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Forming a first pad layer and a second pad layer  [~101

Forming trenches ~102

Forming first, second, and third isolations ~103

Forming memory, logic, and boundary isolations ~104

Removing the second pad layer ~105

Forming a memory well, a first logic well, and a ~106
second logic well

Removing the first pad layer ~107

Forming a dummy dielectric layer, a dummy gate ~—108
layer, and a hard mask layer

Forming a first patterned mask ~109

Patterning the hard mask layer, the dummy gate layer, ~~—110
and the dummy dielectric layer

FIG. 1A
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Forming an etch stop layer ~—129
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1
INTEGRATED CIRCUIT AND METHOD FOR
MANUFACTURING THE SAME

BACKGROUND

An integrated circuit (IC) is an electronic device which
may include many functional elements, such as transistors,
capacitors, resistors, and/or ferroelectric dynamic random
access memories (FeDRAMs). There is a continuous need to
further simplify and improve a process for manufacturing
the ICs.

BRIEF DESCRIPTION OF THE DRAWINGS

Aspects of the present disclosure are best understood from
the following detailed description when read with the
accompanying figures. It is noted that, in accordance with
the standard practice in the industry, various features are not
drawn to scale. In fact, the dimensions of the various
features may be arbitrarily increased or reduced for clarity of
discussion.

FIGS. 1A to 1D are flow diagrams illustrating a method
for manufacturing an integrated circuit in accordance with
some embodiments.

FIGS. 2 to 40 are schematic views illustrating interme-
diate stages of the manufacturing method in accordance with
some embodiments as depicted in FIGS. 1A to 1D.

FIG. 41 illustrates a schematic top view of an integrated
circuit in accordance with some embodiments.

FIGS. 42 and 43 are schematic cross-sectional views
taken along line B-B in an X direction and line C-CinaY
direction of FIG. 41, respectively.

DETAILED DESCRIPTION

The following disclosure provides many different
embodiments, or examples, for implementing different fea-
tures of the disclosure. Specific examples of components
and arrangements are described below to simplify the pres-
ent disclosure. These are, of course, merely examples and
are not intended to be limiting. For example, the formation
of a first feature over or on a second feature in the descrip-
tion that follows may include embodiments in which the first
and second features are formed in direct contact, and may
also include embodiments in which additional features may
be formed between the first and second features, such that
the first and second features may not be in direct contact. In
addition, the present disclosure may repeat reference numer-
als and/or letters in the various examples. This repetition is
for the purpose of simplicity and clarity and does not in itself
dictate a relationship between the various embodiments
and/or configurations discussed.

Further, spatially relative terms, such as “on,” “above,”
“top,” “upper,” “lower,” “over,” “beneath,” and the like,
may be used herein for ease of description to describe one
element or feature’s relationship to another element(s) or
feature(s) as illustrated in the figures. The spatially relative
terms are intended to encompass different orientations of the
device in use or operation in addition to the orientation
depicted in the figures. The apparatus may be otherwise
oriented (rotated 90 degrees or at other orientations) and the
spatially relative descriptors used herein may likewise be
interpreted accordingly.

The present disclosure is directed to an integrated circuit
(IC), and methods for manufacturing the same. The IC may
include ferroelectric dynamic random access memory (Fe-
DRAM) devices, logic devices, and a boundary isolation
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structure between the FeDRAM devices and the logic
devices. According to some methods for manufacturing the
IC, after a ferroelectric layer of each FeDRAM device and
a logic high-k (HK) dielectric of each logic device are
formed, a memory active gate of each FeDRAM device is
formed on the ferroelectric layer using a replacement gate
(RPG) process, and a logic active gate of each logic device
is formed on the logic HK dielectric using another RPG
process. Such methods may be referred to as HK first
methods.

A challenge with the HK first methods is that the ferro-
electric layer and/or the logic HK dielectric may be damaged
by an etchant, such as hydrofluoric acid (HF) or other
chemicals. In addition, when patterning the logic multiple
films, a logic HK dielectric layer which is used for forming
the logic HK dielectric may not be fully removed from a
slanted sidewall of the boundary isolation structure.

FIGS. 1A to 1D are flow diagrams illustrating a method
100 for manufacturing an IC in accordance with some
embodiments. The method 100 may be called as a HK last
method. FIGS. 2 to 40 illustrate schematic views of the
intermediate stages of the method 100.

Referring to FIGS. 1A and 2, the method 100 begins at
step 101, where a first pad layer 21 and a second pad layer
22 are sequentially formed on a semiconductor substrate
200. The semiconductor substrate 200 includes a memory
substrate region 201, a logic substrate region 202, and a
boundary substrate region 203 between the memory sub-
strate region 201 and the logic substrate region 202. In some
embodiments, the semiconductor substrate 200 may be or
may include a bulk silicon substrate, a silicon-on-insulator
substrate (SOI), or other suitable semiconductor materials.
The first pad layer 21 and the second pad layer 22 may be
made from different dielectric materials. For example, the
first pad layer 21 may include silicon oxide, and the second
pad layer 22 may include silicon nitride. Other suitable
dielectric materials for the first pad layer 21 and the second
pad layer 22 are within the contemplated scope of the
present disclosure. Each of the first pad layer 21 and the
second pad layer 22 may be deposited by, for example, but
not limited to, chemical vapor deposition (CVD), physical
vapor deposition (PVD), atomic layer deposition (ALD),
thermal oxidation, or other suitable techniques.

Referring to FIGS. 1A and 3, the method 100 proceeds to
step 102, where a patterning process is conducted to form
trenches 23, 24, 25 respectively in the memory substrate
region 201, the logic substrate region 202, and the boundary
substrate region 203. Step 102 may include (i) forming a
patterned mask (not shown) on the second pad layer 22 to
partially expose the second pad layer 22, (ii) etching the
second pad layer 22, the first pad layer 21, and the semi-
conductor substrate 200 through the patterned mask to form
the trenches 23, 24, 25, and (iii) removing the patterned
mask. The etching may be implemented using dry etching,
wet etching, or a combination thereof. The patterned mask
may include a photoresist material or other suitable mask
material, and may be formed by coating a photoresist layer,
soft-baking, exposing the photoresist layer through a pho-
tomask, post-exposure baking, and developing the photore-
sist layer, followed by hard-baking to thereby form the
patterned mask.

Referring to FIGS. 1A and 4, the method 100 proceeds to
step 103, where first isolations 230, a second isolation 240,
and a third isolation 250 are respectively formed in the
trenches 23, 24, 25 shown in FIG. 3. Step 103 may include
(1) depositing a dielectric layer (not shown) over the struc-
ture of FIG. 3 to fill the trenches 23, 24, 25, and (ii)
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conducting a planarization process, such as a chemical
mechanical polishing (CMP) process or other suitable tech-
niques, to remove the dielectric layer on the second pad
layer 22 so as to obtain the first, second, and third isolations
230, 240, 250. Each of the first, second, and third isolations
230, 240, 250 may include, for example, silicon oxide. Other
suitable materials for the first, second, and third isolations
230, 240, 250 are within the contemplated scope of the
present disclosure.

Referring to FIGS. 1A and 5, the method 100 proceeds to
step 104, where the first, second, and third isolations 230,
240, 250 shown in FIG. 4 are recessed to form memory
isolations 231, a logic isolation 241, and a boundary isola-
tion 251. In some embodiments, step 104 may be imple-
mented by immersing the structure of FIG. 4 in an etchant,
for example, hydrofluoric acid (HF). Other suitable pro-
cesses may be used for recessing the first, second, and third
isolations 230, 240, 250. Each of the memory isolations 231,
the logic isolation 241, and the boundary isolation 251 may
independently be or include, for example, a shallow trench
isolation (STI) structure, a deep trench isolation (DTI)
structure, or other suitable isolation structures.

Referring to FIGS. 1A and 6, the method 100 proceeds to
step 105, where the second pad layer 22 shown in FIG. 5 is
removed. Step 105 may be implemented using, for example,
dry etching, wet etching, or a combination thereof, to
selectively remove the second pad layer 22. In some
embodiments, step 105 may be implemented by immersing
the structure of FIG. 5 in an etchant, for example, phos-
phoric acid (H;PO,). Other suitable processes may be used
to remove the second pad layer 22.

Referring to FIGS. 1A and 7, the method 100 proceeds to
step 106, a memory well 26 is formed at the memory
substrate region 201 overlying a bulk semiconductor region
200a of the semiconductor substrate 200, and a first logic
well 27 and a second logic well 28 are separately formed at
the logic substrate region 202 overlying the bulk semicon-
ductor region 200a. The memory well 26 is located at one
side of the boundary isolation 251, and the first logic well 27
and the second logic well 28 are located at the other side of
the boundary isolation 251. The memory well 26, the first
logic well 27, and the second logic well 28 may be formed
using ion implantation or other suitable techniques. The
memory well 26 has a different doping type or concentration
from the bulk semiconductor region 200a. Each of the first
logic well 27 and the second logic well 28 has a different
doping type or concentration from the bulk semiconductor
region 200a. The memory well 26 may have a first conduc-
tivity type, and each of the first and second logic wells 27,
28 may have the first conductivity type or a second conduc-
tivity type opposite to the first type conductivity. In some
embodiments, the memory well 26 is n-type or p-type, the
first logic well 27 is p-type, and the second logic well 28 is
n-type. In alternative embodiments, the memory well 26 is
n-type or p-type, and both the first logic well 27 and the
second logic well 28 are n-type or p-type. Other suitable
variations for conductivity types of the memory well 26, the
first logic well 27 and the second logic well 28 are within the
contemplated scope of the present disclosure.

Referring to FIGS. 1A and 8, the method 100 proceeds to
step 107, where the first pad layer 21 shown in FIG. 7 is
removed. Step 107 may be implemented using an etching
process, such as dry etching, wet etching, or a combination
thereof. Other suitable processes may be used for removing
the first pad layer 21.

Referring to FIGS. 1A and 9, the method 100 proceeds to
step 108, where a dummy dielectric layer 29, a dummy gate
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layer 30, and a hard mask layer 31 are sequentially formed
on the structure of FIG. 8. The dummy dielectric layer 29
may include, for example, silicon oxide. The dummy gate
layer 30 may include, for example, polysilicon. The hard
mask layer 31 may include, for example, silicon oxide,
silicon nitride, or silicon oxynitride. Other suitable materials
for the dummy dielectric layer 29, the dummy gate layer 30,
and the hard mask layer 31 are within the contemplated
scope of the present disclosure. In some embodiments, the
hard mask layer 31 includes a lower nitride layer 311
(including silicon nitride) and an upper oxide layer 312
(including silicon oxide). Each of the dummy dielectric
layer 29, the dummy gate layer 30, and the hard mask layer
31 may be deposited by, for example, but not limited to,
CVD, PVD, ALD, thermal oxidation, or other suitable
techniques.

Referring to FIGS. 1A and 10, the method 100 proceeds
to step 109, where a first patterned mask 32 is formed over
the structure of FIG. 9. The first patterned mask 32 has a
pattern corresponding to a layout of a dummy memory
structure 33, a dummy wall 34, a first dummy logic structure
35, and a second dummy logic structure 36 which are shown
in FIG. 11 and are formed in the subsequent step 110. The
materials and processes for the first patterned mask 32 are
similar to those for the patterned mask described in step 102,
and therefore, the details thereof are omitted for the sake of
brevity.

Referring to FIGS. 1A and 11, the method 100 proceeds
to step 110, where the hard mask layer 31, the dummy gate
layer 30, and the dummy dielectric layer 29 are patterned
through the first patterned mask 32 shown in FIG. 10 to form
the dummy memory structure 33, the dummy wall 34, the
first dummy logic structure 35, and the second dummy logic
structure 36. Step 110 may be implemented using dry
etching, wet etching, or a combination thereof. After step
110, the first patterned mask 32 may be removed. Other
suitable techniques may be used for patterning the hard
mask layer 31, the dummy gate layer 30, and the dummy
dielectric layer 29. The dummy wall 34 at the boundary
substrate region 203 may be formed on the boundary iso-
lation 251 in some embodiments, and may be formed on the
bulk semiconductor region 200¢ in alternative embodi-
ments. In some embodiments, the dummy wall 34 may have
a rectangular cross section.

Referring to FIGS. 1B and 12, the method 100 proceeds
to step 111, where four pairs of first sidewall spacers 371,
372, 373, 374 are formed. Each pair of the first sidewall
spacers 371, 372, 373, 374 are respectively formed at two
lateral sides of a corresponding one of the dummy memory
structure 33, the first dummy logic structure 35, the second
dummy logic structure 36, and the dummy wall 34. Step 111
includes (i) depositing a first spacer material (not shown)
over the structure of FIG. 11 using, for example, CVD, PVD,
ALD, or other suitable deposition techniques, and (ii) aniso-
tropically etching (e.g., dry etching, wet etching, a combi-
nation thereof, or other suitable etching techniques) the first
spacer material to thereby form the first sidewall spacers
371, 372, 373, 374. The first sidewall spacers 371, 372, 373,
374 may include, for example, silicon nitride. Other suitable
materials for the first sidewall spacers 371, 372, 373, 374 are
within the contemplated scope of the present disclosure.

Referring to FIGS. 1B and 13, the method 100 proceeds
to step 112, where three pairs of lightly doped regions 381,
382, 383 are formed. Each pair of the lightly doped regions
381, 382, 383 are formed in two lateral regions of a
corresponding one of the memory well 26, the first logic
well 27, and the second logic well 28, respectively, and may
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have a conductivity type opposite to that of the correspond-
ing one of the memory well 26, the first logic well 27, and
the second logic well 28. In step 112, the two lateral regions
of each of the memory well 26, the first logic well 27, and
the second logic well 28 are exposed from and non-covered
by (i) a corresponding one of the dummy memory structure
33, the first dummy logic structure 35, and the second
dummy logic structure 36, and (ii) a corresponding pair of
the first sidewall spacers 371, 372, 373. The lightly doped
regions 381, 382, 383 may be formed using ion implanta-
tion, or other suitable techniques. In some embodiments,
each of the lightly doped regions 381, 382, 383 may be a
lightly doped source/drain (LDD).

Referring to FIGS. 1B and 14, the method 100 proceeds
to step 113, where four pairs of second sidewall spacers 391,
392, 393, 394 are formed. Each pair of the second sidewall
spacers 391, 392, 393, 394 are formed on a corresponding
pair of the first sidewall spacers 371, 372, 373, 374, respec-
tively. Step 113 includes (i) depositing a second spacer
material (not shown) over the structure of FIG. 13 using, for
example, CVD, PVD, ALD, or other suitable deposition
techniques, and (ii) anisotropically etching (e.g., dry etch-
ing, wet etching, a combination thereof, or other suitable
etching techniques) the second spacer material to form the
second sidewall spacers 391, 392, 393, 394. The second
sidewall spacers 391, 392, 393, 394 may include, for
example, silicon oxynitride. Other suitable materials for the
second sidewall spacers 391, 392, 393, 394 are within the
contemplated scope of the present disclosure. Each pair of
the second sidewall spacers 391, 392, 393 are formed to
partially cover a corresponding pair of the lightly doped
regions 381, 382, 383, respectively.

Referring to FIGS. 1B and 15, the method 100 proceeds
to step 114, where three pairs of source/drain regions 401,
402, 403 are formed. Each pair of the source/drain regions
401, 402, 403 are formed in the two lateral regions of a
corresponding one of the memory well 26, the first logic
well 27 and the second logic well 28, respectively, and may
have a conductivity type opposite to that of the correspond-
ing one of the memory well 26, the first logic well 27 and
the second logic well 28. In some embodiments, the source/
drain regions 401, 402, 403 serve as memory source/drain
regions, first logic source/drain regions, and second logic
source/drain regions, respectively. In step 114, the two
lateral regions of each of the memory well 26, the first logic
well 27, and the second logic well 28 are exposed from and
non-covered by (i) a corresponding one of the dummy
memory structure 33, the first dummy logic structure 35, and
the second dummy logic structure 36, (ii) a corresponding
pair of the first sidewall spacers 371, 372, 373, and (iii) a
corresponding pair of the second sidewall spacers 391, 392,
393. Each pair of the source/drain regions 401, 402, 403 may
be located to respectively and partially overlap a corre-
sponding pair of the lightly doped regions 381, 382, 383, and
may have a conductivity type which is the same as that of a
corresponding pair of the lightly doped regions 381, 382,
383. Each pair of the source/drain regions 401, 402, 403 may
be p-type or n-type doped regions, and may have a doping
concentration greater than that of a corresponding pair of the
lightly doped regions 381, 382, 383, respectively. Each pair
of the source/drain regions 401, 402, 403 may be formed
using ion implantation, or other suitable techniques. After
step 114, a memory channel region 261 is formed between
the memory source/drain regions 401, a first logic channel
region 271 is formed between the first logic source/drain
regions 402, and a second logic channel region 281 is
formed between the second logic source/drain regions 403.
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Each of the lightly doped regions 381 is disposed between
the memory channel region 261 and a corresponding one of
the memory source/drain regions 401. Each of the lightly
doped regions 382 is disposed between the first logic chan-
nel region 271 and a corresponding one of the first logic
source/drain regions 402. Each of the lightly doped regions
383 is disposed between the second logic channel region 281
and a corresponding one of the second logic source/drain
regions 403.

Referring to FIGS. 1B and 16, the method 100 proceeds
to step 115, where the patterned hard mask layer 31, an
upper portion of each of the first sidewall spacers 371, 372,
373, 374, and an upper portion of each of the second
sidewall spacers 391, 392, 393, 394 are removed. Step 115
may be implemented using a planarization process, such as
a CMP process or other suitable processes.

Referring to FIGS. 1B and 17, the method 100 proceeds
to step 116, where a planarized contact etch stop layer
(planarized CESL) 41 and a planarized first dielectric layer
42 are sequentially formed after step 115. Step 116 includes
(1) conformally depositing a CESL (not shown) over the
structure of FIG. 16 using, for example, CVD, plasma-
enhanced chemical vapor deposition (PECVD), ALD, spin-
on coating, electroless plating, or other suitable deposition
techniques, (i1) conformally depositing a first dielectric layer
(not shown) on the non-shown CESL using, for example,
CVD, PVD, or other suitable deposition techniques, and (iii)
conducting a planarization process, such as a CMP process
or other suitable processes, to remove the excess CESL and
the excess first dielectric layer to expose the patterned
dummy gate layer 30, thereby forming the planarized CESL
41 and the planarized first dielectric layer 42. The planarized
CESL 41 may include, but not limited to, metal nitride,
metal oxide, metal carbide, silicon nitride, silicon oxide,
silicon carbide, silicon oxynitride, or combinations thereof.
Other suitable materials for the planarized CESL 41 are
within the contemplated scope of the present disclosure. The
planarized first dielectric layer 42 may include, but not
limited to, silicon oxide, silicon nitride, silicon carbide,
silicon oxycarbide, silicon oxynitride, silicon carbonitride,
silicon oxycarbonitride, undoped silicate glass (USG), phos-
phosilicate glass (PSG), borosilicate glass (BSG), boron-
doped phosphosilicate glass (BPSG), fluorine-doped silicate
glass (FSG), extreme low dielectric constant (k) material,
other suitable dielectric materials, or combinations thereof.

Referring to FIGS. 1B and 18, the method 100 proceeds
to step 117, where portions of the patterned dummy gate
layer 30 and portions of the patterned dummy dielectric
layer 29 (see FIG. 17) at the dummy memory structure 33,
the first dummy logic structure 35, and the second dummy
logic structure 36 are removed. Step 117 may include (i)
forming a patterned mask (not shown) over the structure of
FIG. 17 to expose the portions of the patterned dummy gate
layer 30, (ii) etching the dummy gate layer 30 and the
dummy dielectric layer 29 through the patterned mask, and
(iii) removing the patterned mask. The etching may be
implemented using dry etching, wet etching, or a combina-
tion thereof. The patterned mask may be similar to that
described in step 102. After step 117, a patterned dielectric
structure is formed on the semiconductor substrate 200, and
includes the planarized first dielectric layer 42, the planar-
ized CESL 41, and the sidewall spacers 371-374, 391-394
(see FIG. 16). A first recess 33a which exposes the memory
channel region 261 and two second recesses 354, 36a which
expose the logic channel regions 271, 281 are formed in the
patterned dielectric structure.
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Referring to FIGS. 1B and 19, the method 100 proceeds
to step 118, where a ferroelectric layer 43 is conformally
formed over the structure of the FIG. 18. The ferroelectric
layer 43 includes a ferroelectric material, and may include
binary oxides, ternary oxides, quaternary oxides, other suit-
able oxides, or combinations thereof. The binary oxides may
include, for example, but not limited to, hafhium oxide
(hatnia, HfO,) or other suitable materials. The ternary
oxides may include, for example, but not limited to, hafnium
silicate (HfSi0,), hafnium zirconate (H{ZrO,), barium titan-
ate (BaTiO;), lead titanate (PbTiO;), strontium titanate
(SrTi0;), calcium manganite (CaMnQO;), bismuth ferrite
(BiFeO;), aluminum scandium nitride (AlScN), aluminum
gallium nitride (AlGaN), aluminum yttrium nitride (AIYN),
doped HfO, (the dopants may include Si, La, Y, Sc, Ga, Gd,
combinations thereof, or other suitable dopants), other suit-
able materials, or combinations thereof. The quaternary
oxides may include, for example, but not limited to, lead
zirconate titanate (PbZr,Ti,O,), barium strontium titanate
(BaSrTiO,), strontium bismuth tantalate (SrBi,Ta,0,), or
combinations thereof. Other suitable ferroelectric materials
for the ferroelectric layer 43 are within the contemplated
scope of the present disclosure. The ferroelectric layer 43
may be formed using, for example, CVD, PVD, ALD,
plasma-enhanced ALD, molecular beam epitaxy (MBE), or
other suitable deposition techniques. In some embodiments,
the ferroelectric layer 43 may have a thickness ranging from
about 50 A to about 150 A. In some embodiments, before
forming the ferroelectric layer 43, a first interfacial layer 44
may be optionally formed in the memory well 26, the first
logic well 27, and the second logic well 28 using, for
example, thermal oxidation, or other suitable techniques. In
some embodiments, the ferroelectric layer 43 is conformally
deposited over the patterned dielectric structure along the
surface of the first recess 33a and along the surfaces of the
second recesses 35a, 36a.

Referring to FIGS. 1B and 20, the method 100 proceeds
to step 119, where a first barrier layer 45 is conformally
formed over the structure of FIG. 19. The first barrier layer
45 may include titanium nitride. Other suitable materials for
the first barrier layer 45 are within the contemplated scope
of the present disclosure. The first barrier layer 45 may be
formed using, for example, CVD, PVD, ALD, or other
suitable techniques. The provision of the first barrier layer
45 may prevent direct annealing of the ferroelectric layer 43
in a subsequent process, and may prevent oxygen gas from
being in contact with the ferroelectric layer 43 and the first
interfacial layer 44.

Referring to FIGS. 1C and 21, the method 100 proceeds
to step 120, where a first cap layer 46 is conformally formed
over the structure of FIG. 20. The first cap layer 46 may
include silicon. The other suitable materials for the first cap
layer 46 are within the contemplated scope of the present
disclosure. The first cap layer 46 may be formed using, for
example, CVD, PVD, ALD, or other suitable techniques.
The provision of the first cap layer 46 may prevent oxidation
of the first barrier layer 45, and the provision of the first
barrier layer 45 may also prevent silicon in the first cap layer
46 from being reacted with the ferroelectric layer 43.

Referring to FIGS. 1C and 22, the method 100 proceeds
to step 121, where a second patterned mask 47 is formed
over the structure of FIG. 21 to cover the layers on the
memory substrate region 201 and to expose the layers on the
logic substrate region 202 and the boundary substrate region
203. In some embodiments, the second patterned mask 47 is
formed to fully cover the layers above the memory well 26.
The materials and processes for the second patterned mask
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47 are similar to those for the patterned mask described in
step 102, and therefore, the details thereof are omitted for the
sake of brevity.

Referring to FIGS. 1C and 23, the method 100 proceeds
to step 122, where portions of the ferroelectric layer 43, the
first barrier layer 45, and the first cap layer 46 which are
exposed from the second patterned mask 47 are removed. In
addition, portions of the first interfacial layer 44 in the logic
substrate region 202 shown in FIG. 22, if any, are also
removed. Step 122 may be implemented using, for example,
dry etching, wet etching, or a combination thereof. After-
wards, the second patterned mask 47 is removed. In some
embodiments, in step 122, the ferroelectric layer 43 shown
in FIG. 22 is partially removed such that a first ferroelectric
portion of the ferroelectric layer 43 is left on the memory
substrate region 201.

Referring to FIGS. 1C and 24, the method 100 proceeds
to step 123, where a gate dielectric layer 48 is conformally
formed over the structure of FIG. 23. The gate dielectric
layer 48 may include, but not limited to, tantalum oxide
(Ta,0s,), titanium oxide (TiO,), hafnium oxide (HfO,),
aluminum oxide (Al,0;), zirconium oxide (ZrO,), hafnium
silicate (HfSiO,), zirconium silicate (ZrSiO,), lanthanum
oxide (La,0;), praseodymium oxide (Pr,0O;), other suitable
high-k materials, or combinations thereof. Other suitable
materials for the gate dielectric layer 48 are within the
contemplated scope of the present disclosure. The gate
dielectric layer 48 may be formed using, for example, CVD,
PVD, ALD, or other suitable techniques. In some embodi-
ments, the gate dielectric layer 48 may have a thickness
ranging from about 5 A to about 30 A. In some embodi-
ments, before forming the gate dielectric layer 48, a second
interfacial layer 49 may be optionally formed in the first
logic well 27 and the second logic well 28 using, for
example, thermal oxidation, or other suitable techniques. In
some embodiments, the gate dielectric layer 48 is confor-
mally deposited over the patterned dielectric structure, on
the first ferroelectric portion of the ferroelectric layer 43, and
along the surfaces of the second recesses 354, 36a (See FIG.
18).

Referring to FIGS. 1C and 25, the method 100 proceeds
to step 124, where a second barrier layer 50 is conformally
formed over the structure of FIG. 24. The second barrier
layer 50 may include titanium nitride. Other suitable mate-
rials for the second barrier layer 50 are within the contem-
plated scope of the present disclosure. The second barrier
layer 50 may be formed using, for example, CVD, PVD,
ALD, or other suitable techniques. The provision of the
second barrier layer 50 may prevent direct annealing of the
gate dielectric layer 48 in a subsequent process, and may
prevent oxygen gas from being in contact with the gate
dielectric layer 48 and the second interfacial layer 49.

Referring to FIGS. 1C and 26, the method 100 proceeds
to step 125, where a second cap layer 51 is conformally
formed over the structure of FIG. 25. The second cap layer
51 may include silicon. The other suitable materials for the
second cap layer 51 are within the contemplated scope of the
present disclosure. The second cap layer 51 may be formed
using, for example, CVD, PVD, ALD, or other suitable
techniques. In some embodiments, an annealing treatment
may be optionally implemented after step 125. The provi-
sion of the second cap layer 51 may prevent oxidation of the
second barrier layer 50, and the provision of the second
barrier layer 50 may also prevent silicon in the second cap
layer 51 from being reacted with the gate dielectric layer 48.

Referring to FIGS. 1C and 27, the method 100 proceeds
to step 126, where a third patterned mask 52 is formed over
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the structure of FIG. 26 to cover the layers on the logic
substrate region 202 and the boundary substrate region 203
and to expose the layers on the memory substrate region
201. In some embodiments, the layers on the memory well
26 are exposed from the third patterned mask 52. The
materials and processes for the third patterned mask 52 are
similar to those for the patterned mask described in step 102,
and the details thereof hence are omitted for the sake of
brevity.

Referring to FIGS. 1C and 28, the method 100 proceeds
to step 127, where portions of the second cap layer 51, the
second barrier layer 50, and the gate dielectric layer 48
which are exposed from the third patterned mask 52 (see
FIG. 27) are removed. Step 127 may be implemented using,
for example, dry etching, wet etching, or a combination
thereof. Afterwards, the third patterned mask 52 is removed.

Referring to FIGS. 1C and 29, the method 100 proceeds
to step 128, where the first cap layer 46 and the second cap
layer 51 are removed. In addition, portions of the gate
dielectric layer 48 and the second barrier layer 50 disposed
between the first cap layer 46 and the second cap layer 51
may also be removed. Step 128 may be implemented using,
for example, dry etching, wet etching, or a combination
thereof.

Referring to FIGS. 1D and 30, the method 100 proceeds
to step 129, where an etch stop layer 53 is conformally
formed over the structure of FIG. 29. The etch stop layer 53
may include tantalum nitride. Other suitable materials for
the etch stop layer 53 are within the contemplated scope of
the present disclosure. The etch stop layer 53 may be formed
using, for example, CVD, PVD, ALD, or other suitable
techniques.

Referring to FIGS. 1D and 31, the method 100 proceeds
to step 130, where a P metal layer 54 is conformally formed
over the structure of FIG. 30. The P metal layer 54 may
include titanium nitride. Other suitable materials for the P
metal layer 54 are within the contemplated scope of the
present disclosure. The P metal layer 54 may be formed
using, for example, CVD, PVD, ALD, or other suitable
techniques.

Referring to FIGS. 1D and 32, the method 100 proceeds
to step 131, where a protective layer 55 is formed over the
structure of FIG. 31. Step 131 may include (i) depositing a
dielectric material layer over the structure of FIG. 31, and
(ii) conducting a planarization process, such as a CMP
process or other suitable techniques, so as to obtain the
protective layer 55. The protective layer 55 may include a
dielectric material, for example, spin on glass (SOG, a
silicon oxide based polysiloxane). Other suitable materials
for the protective layer 55 are within the contemplated scope
of the present disclosure.

Referring to FIGS. 1D and 33, the method 100 proceeds
to step 132, where the protective layer 55 is partially
removed to leave first, second, and third protective portions
551, 552, 553 of the protective layer 55 respectively above
the memory well 26, the first logic well 27, and the second
logic well 28 and to expose upper portions of the P metal
layer 54. Step 132 may be implemented by using, for
example, dry etching, wet etching, or a combination thereof.
Other suitable techniques may be used for partially removal
of the protective layer 55.

Referring to FIGS. 1D and 34, the method 100 proceeds
to step 133, where a fourth patterned mask 56 is formed over
the structure of FIG. 33 to expose the first and third
protective portions 551, 553. The materials and processes
for the fourth patterned mask 56 are similar to those for the
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patterned mask described in step 102, and the details thereof
are hence omitted for the sake of brevity.

Referring to FIGS. 1D and 35, the method 100 proceeds
to step 134, where the first and third protective portions 551,
553 are removed through the fourth patterned mask 56
shown in FIG. 34. Step 134 may be implemented by using,
for example, dry etching, wet etching, or a combination
thereof. Afterwards, the fourth patterned mask 56 is
removed.

Referring to FIGS. 1D and 36, the method 100 proceeds
to step 135, where the P metal layer 54 shown in FIG. 35 is
removed to expose the etch stop layer 53, thereby leaving a
P metal portion 541 which is disposed between the second
protective portion 552 and the etch stop layer 53. Step 135
may be implemented by using, for example, dry etching, wet
etching, or a combination thereof.

Referring to FIGS. 1D and 37, the method 100 proceeds
to step 136, where the second protective portion 552 shown
in FIG. 36 is removed. Step 136 may be implemented by
using, for example, dry etching, wet etching, or a combina-
tion thereof.

Referring to FIGS. 1D and 38, the method 100 proceeds
to step 137, where a metal fill layer 57 is formed over the
structure of FIG. 37 to fill the first and second recesses 33a,
35a, 36a (see FIG. 18) located respectively above the
memory well 26, the first logic well 27, and the second logic
well 28. The metal fill layer 57 may include, but not limited
to, tungsten, platinum, aluminum copper, gold, titanium,
tantalum, tantalum nitride, tungsten nitride, tantalum alumi-
num carbide, other suitable materials, alloys thereof, or
combinations thereof. The metal fill layer 57 may be formed
using, for example, CVD, PVD, electroless plating or other
suitable techniques. In some embodiments, the metal fill
layer 57 is an N metal layer.

Referring to FIGS. 1D and 39, the method 100 proceeds
to step 138, where the metal fill layer 57 is planarized to a
point that an uppermost surface of the planarized first
dielectric layer 42 is exposed, thereby forming a memory
device (e.g., a FeEDRAM device) 91, a first logic device 92
and a second logic device 93. The dummy wall 34 is located
between the memory device 91 and the first logic device 92.
The memory device 91 is at the memory substrate region
201, and the first and second logic devices 92, 93 are at the
logic substrate region 202. The metal fill layer 57 may be
planarized using, for example, CMP, or other suitable tech-
niques. After step 138, an excess of the metal fill layer 57 is
removed to form (i) a memory gate 57a in the first recess 33a
(see FIG. 18) above the memory channel region 261 in the
memory device 91, (ii) a first logic gate 5756 in the second
recess 35a (see FIG. 18) above the first channel region 271
in the first logic device 92, and (iii) a second logic gate 57¢
in the second recess 36a (see FIG. 18) above the second
channel region 281 in the second logic device 93. In
addition, after step 138, an excess of the first ferroelectric
portion of the ferroelectric layer 43 shown in FIG. 38 is
removed such that a region of the first ferroelectric portion
is left on the surface of the first recess 33a to form a data
storage element 43¢ of the memory device 91. The data
storage element 434 includes a ferroelectric material, and is
disposed around the memory gate 57a to separate the
memory gate 57a from the memory channel region 261. In
some embodiments, the data storage element 43¢ may have
a thickness ranging from about 50 A to about 150 A. In some
embodiments, the data storage element 43¢ may have a
U-shape cross section. An excess portion of the gate dielec-
tric layer 48 shown in FIG. 38 is removed such that two
portions of the gate dielectric layer 48 are respectively left
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on the surfaces of the second recesses 354, 36a to form a first
gate dielectric 48a in the first logic device 92 and a second
gate dielectric 485 in the second logic device 93. The first
gate dielectric 484 is disposed around the first logic gate 575
to separate the first logic gate 576 from the first logic
channel region 271. The second gate dielectric 486 is
disposed around the second logic gate 57¢ to separate the
second logic gate 57¢ from the second logic channel region
281. In some embodiments, each of the first gate dielectric
48a and the second gate dielectric 485 may include tantalum
oxide (Ta,0j), titanium oxide (TiO,), hatnium oxide
(HfO,), aluminum oxide (Al,O,), zirconium oxide (ZrO,),
hafnium silicate (HfSi0O,), zirconium silicate (ZrSiO,), lan-
thanum oxide (La,O;), praseodymium oxide (Pr,O;), or
combinations thereof. In some embodiments, each of the
first gate dielectric 48a and the second gate dielectric 485
may have a thickness ranging from 5 A to 30 A. The first
barrier layer 45 shown in FIG. 38 is formed into a barrier
portion 45a. The second barrier layer 50 shown in FIG. 38
is formed into two barrier portions 50a, 505 respectively in
the first and the second logic devices 92, 93. The etch stop
layer 53 shown in FIG. 38 is formed into a first etch stop
portion 53a in the memory device 91, a second etch stop
portion 535 in the first logic device 92, and a third etch stop
portion 53¢ in the second logic device 93. In some embodi-
ments, a memory gate structure of the memory device 91
may include the memory gate 57a, the data storage element
43a, the first interfacial layer 44, the barrier portion 45a, and
the first etch stop portion 53a. A first gate structure of the
first logic device 92 may include the first logic gate 575, the
first gate dielectric 48a, the second interfacial layer 49 on the
first logic well 27, the barrier portion 50a, the second etch
stop portion 535, and the P metal portion 541. A second gate
structure of the second logic device 93 may include the
second logic gate 57¢, the second gate dielectric 485, the
second interfacial layer 49 on the second logic well 28, the
barrier portion 505, and the third etch stop portion 53¢. In
some embodiments, the memory gate structure and the first
and second gate structures may have substantially the same
height. In some embodiments, the memory device 91 is an
N-FeDRAM device, the first logic device 92 is a PFET
device, and the second logic device 93 is an NFET device.
In some embodiments, the first logic device 92 is a p-type
transistor, and the P metal portion 541 is disposed between
the first gate dielectric 48a and the first logic gate 575.
Referring to FIGS. 1D and 40, the method 100 proceeds
to step 139, where an interconnect feature is formed on the
structure shown in FIG. 39. The interconnect feature
includes a second dielectric layer 58, three pairs of source/
drain contacts 591, 592, 593, a third dielectric layer 6, and
metal lines 7. The second dielectric layer 58 is formed on the
structure shown in FIG. 39. The materials and deposition for
the second dielectric layer 58 may be similar to those for the
planarized first dielectric layer 42, and the details thereof are
hence omitted for the sake of brevity. After the formation of
the second dielectric layer 58, the three pairs of the source/
drain contacts 591, 592, 593 are formed to extend through
the second dielectric layer 58, the planarized first dielectric
layer 42, and the planarized CESL 41 to be in electrical
contact with the three pairs of the source/drain regions 401,
402, 403, respectively. The formation of the pairs of the
source/drain contacts 591, 592, 593 may be implemented by
(1) forming a patterned mask (not shown), (ii) etching the
second dielectric layer 58, the planarized first dielectric layer
42, and the planarized CESL 41 to form three pairs of
trenches (not shown) that expose the three pairs of the
source/drain regions 401, 402, 403, respectively, (iii) depos-
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iting a contact material on the second dielectric layer 58 to
fill the trenches, and (iv) removing the excess contact
material on the second dielectric layer 58. In some embodi-
ments, the deposition of the contact material may be imple-
mented using, for example, CVD, PVD, electroless plating,
electroplating, or other suitable deposition techniques. In
some embodiments, the source/drain contacts 591, 592, 593
may include, but not limited to, copper, aluminum, tungsten,
or combinations thereof. Other suitable materials for the
source/drain contacts 591, 592, 593 are within the contem-
plated scope of the present disclosure. In some embodi-
ments, the removal of the excess contact material may be
implemented using, for example, CMP, or other suitable
planarization techniques. In some embodiments, before the
deposition of the pairs of the source/drain contacts 591, 592,
593, three pairs of silicide pads 8a, 86, 8¢ may be formed on
the three pairs of the source/drain regions 401, 402, 403,
respectively. After the formation of the source/drain contacts
591, 592, 593, the third dielectric layer 6 is formed on the
second dielectric layer 58 and the source/drain contacts 591,
592, 593. In some embodiments, the material and formation
for the third dielectric layer 6 may be similar to those for the
planarized first dielectric layer 42, and the details thereof are
hence omitted for the sake of brevity. After the formation of
the third dielectric layer 6, the metal lines 7 are formed in the
third dielectric layer 6 such that the metal lines 7 are
respectively in electrical contact with the source/drain con-
tacts 591, 592, 593. The formation for the metal lines 7 may
be implemented by (i) patterning the third dielectric layer 6
to form recesses (not shown) to expose the source/drain
contacts 591, 592, 593, (ii) depositing a metallic material on
the third dielectric layer 6 to fill the recesses, and (iii)
removing the excess metallic material on the third dielectric
layer 6. In some embodiments, the third dielectric layer 6 is
patterned using known photolithography and etching pro-
cesses. In some embodiments, the deposition of the metallic
material for the metal lines 7 may be implemented using, for
example, CVD, PVD, electroless plating, electroplating, or
other suitable deposition techniques. In some embodiments,
the metal lines 7 may include, but not limited to, copper,
aluminum, tungsten, or combinations thereof. Other suitable
materials for the metal lines 7 are within the contemplated
scope of the present disclosure. In some embodiments, the
removal of the excess metallic material may be implemented
using, for example, CMP, or other suitable planarization
techniques. After step 139, an integrated circuit (IC) 10A is
obtained. In alternative embodiments, other suitable meth-
ods may also be applied for forming the IC 10A. In yet
alternative embodiments, additional features may be added
in the IC 10A, and some features in the IC 10A may be
modified, replaced, or eliminated without departure of the
spirit and scope of the present disclosure.

Referring to FIG. 41, in accordance with some embodi-
ments, an IC 100q includes the memory devices (e.g.,
FeDRAM devices) 91, the dummy wall 34, the first logic
devices 92, and the second logic devices 93. The memory
devices 91 are located within the memory substrate region
201, and are surrounded by the dummy wall 34. In some
embodiments, FIG. 40 showing the IC 10A may be a
cross-sectional view taken along line A-A of FIG. 41. FIG.
42 is a fragmentary cross-sectional view taken along line
B-B in an X direction. FIG. 43 is a fragmentary cross-
sectional view taken along line C-C in a Y direction trans-
verse to the X direction. Two adjacent ones of the memory
devices 91 in the Y direction may be separated from each
other through a STI structure 2005 (see FIGS. 41 and 43).
The memory substrate region 201 may have a length (L1) in
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the X direction and a length (L2) in the Y direction. A
distance between the memory substrate region 201 and the
dummy wall 34 is represented as “dl,” and a distance
between the dummy wall 34 and each of the first logic
devices 92 is represented as “d2.” Each of the distances (d1,
d2) may range from about 0.2 pm to about 0.5 um. Each of
the lengths (I.1, 1.2) may range from about 50 um to about
200 um. A width (W) of the dummy wall 34 may vary with
the variation of the distances (d1, d2). For example, if the
distance (d1, d2) is a respective one of about 0.2 pm, about
0.3 um, about 0.4 pm, and about 0.5 um, the width (W) of
the dummy wall 34 may be in a corresponding one of a range
from about 0.6 um to about 1.1 um, a range from about 0.7
pum to about 1.2 um, a range from about 0.8 pum to about 1.3
pum, and a range from about 0.8 pm to about 1.4 um(namely,
the larger the distance (d1, d2), the larger the lower and
upper limits of the range of the width (W) of the dummy wall
34). A number of the dummy wall 34 may vary with the
variation of the lengths (L1, L.2) of the memory substrate
region 201. For example, if the length (L1, L2) is a respec-
tive one of about 50 um, about 100 pm, about 150 um, and
about 200 um, the number of the dummy wall 34 may be a
corresponding one of 1, 2, 3, and 4, respectively (namely, the
larger the length (L1, L2), the larger the number of the
dummy wall 34).

In this disclosure, an IC is made by a HK last method, and
includes and integrates a memory device, a dummy wall,
and first and second logic devices. Compared with an IC
made by the HK first method, the data storage element of the
memory device and the gate dielectrics of the first and
second logic devices of this disclosure are not adversely
affected during etching, and an undesirable residue (e.g.,
high-k material residue) is not found within the IC. In some
embodiments, the number of the dummy wall, which is at
least one, may vary depending on the layout design of the
1C, thereby effectively preventing dishing during planariza-
tion process (e.g., CMP).

In accordance with some embodiments of the present
disclosure, a semiconductor device includes a semiconduc-
tor substrate, a memory gate, and a data storage element. The
semiconductor substrate includes a memory well which has
two memory source/drain regions and a memory channel
region between the memory source/drain regions. The
memory gate is disposed above the memory channel region.
The data storage element includes a ferroelectric material,
and is disposed around the memory gate to separate the
memory gate from the memory channel region.

In accordance with some embodiments of the present
disclosure, the ferroelectric material includes hafnium
oxide, hafnium silicate, hafnium zirconate, barium titanate,
lead titanate, strontium titanate, calcium manganite, bismuth
ferrite, aluminum scandium nitride, aluminum gallium
nitride, aluminum yttrium nitride, doped hafhium oxide,
lead zirconate titanate, barium strontium titanate, strontium
bismuth tantalate, or combinations thereof.

In accordance with some embodiments of the present
disclosure, the data storage element has a thickness ranging
from 50 A to 150 A.

In accordance with some embodiments of the present
disclosure, the memory well further includes two lightly
doped regions, each of which is disposed between the
memory channel region and a corresponding one of the
source/drain regions.

In accordance with some embodiments of the present
disclosure, the data storage element has a U-shape cross
section.
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In accordance with some embodiments of the present
disclosure, an integrated circuit includes a semiconductor
substrate, a memory device, a logic device, and a dummy
wall. The semiconductor substrate includes a memory sub-
strate region, a logic substrate region, and a boundary
substrate region between the memory substrate region and
the logic substrate region. The memory device includes a
memory well and a memory gate structure. The memory
well is formed in the memory substrate region, and has two
memory source/drain regions and a memory channel region
between the memory source/drain regions. The memory gate
structure includes a memory gate disposed above the
memory channel region, and a data storage element includ-
ing a ferroelectric material. The data storage element is
disposed around the memory gate to separate the memory
gate from the memory channel region. The logic device
includes a logic well and a gate structure. The logic well is
formed in the logic substrate region, and has two logic
source/drain regions and a logic channel region between the
logic source/drain regions. The gate structure includes a
logic gate and a gate dielectric. The logic gate is disposed
above the logic channel region. The gate dielectric is dis-
posed around the logic gate to separate the logic gate from
the logic channel region. The dummy wall is disposed on the
boundary substrate region.

In accordance with some embodiments of the present
disclosure, the memory gate structure and the gate structure
have the same height.

In accordance with some embodiments of the present
disclosure, the ferroelectric material includes hafnium
oxide, hafnium silicate, hafnium zirconate, barium titanate,
lead titanate, strontium titanate, calcium manganite, bismuth
ferrite, aluminum scandium nitride, aluminum gallium
nitride, aluminum yttrium nitride, doped hatnium oxide,
lead zirconate titanate, barium strontium titanate, strontium
bismuth tantalate, or combinations thereof.

In accordance with some embodiments of the present
disclosure, the data storage element has a thickness ranging
from 50 A to 150 A.

In accordance with some embodiments of the present
disclosure, the gate dielectric includes tantalum oxide, tita-
nium oxide, hafnium oxide, aluminum oxide, zirconium
oxide, hafnium silicate, zirconium silicate, lanthanum oxide,
praseodymium oxide, or combinations thereof.

In accordance with some embodiments of the present
disclosure, the gate dielectric has a thickness ranging from
5 A 030 A.

In accordance with some embodiments of the present
disclosure, the logic device is a p-type transistor, and the
gate structure further includes a P metal portion disposed
between the gate dielectric and the logic gate.

In accordance with some embodiments of the present
disclosure, a method for manufacturing an integrated circuit
includes: forming a boundary isolation in a semiconductor
substrate; forming a memory well and a logic well in the
semiconductor substrate, the memory well and the logic well
being located at two opposite sides of the boundary isola-
tion, the memory well having two memory source/drain
regions and a memory channel region between the memory
source/drain regions, the logic well having two logic source/
drain regions and a logic channel region between the logic
source/drain regions; forming a patterned dielectric structure
on the semiconductor substrate, the patterned dielectric
feature having a first recess which exposes the memory
channel region, and a second recess which exposes the logic
channel region; forming a data storage element along a
surface of the first recess; forming a gate dielectric along a
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surface of the second recess; forming a memory gate in the
first recess such that the data storage element is disposed
around the memory gate; and forming a logic gate in the
second recess such that the gate dielectric is disposed around
the logic gate.

In accordance with some embodiments of the present
disclosure, the semiconductor substrate includes a memory
substrate region, a logic substrate region, and a boundary
substrate region between the memory substrate region and
the logic substrate region. The boundary isolation is formed
in the boundary substrate region, and the memory well and
the logic well are formed in the memory substrate region and
the logic substrate region, respectively.

In accordance with some embodiments of the present
disclosure, the formation of the data storage element
includes: conformally depositing a ferroelectric layer over
the patterned dielectric structure along the surface of the first
recess and along the surface of the second recess; partially
removing the ferroelectric layer such that a first ferroelectric
portion of the ferroelectric layer is left on the memory
substrate region; and removing an excess of the first ferro-
electric portion such that a region of the first ferroelectric
portion is left on the surface of the first recess to serve as the
data storage clement.

In accordance with some embodiments of the present
disclosure, the formation of the gate dielectric includes:
conformally depositing a gate dielectric layer over the
patterned dielectric structure, on the first ferroelectric por-
tion, and along the surface of the second recess; and remov-
ing an excess of the gate dielectric layer such that a portion
of' the gate dielectric layer is left on the surface of the second
recess to serve as the gate dielectric.

In accordance with some embodiments of the present
disclosure, the memory gate and the logic gate are formed
simultaneously.

In accordance with some embodiments of the present
disclosure, the formation of the memory gate and the logic
gate includes: depositing a metal fill layer on the gate
dielectric layer to fill the first and second recesses; and
removing an excess of the metal fill layer such that the metal
fill layer is formed into the memory gate in the first recess
and the logic gate in the second recess.

In accordance with some embodiments of the present
disclosure, removing the excess of the gate dielectric layer,
removing the excess of the first ferroelectric portion, and
removing the excess of the metal fill layer are implemented
simultaneously.

In accordance with some embodiments of the present
disclosure, a P metal portion is further formed between the
gate dielectric and the logic gate.

The foregoing outlines features of several embodiments
so that those skilled in the art may better understand the
aspects of the present disclosure. Those skilled in the art
should appreciate that they may readily use the present
disclosure as a basis for designing or modifying other
processes or structures for carrying out the same purposes
and/or achieving the same advantages of the embodiments
introduced herein. Those skilled in the art should also realize
that such equivalent constructions do not depart from the
spirit and scope of the present disclosure, and that they may
make various changes, substitutions, and alterations herein
without departing from the spirit and scope of the present
disclosure.

What is claimed is:
1. A method for manufacturing an integrated circuit,
comprising:
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forming a boundary isolation in a semiconductor sub-
strate;
forming a memory well and a logic well in the semicon-
ductor substrate, the memory well and the logic well
being located at two opposite sides of the boundary
isolation, the memory well having two memory source/
drain regions and a memory channel region between
the two memory source/drain regions, the logic well
having two logic source/drain regions and a logic
channel region between the two logic source/drain
regions;
forming a dummy wall on the boundary isolation, the
dummy wall including a dummy gate portion and a
dummy dielectric portion, and having a rectangular
cross section;
forming a patterned dielectric structure on the semicon-
ductor substrate to expose the dummy wall, the pat-
terned dielectric structure having a first recess which
exposes the memory channel region, and a second
recess which exposes the logic channel region;
forming a data storage element along a surface of the first
recess;
forming a gate dielectric along a surface of the second
recess;
forming a memory gate in the first recess such that the
data storage element is disposed around the memory
gate; and
forming a logic gate in the second recess such that the gate
dielectric is disposed around the logic gate,
wherein the semiconductor substrate includes a memory
substrate region, a logic substrate region, and a bound-
ary substrate region between the memory substrate
region and the logic substrate region, the boundary
isolation being formed in the boundary substrate
region, the memory well and the logic well being
formed in the memory substrate region and the logic
substrate region, respectively;
wherein the formation of the data storage element
includes:
conformally depositing a ferroelectric layer over the
patterned dielectric structure along the surface of the
first recess and along the surface of the second
recess,
partially removing the ferroelectric layer such that a
first ferroelectric portion of the ferroelectric layer is
left on the memory substrate region, and
removing an excess of the first ferroelectric portion
such that a region of the first ferroelectric portion is
left on the surface of the first recess to serve as the
data storage element and
wherein the formation of the gate dielectric includes:
conformally depositing a gate dielectric layer over the
patterned dielectric structure, on the first ferroelec-
tric portion, and along the surface of the second
recess, and
removing an excess of the gate dielectric layer such that
a portion of the gate dielectric layer is left on the
surface of the second recess to serve as the gate
dielectric.
2. The method of claim 1, wherein the memory gate and
the logic gate are formed simultaneously.
3. The method of claim 2, wherein the formation of the
memory gate and the logic gate includes:
depositing a metal fill layer on the gate dielectric layer to
fill the first recess and the second recess and
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removing an excess of the metal fill layer such that the
metal fill layer is formed into the memory gate in the
first recess and the logic gate in the second recess.

4. The method of claim 3, wherein removing the excess of
the gate dielectric layer, removing the excess of the first
ferroelectric portion, and removing the excess of the metal
fill layer are implemented simultaneously.

5. The method of claim 1, further comprising forming a P
metal portion between the gate dielectric and the logic gate.

6. A method for manufacturing an integrated circuit,
comprising:

forming a boundary isolation in a semiconductor sub-

strate;

forming a memory well and a logic well in the semicon-

ductor substrate, the memory well and the logic well
being located at two opposite sides of the boundary
isolation;

forming two memory source/drain regions in the memory

well so as to obtain a memory channel region between
the two memory source/drain regions;

forming two logic source/drain regions in the logic well

so as to obtain a logic channel region between the two
logic source/drain regions;

forming a patterned dielectric structure on the semicon-

ductor substrate, the patterned dielectric structure hav-
ing a first recess which exposes the memory channel
region, and a second recess which exposes the logic
channel region;

forming a ferroelectric layer over the patterned dielectric

structure such that the ferroelectric layer is formed
along inner surfaces of the first recess and inner sur-
faces of the second recess;

removing a portion of the ferroelectric layer on the inner

surfaces of the second recess;

forming a gate dielectric layer over the patterned dielec-

tric structure such that the gate dielectric layer is
formed on a remaining portion of the ferroelectric layer
and is formed along the inner surfaces of the second
recess;

removing a portion of the gate dielectric layer on the

remaining portion of the ferroelectric layer;
forming a p metal layer over the patterned dielectric
structure such that the p metal layer is formed to cover
the remaining portion of the ferroelectric layer and a
remaining portion of the gate dielectric layer;

patterning the p metal layer into a p metal portion which
is disposed on the remaining portion of the gate dielec-
tric layer in the second recess;
forming a metal filling layer to fill the first recess and the
second recess to cover the remaining portion of the
ferroelectric layer, the remaining portion of the gate
dielectric layer, and the p metal portion; and

performing a planarization process to planarize the
remaining portion of the ferroelectric layer, the remain-
ing portion of the gate dielectric layer, and the metal
filling layer, such that the remaining portion of the
ferroelectric layer is formed into a data storage element
on the inner surfaces of the first recess, the remaining
portion of the gate dielectric layer is formed into a gate
dielectric on the inner surfaces of the second recess,
and the metal filling layer is formed into a first metal
portion and a second metal portion which are respec-
tively in the first recess and the second recess.

7. The method of claim 6, wherein the patterned dielectric
structure is formed by:

forming a dummy memory structure on the memory well

before formation of the two memory source/drain
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regions such that the memory channel region is dis-
posed beneath the dummy memory structure;

forming two memory gate spacers at two opposite sides of

the dummy memory structure;

forming a dummy logic structure on the logic well before

formation of the two logic source/drain regions such
that the logic channel region is disposed beneath the
dummy logic structure;

forming two logic gate spacers at two opposite sides of the

dummy logic structure;
removing the dummy memory structure after formation of
the two memory source/drain regions so as to form the
first recess located between the two memory gate
spacers and on the memory channel region; and

removing the dummy logic structure after formation of
the two logic source/drain regions so as to form the
second recess located between the two logic gate
spacers and on the logic channel region.

8. The method of claim 7, wherein:

formation of the two memory gate spacers includes form-

ing two first sidewall spacers at the two opposite sides
of the dummy memory structure, and forming two
second sidewall spacers respectively on the two first
sidewall spacers; and

after formation of the two memory gate spacers, the two

memory source/drain regions are formed in two oppo-
site regions of the memory well which are exposed
from the two memory gate spacers and the dummy
memory structure.

9. The method of claim 8, further comprising:

before formation of the two second sidewall spacers,

forming two lightly doped regions in the two opposite
regions of the memory well which are exposed from the
two first sidewall spacers and the dummy memory
structure such that after formation of the two memory
source/drain regions, each of the two memory source/
drain regions partially overlaps a corresponding one of
the two lightly doped regions, the two lightly doped
regions having a doping concentration lower than that
of the two memory source/drain regions.

10. The method of claim 6, wherein the ferroelectric layer
has a thickness ranging from 50 A to 150 A.

11. The method of claim 6, wherein the gate dielectric
layer has a thickness ranging from 5 A to 30 A.

12. The method of claim 6, wherein the ferroelectric layer
includes hafnium oxide, hafnium silicate, hafnium zirconate,
barium titanate, lead titanate, strontium titanate, calcium
manganite, bismuth ferrite, aluminum scandium nitride,
aluminum gallium nitride, aluminum yttrium nitride, doped
hafnium oxide, lead zirconate titanate, barium strontium
titanate, strontium bismuth tantalate, or combinations
thereof.

13. The method of claim 6, wherein each of the data
storage element and the gate dielectric has a U-shape cross
section.

14. A method for manufacturing an integrated circuit,
comprising:

forming a boundary isolation in a semiconductor sub-

strate;

forming a memory well and a logic well in the semicon-

ductor substrate, the memory well and the logic well
being located at two opposite sides of the boundary
isolation, the memory well having two memory source/
drain regions and a memory channel region between
the two memory source/drain regions, the logic well
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having two logic source/drain regions and a logic
channel region between the two logic source/drain
regions;
forming a dummy wall on the boundary isolation, the
dummy wall including a dummy gate portion and a
dummy dielectric portion, and having a rectangular
cross section;
forming a patterned dielectric structure on the semicon-
ductor substrate to expose the dummy wall, the pat-
terned dielectric structure having a first recess which
exposes the memory channel region, and a second
recess which exposes the logic channel region;
forming a data storage element along a surface of the first
recess;
forming a gate dielectric along a surface of the second
recess;
forming a memory gate in the first recess such that the
data storage element is disposed around the memory
gate; and
forming a logic gate in the second recess such that the gate
dielectric is disposed around the logic gate,
wherein the semiconductor substrate includes a memory
substrate region, a logic substrate region, and a bound-
ary substrate region between the memory substrate
region and the logic substrate region, the boundary
isolation being formed in the boundary substrate
region, the memory well and the logic well being
formed in the memory substrate region and the logic
substrate region, respectively;
wherein the formation of the data storage element
includes:
conformally depositing a ferroelectric layer over the
patterned dielectric structure along the surface of the
first recess and along the surface of the second
recess,
partially removing the ferroelectric layer such that a
first ferroelectric portion of the ferroelectric layer is
left on the memory substrate region, and
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removing an excess of the first ferroelectric portion
such that a region of the first ferroelectric portion is
left on the surface of the first recess to serve as the
data storage element;

wherein the formation of the gate dielectric includes:

conformally depositing a gate dielectric layer over the
patterned dielectric structure, on the first ferroelec-
tric portion, and along the surface of the second
recess, and

removing an excess of the gate dielectric layer such that

a portion of the gate dielectric layer is left on the
surface of the second recess to serve as the gate
dielectric; and

wherein the ferroelectric layer has a thickness ranging

from 50 A to 150 A.

15. The method of claim 14, wherein the gate dielectric
layer has a thickness ranging from 5 A to 30 A.

16. The method of claim 14, wherein the memory gate and
the logic gate are formed simultaneously.

17. The method of claim 16, wherein the formation of the
memory gate and the logic gate includes:

depositing a metal fill layer on the gate dielectric layer to

fill the first recess and the second recess and removing
an excess of the metal fill layer such that the metal fill
layer is formed into the memory gate in the first recess
and the logic gate in the second recess.

18. The method of claim 17, wherein removing the excess
of the gate dielectric layer, removing the excess of the first
ferroelectric portion, and removing the excess of the metal
fill layer are implemented simultaneously.

19. The method of claim 14, further comprising forming
a P metal portion between the gate dielectric and the logic
gate.

20. The method of claim 14, wherein each of the data
storage element and the gate dielectric has a U-shape cross
section.



