15
may be disposed between the first potential applying elec-
trode 12WL1 and the second potential applying electrode
12WL2, with the barrier metal layer 11 interposed therebe-
tween.

[0123] In the nonvolatile semiconductor memory accord-
ing to the second embodiment, the ferroelectric layer 13 and
the antiferroelectric layer 15 are oxides that both have Hf
and Zr as main components. In the antiferroelectric layer 15,
a density of Si, Al, Ge, or Ga is higher in a range of 1% or
more and 6% or less than in the ferroelectric layer 13.

[0124] In the nonvolatile semiconductor memory accord-
ing to the second embodiment, a crystalline structure of the
ferroelectric layer 13 has an orthorhombic crystal as one
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main component and the crystalline structure of the antifer-
roelectric layer 15 has a tetragonal crystal as one main
component.

[0125] As illustrated in FIGS. 21 to 22, the nonvolatile
semiconductor memory 1 according to the second embodi-
ment may include the memory cell MC including: the core
unit 10 extending in the Z direction; the semiconductor layer
16 extending in the Z direction and having a cylindrical
shape covering the outer circumference of the core unit 10;
the insulating layer 14 extending in the Z direction and
covering the outer circumference of the semiconductor layer
16; the ferroelectric layer 13 extending in the Z direction and
covering the outer circumference of the insulating layer 14;
the first potential applying electrode 12WL1 extending in
the X direction orthogonal to the Z direction and coming into
contact with the ferroelectric layer 13; the second potential
applying electrode 12WL.2 adjacent to the first potential
applying electrode 12WL1 in the Z direction, extending in
the X direction, and coming into contact with the ferroelec-
tric layer 13; the insulating layer 18 stacked in the Z
direction, disposed between the first potential applying
electrode 12WL1 and the second potential applying elec-
trode 12WL 2, and coming into contact with the ferroelectric
layer 13; and the antiferroelectric layer 15 disposed to be
buried in the ferroelectric layer 13 between the first potential
applying electrode 12WL1 and the second potential apply-
ing electrode 12WL.2 and coming into contact with the
insulating layer 14. The other configuration is similar to the
configuration of the first embodiment.

[0126] (Manufacturing Method)

[0127] Inamethod of manufacturing the nonvolatile semi-
conductor memory 1 according to the second embodiment,
the opening 54 is formed in the stacked body 50 of the first
insulating layer 18 and the second insulating layer 20, the
second amorphous HZO layer 13 is formed on an inner
surface of the opening 54 by retreating the first insulating
layer 18 of the opening 54 by etching, the first HZO layer 15
is formed on the second HZO layer 13 of the opening, the
first HZO layer 15 and the second HZO layer 13 of the
opening 54 are flattened, the second HZO layer 13 and the
first HZO layer 15 are exposed, the first HZO layer 15 and
the second HZO layer 13 are crystallized by a fourth thermal
process, and the semiconductor layer 16 and the core unit 10
are sequentially formed on the first HZO layer 15 and the
second HZO layer 13 of the opening 54. Further, in a stacked
body 50, the second insulating layer 20 is selectively
removed by etching and the electrode layer 12 is formed
between the first insulating layer 18 exposed after the second
insulating layer 20 is removed.

[0128] The insulating layer 14 may be formed on the
crystallized first HZO layer 15 and second HZO layer 13, the
semiconductor layer 16 and the core unit 10 may be formed
sequentially on the insulating layer 14, the metal layer 11
may be formed between the insulating layer 18, and the
electrode layer 12 may be formed on the metal layer 11.
[0129] After the semiconductor layer 16 and the core unit
10 are formed, a fifth thermal process may be performed.
[0130] Through a thermal process, an antiferroelectric
substance that has a tetragonal crystal as one main compo-
nent is formed in the first HZO layer 15 and a ferroelectric
substance having an orthorhombic crystal as one main
component is formed in the second HZO layer 13.

[0131] The wakeup can be performed by applying a volt-
age to the second HZO layer 13. The wakeup may be
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performed by increasing the number of cycles of polariza-
tion reversal on the second HZO layer 13.

[0132] Next, a method of manufacturing the nonvolatile
semiconductor memory according to the second embodi-
ment will be described. FIGS. 23 to 29 are schematic
sectional views illustrating the method of manufacturing the
nonvolatile semiconductor memory according to the second
embodiment. FIGS. 23 to 29 illustrate a cross-sectional
surface corresponding to FIG. 21.

[0133] First, as in the method of manufacturing the non-
volatile semiconductor memory according to the first
embodiment, the silicon oxide layer 18 and the silicon
nitride layer 20 are alternately stacked on a semiconductor
substrate (not illustrated) (FIG. 11).

[0134] Subsequently, the opening 54 is formed in the
silicon oxide layer 18 and a silicon nitride layer 20 (FIG.
12).

[0135] Subsequently, a thickness of the silicon oxide layer
18 is retreated by etching (FIG. 13).

[0136] Next, the second HZO layer 13 is formed on the
inner surface of the opening 54 (FIG. 23). The second HZO
layer 13 is formed of, for example, HZO to which Si, Al, or
the like is not added. HZO to which Si, Al, or the like is not
added is formed as a ferroelectric substance. The second
HZO layer 13 is formed by, for example, ALD. The second
HZO layer 13 is amorphous. The second HZO layer 13
finally becomes a gate insulating layer. A temperature at
which the second HZO layer 13 is formed is, for example,
in the range of 150° C. or more and 350° C. or less.
[0137] Subsequently, the first HZO layer 15 is formed on
the inner surface of the opening 54 (FIG. 24). Specifically,
the first HZO layer 15 is formed of HZO in which Si, Al, Ge,
or Ga is added in the range of 1% or more and 6% or less.
The first HZO layer 15 is formed by, for example, ALD.
[0138] Subsequently, the second HZO layer 13 and the
first HZO layer 15 on the inner surface of the opening 54 are
flattened by a leveling process (FIG. 25). As a result, as
illustrated in FIG. 25, the first HZO layer 15 and the second
HZO layer 13 are flush with each other on the inner surface
of the opening 54, and the ferroelectric layer 13 is exposed
to the inner surface of the opening 54. The first HZO layer
15 and the second HZO layer 13 are crystallized by the
fourth thermal process. A temperature of the thermal process
is, for example, in the range of about 600° C. or more and
900° C. or less. The first HZO layer 15 becomes an anti-
ferroelectric substance and the second HZO layer 13
becomes a ferroelectric substance by a thermal process.
[0139] Subsequently, the insulating layer 14 is formed on
the inner surface of the opening 54 (FIG. 26). The insulating
layer 14 is formed of a silicon oxide film SiO or a silicon
nitride film SiN. The insulating layer 14 is formed by, for
example, a CVD method. When the semiconductor layer 16
comes into direct contact with the ferroelectric layer 13
which is HZO to which Si, Al, or the like is not added,
oxygen reacts to Si, and thus SiO is easily formed. There-
fore, the insulating layer 14 may be formed between the
ferroelectric layer 13 which is HZO and the semiconductor
layer 16 which is a Si channel. When the insulating layer 14
is formed, Si is doped to the crystallized first HZO layer 15
by thermal diffusion, so that an antiferroelectric layer is
formed. Through the thermal process, Si contained in the
insulating layer 14 is thermally diffused in the ferroelectric
layer 13, so that the antiferroelectric layer 15 is formed. The
process of forming the insulating layer 14 may be omitted.
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[0140] Subsequently, the semiconductor layer 16 is
formed of polysilicon on the inner surface of the opening 54
(FIG. 27). The semiconductor layer 16 is formed by, for
example, a CVD method.

[0141] Subsequently, an amorphous silicon layer is
formed in the opening 54 to bury the opening 54 (FIG. 27).
A silicon oxide film may be formed instead of the amor-
phous silicon layer. The amorphous silicon layer or the
silicon oxide film finally becomes the core unit 10. In this
state, the ferroelectric layer 13 and the antiferroelectric layer
15 may be crystallized by a thermal process depending on a
case. A temperature of the thermal process is, for example,
in the range of about 600° C. or more and 900° C. or less.
[0142] Subsequently, the silicon nitride layer 20 is selec-
tively removed by wet etching using a groove for an etching
(not illustrated) formed in the stacked body 50 (FIG. 28). In
the wet etching, for example, a phosphating solution is used.
The silicon nitride layer 20 is selectively etched with respect
to the silicon oxide layer 18.

[0143] Subsequently, the barrier metal layer 11 is formed
(FIG. 29). The barrier metal layer 11 is formed by, for
example, a CVD method. An example of the barrier metal
layer 11 is a titanium nitride film.

[0144] Through the foregoing processes, the amorphous
ferroelectric layer 13 becomes a ferroelectric substance by
annealing for crystallizing the amorphous ferroelectric layer
13. In HZO, an orthorhombic HZO is formed by crystalli-
zation annealing. The crystallization annealing is performed
in, for example, a non-oxidating atmosphere. An amorphous
silicon layer is also crystallized to become a polycrystalline
silicon layer by the crystallization annealing. The amor-
phous antiferroelectric layer 15 is also crystallized by the
crystallization annealing. The amorphous antiferroelectric
layer 15 becomes an antiferroelectric substance by the
crystallization annealing. Tetragonal HZO to which Si is
added in the amorphous antiferroelectric layer 15 is formed
by the crystallization annealing.

[0145] Subsequently, the tungsten layer 12 is formed on
the barrier metal layer 11 as a W replacing process (FIG. 8).
The tungsten layer 12 is formed by, for example, a CVD
method. The tungsten layer 12 is an example of the first
potential applying electrode 12WL1 or the second potential
applying electrode 12WL2 serving as the word line WL.
[0146] Finally, the wakeup can be performed by applying
a voltage to the ferroelectric layer 13 serving as a gate
insulating film. The wakeup may be performed by increasing
the number of cycles of polarization reversal with respect to
the ferroelectric layer 13.

[0147] According to the forgoing manufacturing method,
the memory cell array 100 of the nonvolatile semiconductor
memory according to the second embodiment is manufac-
tured.

Advantages of Second Embodiment

[0148] According to the second embodiment, as in the first
embodiment, it is possible to enlarge the memory window
and it is possible to provide the nonvolatile semiconductor
memory of high cycle durability and the manufacturing
method therefor.

[0149] An antiferroelectric substance can be stably crys-
tallized by adding Si or Al to an HZO film which is a
ferroelectric substance in the range of 1% or more and 6%
or less. A crystalline state of the antiferroelectric substance
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is good, leakage characteristics are improved, and break-
down voltage characteristics are improved.

[0150] According to the second embodiment, it is possible
to alleviate electric field concentration of a fringe electric
field between the antiferroelectric layer 15 and the word line
electrode WL. In the antiferroelectric layer to which Si is
added, a trap level related to trap assisted tunneling
decreases. Therefore, a trap density is low and it is possible
to reduce noise by trapped charges generated in an interlayer
portion when a read voltage is applied. It has been confirmed
that a leakage current is reduced by about one digit to two
digits.

[0151] While certain embodiments have been described,
these embodiments have been presented by way of example
only, and are not intended to limit the scope of the disclo-
sure. Indeed, the novel embodiments described herein may
be embodied in a variety of other forms; furthermore,
various omissions, substitutions and changes in the form of
the embodiments described herein may be made without
departing from the spirit of the disclosure. The accompany-
ing claims and their equivalents are intended to cover such
forms or modifications as would fall within the scope and
spirit of the disclosure.

What is claimed is:

1. A nonvolatile semiconductor memory comprising a

memory cell including:

a core structure extending in a first direction orthogonal to
a semiconductor substrate;

a semiconductor layer extending in the first direction and
in contact with the core structure;

an insulating layer extending in the first direction and in
contact with the semiconductor layer;

a ferroelectric layer extending in the first direction and in
contact with the insulating layer;

a first electrode extending in a second direction orthogo-
nal to the first direction and in contact with the ferro-
electric layer;

a second electrode adjacent to the first electrode in the first
direction, extending in the second direction, and in
contact with the ferroelectric layer;

an insulating layer stacked in the first direction and
disposed between the first and second electrodes; and

an antiferroelectric layer disposed between the first and
second electrodes, and in contact with the insulating
layer and the ferroelectric layer.

2. A nonvolatile semiconductor memory comprising a

memory cell including:

a core structure extending in a first direction orthogonal to
a semiconductor substrate;

a semiconductor layer extending in the first direction and
in contact with the core structure;

an insulating layer extending in the first direction and in
contact with the semiconductor layer;

a ferroelectric layer extending in the first direction and in
contact with the insulating layer;

a first electrode extending in a second direction orthogo-
nal to the first direction and in contact with the ferro-
electric layer;

a second electrode adjacent to the first electrode in the first
direction, extending in the second direction, and in
contact with the ferroelectric layer;

an insulating layer stacked in the first direction, disposed
between the first and second electrodes, and in contact
with the ferroelectric layer; and
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an antiferroelectric layer buried in the ferroelectric layer
between the first and second electrodes, and in contact
with the insulating layer.

3. The nonvolatile semiconductor memory according to

claim 1,

wherein the ferroelectric layer is an oxide with Hf and Zr,

wherein the antiferroelectric layer is an oxide with the Hf
and Zr, and

wherein, in the antiferroelectric layer, a density of Si, Al,
Ge, or Ga is higher in a range of 1% or more and 6%
or less than in the ferroelectric layer.

4. The nonvolatile semiconductor memory according to

claim 3,

wherein a crystalline structure of the ferroelectric layer
has an orthorhombic crystal, and

wherein a crystalline structure of the antiferroelectric
layer has a tetragonal crystal.

5. A nonvolatile semiconductor memory comprising a

memory cell including:

a core structure extending in a first direction orthogonal to
a semiconductor substrate;

a semiconductor layer extending in the first direction and
having a cylindrical shape around an outer circumfer-
ence of the core structure;

an insulating layer extending in the first direction and
around an outer circumference of the semiconductor
layer;

a ferroelectric layer extending in the first direction and
around an outer circumference of the insulating layer;

a first electrode extending in a second direction orthogo-
nal to the first direction and in contact with the ferro-
electric layer;

a second electrode adjacent to the first electrode in the first
direction, extending in the second direction, and in
contact with the ferroelectric layer;

an insulating layer stacked in the first direction and
disposed between the first and second electrodes; and

an antiferroelectric layer disposed between the first and
second electrodes and in contact with the insulating
layer and the ferroelectric layer.

6. A nonvolatile semiconductor memory comprising a

memory cell including:

a core structure extending in a first direction orthogonal to
a semiconductor substrate;

a semiconductor layer extending in the first direction and
having a cylindrical shape around an outer circumfer-
ence of the core structure;

an insulating layer extending in the first direction and
around an outer circumference of the semiconductor
layer;

a ferroelectric layer extending in the first direction and
around an outer circumference of the insulating layer;

a first potential applying electrode extending in a second
direction orthogonal to the first direction and in contact
with the ferroelectric layer;

a second potential applying electrode adjacent to the first
potential applying electrode in the first direction,
extending in the second direction, and in contact with
the ferroelectric layer;

an insulating layer stacked in the first direction, disposed
between the first and second electrodes, and in contact
with the ferroelectric layer; and
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an antiferroelectric layer buried in the ferroelectric layer
between the first and second electrodes, and in contact
with the insulating layer.

7. The nonvolatile semiconductor memory according to

claim 5,

wherein the ferroelectric layer is an oxide that has Hf and
Zr,

wherein the antiferroelectric layer is an oxide that has the
Hf and Zr, and

wherein, in the antiferroelectric layer, a density of Si, Al,
Ge, or Ga is higher in a range of 1% or more and 6%
or less than in the ferroelectric layer.

8. The nonvolatile semiconductor memory according to

claim 7,

wherein a crystalline structure of the ferroelectric layer
has an orthorhombic crystal, and

wherein a crystalline structure of the antiferroelectric
layer has a tetragonal crystal.

9. The nonvolatile semiconductor memory according to

claim 5, further comprising:

a first select transistor including the semiconductor layer
extending in the first direction, the insulating layer
extending in the first direction and in contact with the
semiconductor layer, and a third electrode extending in
the second direction and in contact with the insulating
layer; and

a memory cell string including the first select transistor
and a plurality of memory cells, the plurality of
memory cells being connected in series, the first select
transistor being connected to a first end of the memory
cell, and a fourth electrode being connected to a second
end of the memory cell.

10. The nonvolatile semiconductor memory according to

claim 9, further comprising:

a fifth electrode connected to the first select transistor and
extending in a third direction orthogonal to the first
direction and a second direction orthogonal to the first
direction; and

a sequencer configured to selectively perform a read
operation or a write operation on, among a plurality of
the fifth electrodes, some of the fifth electrodes by
applying a voltage between the fifth electrode and the
fourth electrode.

11. A method of manufacturing a nonvolatile semicon-

ductor memory, the method comprising:

forming an opening in a stacked body of first and second
insulating layers;

forming a first amorphous HZO layer on an inner surface
of the opening by retreating the first insulating layer of
the opening;

flattening the first HZO layer of the opening;

crystallizing the first HZO layer by a first thermal process;

forming a second amorphous HZO layer on the first HZO
layer of the opening;

crystallizing the second HZO layer by a second thermal
process;

forming a semiconductor layer and a core structure
sequentially on the second HZO layer of the opening;

selectively removing the second insulating layer of the
stacked body; and

forming an electrode layer between the first insulating
layer exposed after removing the second insulating
layer.
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12. The method of manufacturing a nonvolatile semicon-

ductor memory according to claim 11, further comprising:

forming an insulating layer on the crystallized second
HZO layer;

forming the semiconductor layer and the core structure

sequentially on the insulating layer; and

forming a metal layer between the first insulating layer,

wherein the electrode layer is formed on the metal layer.

13. The method of manufacturing a nonvolatile semicon-
ductor memory according to claim 12, wherein a third
thermal process is performed after the semiconductor layer
and the core structure are formed.

14. A method of manufacturing a nonvolatile semicon-
ductor memory, the method comprising:

forming an opening in a stacked body of first and second

insulating layers;

forming a second amorphous HZO layer on an inner

surface of the opening by retreating the first insulating
layer of the opening;

forming a first HZO layer on the second HZO layer of the

opening;

flattening the first and second HZO layers of the opening

to expose the second and first HZO layers;
crystallizing the first HZO layer and the second HZO
layer by a fourth thermal process;

forming a semiconductor layer and a core structure

sequentially on the first and second HZO layers of the
opening;

selectively removing the second insulating layer of the

stacked body selectively; and

forming an electrode layer between the first insulating

layer exposed after removing the second insulating
layer.

15. The method of manufacturing a nonvolatile semicon-
ductor memory according to claim 14, further comprising:

forming an insulating layer on the crystallized first and

second HZO layers;

forming the semiconductor layer and the core structure

sequentially on the insulating layer; and

forming a metal layer between the first insulating layer,

wherein the electrode layer is formed on the metal layer.

16. The method of manufacturing a nonvolatile semicon-
ductor memory according to claim 15, wherein a fifth
thermal process is performed after the semiconductor layer
and the core structure are formed.

17. The method of manufacturing a nonvolatile semicon-
ductor memory according to claim 11, wherein, in the first
HZO layer, a density of Si, Al, Ge, or Ga is higher in a range
of 1% or more and 6% or less than in the second HZO layer.

18. The method of manufacturing a nonvolatile semicon-
ductor memory according to claim 11, wherein an antifer-
roelectric substance that has a tetragonal crystal is formed in
the first HZO layer through the first thermal process, a
ferroelectric substance that has an orthorhombic crystal is
formed in the second HZO layer by the second thermal
process.

19. The method of manufacturing a nonvolatile semicon-
ductor memory according to claim 11, wherein wakeup of
the second HZO layer is performed by applying a voltage to
the second HZO layer.

20. The method of manufacturing a nonvolatile semicon-
ductor memory according to claim 11, wherein wakeup of
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the second HZO layer is performed by increasing a number
of cycles of polarization reversal with respect to the second
HZO layer.
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