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SEMCONDUCTORAPPARATUS AND 
METHOD FOR MANUFACTURING THE 

SAME 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation of and claims the 
benefit of priority under 35 U.S.C. S 120 from U.S. Ser. No. 
1 1/862,721 filed Sep. 27, 2007, and claims the benefit of 
priority under 35 U.S.C. S 119 from Japanese Patent Applica 
tion No. 2006-265310 filed Sep. 28, 2006, the entire contents 
of each of which are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

0002 1. Field of the Invention 
0003. The present invention relates to a semiconductor 
device and a method for manufacturing the same, and more 
particularly to a semiconductor device and a method for 
manufacturing the same which are applied to a ferroelectric 
storage device (FeRAM: Ferroelectric Random Access 
Memory), or the like. 
0004 2. Description of the Related Art 
0005 Attention has recently been paid, as one of nonvola 

tile semiconductor memory devices, to a ferroelectric storage 
device (FeRAM) using a ferroelectric capacitor. In view of an 
area penalty, a Capacitor On Plug (COP) structure is adopted. 
In the COP structure, the ferroelectric capacitor is disposed 
above a memory cell transistor, and a capacitor electrode of 
the ferroelectric capacitor is connected with a source region 
or a drain region of the memory cell transistor through a 
contact plug (see, e.g., JP-2005-174977-A and US-2005 
0121709-A). Also, from a viewpoint of an increase in opera 
tion margin, a Chain-FeRAMTM is proposed. In the Chain 
FeRAMTM, a unit cell includes the memory cell transistor MT 
and the ferroelectric capacitor C connected electrically in 
parallel with each other, and plurality of the unit cells are 
connected in series. 

0006. However, in the COP structure, the depth from a 
metal interconnecting wire that is disposed above the ferro 
electric capacitor to a semiconductor Substrate becomes 
larger. It results in a difficulty in forming a contact opening 
and embedding the contact opening with metal, thereby dete 
riorating a production yield of a contact plug (see; for 
example, JP-2004-335918-A and U.S. Pat. No. 6,897.502). 

SUMMARY OF THE INVENTION 

0007 According to an aspect of the present invention, 
there is provided a semiconductor apparatus including: a 
semiconductor Substrate; an element isolation region formed 
in the semiconductor Substrate so as to extend in a first direc 
tion; a gate electrode formed in the semiconductor Substrate 
So as to extend in a second direction crossing the first direc 
tion and to penetrate through the element isolation region; a 
gate insulating film interposed between the gate electrode and 
the semiconductor substrate; an interlayer dielectric film 
formed on the gate electrode; a ferroelectric capacitor includ 
ing: a first electrode that is disposed on the interlayer dielec 
tric film, a second electrode that is disposed on the interlayer 
dielectric film and that is separated from the first electrode, 
and a ferroelectric that is disposed on the interlayer insulating 
film and between the first electrode and the second electrode: 
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a first semiconductor pillar that is in contact with the first 
electrode; and a second semiconductor pillar that is in contact 
with the second electrode. 
0008 According to another aspect of the present inven 
tion, there is provided a method for manufacturing a semi 
conductor apparatus, the method including: forming a first 
trench that extends in a first direction and that has a first depth, 
in a semiconductor Substrate; forming a second trench that 
extends in a second direction crossing the first trenches and 
that has a second depth smaller than the first depth, in the 
semiconductor Substrate; forming an elementisolation region 
by disposing an insulating film in the first trench; forming a 
transistor in a lower region of the second trench by perform 
ing a transistor forming process; and forming a ferroelectric 
capacitor in an upper region of the second trench by perform 
ing a capacitor forming process. 
0009. According to still another aspect of the present 
invention, there is provided a semiconductor apparatus 
including: a semiconductor Substrate including: a first semi 
conductor pillar, a second semiconductor pillar, and a trench 
formed between the first semiconductor pillar and the second 
semiconductor pillar, a gate insulating film formed in the 
trench; a gate electrode disposed on the gate insulating film; 
an interlayer dielectric film formed on the gate electrode; and 
a ferroelectric capacitor including: a first electrode that is 
disposed on the interlayer dielectric film and that is in contact 
with the first semiconductor pillar, a second electrode that is 
disposed on the interlayer dielectric film, that is in contact 
with the second semiconductor pillar and that is separated 
from the first electrode, and a ferroelectric that is disposed on 
the interlayer insulating film and between the first electrode 
and the second electrode. 

BRIEF DESCRIPTION OF THE DRAWINGS 

00.10 Embodiment may be described in detail with refer 
ence to the accompanying drawings, in which: 
0011 FIG. 1 is a diagrammatic perspective view showing 
a three-dimensional configuration of a memory cell section of 
a semiconductor device according to a first embodiment; 
0012 FIG. 2A is a diagrammatic cross-sectional view of a 
memory cell section of the semiconductor device according 
to the first embodiment, and 
0013 FIG. 2B is a diagrammatic cross-sectional view of a 
control circuit section of the semiconductor device according 
to the first embodiment; 
0014 FIG. 3A is a diagrammatic perspective view of the 
memory cell section of one step of a method for manufactur 
ing the semiconductor device of the first embodiment, and 
0015 FIG. 3B is a diagrammatic cross-sectional view of 
the control circuit section of one step of a method for manu 
facturing the semiconductor device of the first embodiment; 
0016 FIG. 4A is a diagrammatic perspective view show 
ing a three-dimensional configuration of the memory cell 
section of one step in a method for manufacturing the semi 
conductor device of the first embodiment, and 
0017 FIG. 4B is a diagrammatic cross-sectional view of 
the control circuit section of one step in a method for manu 
facturing the semiconductor device of the first embodiment; 
0018 FIG. 5 is a diagrammatic perspective view showing 
the three-dimensional configuration of the memory cell sec 
tion of one process in the method for manufacturing the 
semiconductor device of the first embodiment; 
0019 FIG. 6 is a diagrammatic perspective view showing 
the three-dimensional configuration of the memory cell sec 
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tion of one process in the method for manufacturing the 
semiconductor device of the first embodiment; 
0020 FIG. 7 is a diagrammatic perspective view showing 
a three-dimensional configuration of a memory cell section of 
a semiconductor device according to a second embodiment; 
0021 FIG. 8A is a diagrammatic cross-sectional view of 
the memory cell section of the second embodiment, and 
0022 FIG. 8B is a diagrammatic cross-sectional view of 
the control circuit section of the second embodiment; 
0023 FIG. 9 is a diagrammatic perspective view showing 
the three-dimensional configuration of the memory cell sec 
tion of one process in the method for manufacturing the 
semiconductor device of the second embodiment; 
0024 FIG. 10A is a diagrammatic perspective view show 
ing a three-dimensional configuration of the memory cell 
section of one step in a method for manufacturing the semi 
conductor device of the second embodiment, and 
0025 FIG. 10B is a diagrammatic cross-sectional view of 
the control circuit section of one step in a method for manu 
facturing the semiconductor device of the second embodi 
ment, 
0026 FIG. 11A is a diagrammatic cross-sectional view of 
the memory cell section of one step in a method for manu 
facturing the semiconductor device of the second embodi 
ment, and 
0027 FIG. 11B is a diagrammatic cross-sectional view of 
the control circuit section of one step in a method for manu 
facturing the semiconductor device of the second embodi 
ment, 
0028 FIG. 12A is a diagrammatic cross-sectional view of 
the memory cell section of one step in a method for manu 
facturing the semiconductor device of the second embodi 
ment, and 
0029 FIG.12B is a diagrammatic cross-sectional view of 
the control circuit section of one step in a method for manu 
facturing the semiconductor device of the second embodi 
ment, 
0030 FIG. 13A is a diagrammatic cross-sectional view of 
the memory cell section of one step in a method for manu 
facturing the semiconductor device of the second embodi 
ment, and 
0031 FIG. 13B is a diagrammatic cross-sectional view of 
the control circuit section of one step in a method for manu 
facturing the semiconductor device of the second embodi 
ment, 
0032 FIG. 14A is a diagrammatic cross-sectional view of 
the memory cell section of one step in a method for manu 
facturing the semiconductor device of the second embodi 
ment, and 
0033 FIG. 14B is a diagrammatic cross-sectional view of 
the control circuit section of one step in a method for manu 
facturing the semiconductor device of the second embodi 
ment, 
0034 FIG. 15A is a diagrammatic cross-sectional view of 
the memory cell section of one step in a method for manu 
facturing the semiconductor device of the second embodi 
ment, and 
0035 FIG. 15B is a diagrammatic cross-sectional view of 
the control circuit section of one step in a method for manu 
facturing the semiconductor device of the second embodi 
ment, 
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0036 FIG. 16A is a diagrammatic cross-sectional view of 
the memory cell section of one step in a method for manu 
facturing the semiconductor device of the second embodi 
ment, and 
0037 FIG. 16B is a diagrammatic cross-sectional view of 
the control circuit section of one step in a method for manu 
facturing the semiconductor device of the second embodi 
ment; 
0038 FIG.17 is a diagrammatic perspective view showing 
a three-dimensional configuration of a memory cell section of 
a semiconductor device according to a third embodiment; 
0039 FIG. 18 is a schematic circuit diagram of a Chain 
FeRAMTM cell block to which the semiconductor devices of 
the first through third embodiments can be applied; and 
0040 FIG. 19 is a diagrammatic block diagram of a Chain 
FeRAMTM cell array that is an example memory cell array to 
which the semiconductor devices of the first through third 
embodiments can be applied. 

DETAILED DESCRIPTION OF THE INVENTION 

0041 Embodiments of the present invention will now be 
described by reference to the drawings. In the following 
descriptions about the drawings, identical or analogous ele 
ments are assigned identical or analogous reference symbols 
are assigned. It should be noted that the drawings are dia 
grammatic and differ from an actual device. Moreover, as a 
matter of course, a difference also exists among the drawings 
in terms of a dimension and a proportion. 
0042 Embodiments provided below are intended for 
exemplifying a device and a method for embodying the tech 
nical idea of the present invention. The technical idea of the 
present invention does not limit a layout of constituent ele 
ments, or the like, to that provided below. The technical idea 
of the present invention is liable to various alterations within 
the scope of the appended claims. 
0043. According to semiconductor devices of embodi 
ments and a method for manufacturing the same, Chain 
FeRAMTM adopts a vertical capacitor cell structure in which 
a ferroelectric capacitor is placed on a memory cell transistor 
in parallel to a surface of a semiconductor Substrate. Occur 
rence of a decrease in the yield of a contact plug is prevented 
while the memory cell transistor is miniaturized. 
0044 According to semiconductor devices of embodi 
ments and a method for manufacturing the same, a memory 
cell transistor is formed as an embedded transistor, and a 
structure on the semiconductor Substrate can be formed to a 
lower height. Moreover, a ferroelectric capacitor is also 
formed on the embedded transistor or in a trench of the 
embedded transistor, thereby further reducing the height of 
the structure on the semiconductor Substrate. 

First Embodiment 

0045 (Element Structure) 
0046. A three-dimensional structure of a semiconductor 
device according to a first embodiment is diagrammatically 
represented as shown in FIG.1. In the semiconductor device 
of the first embodiment, a diagrammatic cross-sectional 
structure of a memory cell section is depicted as shown in 
FIG. 2A. A diagrammatic cross-sectional structure of a con 
trol circuit section located around the memory cell section is 
depicted as shown in FIG. 2B. 
0047. As shown in FIGS. 1, 2A and 2B, a semiconductor 
device of the first embodiment has a semiconductor substrate 
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11; element isolation trenches 101 that are formed in the 
semiconductor substrate 11, that extend in direction X, and 
that have a first depth; transistor trenches 103 that are formed 
in the semiconductor substrate 11, that extend in direction Y 
crossing the element isolation trench 101, that have a second 
depth shallower than the first depth, and that have an upper 
region and a lower region; and element isolation regions 13 
formed by embedding the respective element isolation 
trenches 101 with an insulating film. 
0048. The semiconductor device is provided with gate 
electrodes 16a, 16b, 16c, and 16d which are placed in lower 
regions of the respective transistor trenches 103 throughagate 
insulting film 15 and which extend in the direction Y; and an 
interlayer insulating film 14 which is formed on the gate 
electrodes 16a, 16b, 16c, and 16d in the respective transistor 
trenches 103. The semiconductor device is further provided 
with source regions 17 provided in respective first semicon 
ductor pillars formed from portions of the semiconductor 
substrate 11 located close to one side of the respective tran 
sistor trenches 103; and drain regions 17 provided in respec 
tive second semiconductorpillars formed from portions of the 
semiconductor substrate 11 located close to the other side of 
the respective transistor trenches 103. 
0049. The semiconductor device also has ferroelectric 
capacitors C. Each of the capacitors is provided, along the 
direction X, in an upper portion of the transistor trench 103 
between the first semiconductor pillar and the second semi 
conductor pillar. The capacitor includes a source electrodes 
26 is connected to the source region 17; a drain electrode 26 
connected to the drain region 17; and a ferroelectric film 27 
interposed between the source electrode and the drain elec 
trode. 
0050. In the above description and the configuration 
shown in FIG. 1, each of the source region 17 and the drain 
region 17 is formed as an in semiconductor region. 
0051 Channels are formed around the gate electrodes 
16a, 16b, 16c, and 16d within the semiconductor substrate 11. 
0052 Embedded transistors are vertically formed in the 
shape of the letter U with the gate electrodes 16a, 16b, 16c. 
and 16d sandwiched therebetween. One of main electrodes is 
assumed to be taken as a source region, and the other elec 
trode is taken as a drain region. Consequently, an electrode 
connected to the Source region comes to be a source electrode 
26, and an electrode connected to the drain region comes to be 
a drain electrode 26. In particular, in the case of Chain 
FeRAMTM, memory cell transistors MT are connected in 
series. Hence, a drain region and a source region or a source 
region and a drain region are commonly connected between 
adjacent memory cell transistors. 
0053 Here, the direction X corresponds to a columnar 
direction along which a bit line BL extends, and the direction 
Y corresponds to a row direction along which a word line WL 
extends. 

0054 Moreover, the source electrodes 26 are also posi 
tioned along both sides of the first semiconductor pillar in the 
second direction as well as along both sides of the first semi 
conductor pillar in the first direction, to thus surround the 
sides of the first semiconductor pillar. The drain electrodes 26 
are also positioned along both sides of the second semicon 
ductor pillar in the second direction as well as along both 
sides of the second semiconductor pillar in the first direction, 
to thus surround the sides of the second pillar. 
0055 Moreover, an interlayer insulating film 32 is placed 
on the semiconductor substrate 11. The semiconductor device 
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includes a first metal electrode layer 35 formed in an embed 
ded manner in the interlayer insulating film 32; bit line con 
tact plugs 34, each of which connects the first metal electrode 
layer 35 to the source/drain regions 17 in the semiconductor 
substrate 11; and second metal electrode layers 37,38, and 39 
formed in an embedded manner in an interlayer insulating 
film 36 laid on the first metal electrode layer 35. 
0056. An insulating film is embedded in the respective 
element isolation trenches 101 extending in the direction X, 
thereby forming the element isolation regions 13. The tran 
sistor trenches 103 are formed so as to extend in the direction 
Y orthogonal to the element isolation regions 13. The gate 
electrodes 16a, 16b, 16c, and 16d are embedded in the respec 
tive transistor trenches 103 through the gate insulating film 15 
So as to extend in the direction Y. Mutually-opposing source? 
drain electrodes 26 are formed on both sides of respective 
semiconductor pillar 106 which are each determined from the 
element isolation trench 101 and the transistor trench 103. 
The ferroelectric films 27 are formed among the source/drain 
electrodes 26, whereby the ferroelectric capacitors C are 
formed electrically in parallel to the memory cell transistors 
MT 

0057. As shown in FIG. 1, the memory cell transistors MT 
respectively having the gate electrodes 16b, 16c, and 16d are 
connected in series, thereby forming a group called a block. A 
block selection transistor ST having a gate electrode 16a is 
formed at the end of the block so as to assume the structure of 
an embedded transistor that is identical to the structure of the 
memory cell transistor MT. A bit line contact plug 34 is 
formed in one of semiconductor pillars 106 of each block 
selection transistor ST and connected to each bit line BL 
formed from the metal electrode layer 35. As a result, the 
memory cell transistor MT and the block selection transistor 
ST are formed in a fully-embedded form within the semicon 
ductor substrate 11. Hence, the thickness of the interlayer 
insulating film 32 between the first metal electrode layer 35 
and the semiconductor Substrate 11 can be made Small, so that 
the bit line contact plug 34 can beformed to the same depth as 
that of an ordinary logic device. An example circuit configu 
ration is as shown in FIG. 18 which will be described later. 
0058. In the meantime, an example of a diagrammatic 
cross-sectional structure of the control circuit section in the 
semiconductor device of the first embodiment is shown in 
FIG. 2B. 

0059. The semiconductor substrate 11, element isolation 
regions 43, source/drain regions 40, a gate insulating film 41 
formed on areas of the semiconductor substrate 11 located 
between the source/drain regions 40; and gate electrodes 42 
placed on the gate insulating film 41 are provided. The control 
circuit section is provided with contact plugs 44 located on 
the respective source/drain regions 40 and a first metal elec 
trode layer 46 placed on each of the contact plugs 44. The 
control circuit section also includes an interlayer insulating 
film 72 laid on the semiconductor substrate 11, the gate elec 
trodes 42, and the first metal electrode layer 46, and second 
metal electrode layers 47, 48, and 49 formed so as to be 
embedded in an interlayer insulating film 76 on the first metal 
electrode layer 46. 
0060. The element isolation regions 43 may also be 
formed concurrently with formation of the element isolation 
regions 13 of the memory cell section. The source/drain 
regions 40 may also be formed concurrently with formation 
of the source/drain regions 17 of the memory cell section. The 
contact plugs 44 placed on the respective source/drain regions 
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40 may also be formed concurrently with formation of the bit 
line contact plugs 34 of the memory cell section. The first 
metal electrode layer 46 laid on the contact plugs 44 may also 
be formed concurrently with formation of the first metal 
electrode layer 35 of the memory cell section. The interlayer 
insulating film 72 laid on the semiconductor substrate 11 and 
the gate electrodes 42 may also be formed concurrently with 
formation of the interlayer insulating film 32 of the memory 
cell section. The interlayer insulating film 76 laid on the first 
metal electrode layer 46 may also be formed concurrently 
with formation of the interlayer insulating film 36 of the 
memory cell section. The second metal electrode layers 47. 
48, and 49 formed in an embedded manner in the interlayer 
insulating film 76 on the first metal electrode layer 46 may 
also be formed concurrently with formation of the second 
metal electrode layers 37, 38, and 39 of the memory cell 
section. 

0061 (Manufacturing Method) 
0062. The method for manufacturing the semiconductor 
device of the first embodiment is shown in FIGS. 3A-6. 

0063. The method includes the processes of: forming, in 
the semiconductor substrate 11, the element isolation 
trenches 101 that have the first depth and that extend in the 
direction X; and forming the embedded element isolation 
regions 13 in the respective element isolation trenches 101. 
Moreover, the method includes the processes of: forming, in 
the semiconductor substrate 11, the transistor trenches 103 
which extend in the directionY crossing the elementisolation 
trench 101 and which each have the second depth smaller than 
the first depth and an upper region and a lower region; and 
forming the gate electrodes 16a, 16b, 16c, and 16d. which 
extend in the direction Y in the lower regions of the respec 
tive transistor trenches 103 through the gate insulating film 
15. The method includes the processes of: forming the inter 
layer insulating film 14 on the gate electrodes 16a, 16b, 16c. 
and 16d in the respective transistor trenches 103; and forming 
the source regions 17 in the respective first semiconductor 
pillars 106 formed from portions of the semiconductor sub 
strate 11 close to one side of the respective transistor trenches 
103 and the drain regions 17 in the respective second semi 
conductor pillars 106 formed from portions of the semicon 
ductor substrate 11 close to the other side of the respective 
transistor trench 103. The method further includes the pro 
cesses of forming the ferroelectric capacitors C, each of 
which is positioned in the upper region, along the direction X, 
on the interlayer insulating film 14 of the transistor trench 103 
and which includes the source electrode 26 connected to the 
source region 17, the drain electrode 26 connected to the drain 
region 17, and the ferroelectric film 27 interposed between 
the source electrode and the drain electrode. 

0064 FIGS. 3 A-4B are descriptive views of one process of 
manufacturing the semiconductor device of the first embodi 
ment. FIGS. 3A and 4A are diagrammatic perspective views 
showing a three-dimensional configuration of the memory 
cell section. FIGS. 3B and 4B are diagrammatic cross-sec 
tional views of the control circuit section. FIGS. 5 and 6 are 
descriptive views of one process of the method for manufac 
turing a semiconductor device of the first embodiment; that is, 
diagrammatic perspective views showing an internal three 
dimensional configuration of the memory cell. 
0065. The method for manufacturing the semiconductor 
device of the first embodiment will be described in detail 
hereunder. 
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0066 (a) FIGS. 3A and 3B show views achieved after 
completion of a process for forming element isolation 
regions. 
0067. First, as shown in FIG. 3A, a silicon oxide film and 
a silicon nitride film are deposited on the semiconductor 
Substrate 11 formed from; e.g., silicon, in the memory cell 
section, to thus form the element isolation trenches 101 so as 
to extend in the direction X. Subsequently, the element iso 
lation trenches 101 are embedded with tetraethoxysilane 
(TEOS) or the like, to thus form the element isolation regions 
13. Moreover, the element isolation regions are planarized by 
means of chemical-mechanical polishing (CMP), thereby 
making the nitride film 12 exposed. Likewise, as shown in 
FIG.3B, the element isolation trenches 101 are formed in the 
control circuit section concurrently with formation of the 
element isolation trenches 101 of the memory cell section. 
The element isolation trenches 101 are embedded with 
TEOS, or the like, to thus form the element isolation regions 
43. The element isolation regions are planarized by means of 
CMP to thus make the nitride film 12 exposed. The silicon 
oxide film formed below the nitride film 12 is omitted from 
FIGS 3A and 3B. 

0068 (b) FIGS. 4A and 4B show views achieved after 
completion of a process for forming embedded transistors. 
0069. As is the case with processing shown in FIGS. 3A 
and 3B, the transistor trenches 103 are first formed in the 
memory cell section so as to extend in the direction Y 
orthogonal to the element isolation trenches 101, as shown in 
FIGS. 4A and 4.B. Moreover, after the gate insulating film 15 
has been formed from a silicon oxide film, or the like, in the 
respective transistor trenches 103, the gate electrodes 16a, 
16b, and 16c formed from; e.g., a doped amorphous silicon 
layer, or the like, are deposited. The gate electrodes are 
abraded by means of CMP, or the like, to thus become pla 
narized. Further, the gate electrodes 16a, 16b, and 16c formed 
from a doped amorphous silicon layer, or the like, are Sub 
jected to recess-etching by means of etchback treatment. The 
interlayer insulating film 14, such as a TEOS, is further 
deposited, and the film is polished and planarized by means of 
CMP, or the like, thereby making the nitride film 12 exposed. 
0070. As in the case of the memory cell section, as a matter 
of course embedded transistors may also be formed even in 
the control circuit section. An example shown in FIG. 43 
represents an illustration of a process for fabricating a tran 
sistor of planar gate structure analogous to the structure 
shown in FIG. 3B. 

(0071 (c) FIG.5 shows a view achieved after completion of 
a process for forming the semiconductor pillars 106. 
0072. After formation of the embedded transistor struc 
tures shown in FIGS. 4A and 4B, the interlayer insulating film 
14, such as TEOS, is subjected to recess-etching by means of 
reactive ion etching (RIE) which is highly selective with 
regard to the nitride film 12, thereby automatically causing 
the semiconductor pillars 106 to appear. Moreover, after 
removal of the nitride film 12 in the memory cell section, a 
high-resistance semiconductor layer 18 and the source/drain 
regions 17 are formed by means of ion implantation or a 
diffusion process. The process for forming the high-resis 
tance semiconductor layer 18 and the source/drain regions 17 
does not need to be performed after formation of the semi 
conductor pillars 106. Specifically, after the high-resistance 
semiconductor layer 18 and the source/drain regions 17 have 
been formed by means of a well diffusion process or an ion 
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implantation process, the process for forming element isola 
tion regions shown in FIGS. 3A and 3B may also be com 
menced. 
0073 (d) FIG. 6 shows a view achieved after completion 
of a process for forming mutually-opposing electrodes. 
0074 Iridium (Ir) is deposited on the exposed sides of the 
semiconductor pillars 106 by means of atomic layer deposi 
tion (ALD), or the like. Subsequently, the Ir deposited on a 
bottom is removed by means of total etchback treatment, 
thereby leaving Ir only on the sides of the respective semi 
conductor pillars 106. Thus, the source/drain electrodes 26 
that are to serve as mutually-opposing electrodes are formed. 
0075. Before the deposition of Iridium, a heat-resistive 
silicide layer, such as CoSi, may be formed on the sides of 
the semiconductor pillars to prevent occurrence of a silicida 
tion reaction during Ir deposition. 
0076 Subsequently, the ferroelectric film 27, such as a 
lead zirconate titanate (PZT) film, is deposited by means of 
MOCVD (Metal Organic Chemical Vapor Deposition), or the 
like. 
0077 Subsequently, in this embodiment, the ferroelectric 
film 27 is patterned and removed in connection with the 
directionX orthogonal to the directionYalong which the gate 
electrodes 16b, 16c, and 16d of the memory cell transistors 
MT extend, as shown in FIG. 6. 
0078. The material for the source/drain electrodes 26 is 
not limited to Ir. IrO, a multilayer structure consisting of Ir 
and platinum (Pt), a multilayer structure consisting of IrO. 
and Pt, a multilayer structure consisting of Ir and titanium 
nitride, or a multilayer structure consisting of Irand titanium 
aluminum nitride may also be used. Moreover, Pt, IrO, and 
SrRuO; or a multilayer structure consisting of Pt, IrO, and 
SrRuO, may also be adopted. Further, the material for the 
ferroelectric material 27 is not limited to PZT. An barium 
strontium titanate (SBT) film, a bismuth lanthanum titanate 
(BLT) film, and the like, may also be used. In addition, for 
instance, a siliconoxide film, a TiN film, a TiAlN film, and the 
like, can be used as a material of a mask employed during 
patterning of the source/drain electrodes 26 and the ferroelec 
tric film 27. 
007.9 The structure acquired after the process for forming 
mutually-opposing electrodes shown in FIG. 6 represents a 
structure in which the source? drain electrodes 26 are formed 
on all of side walls of the semiconductor pillars 106. In the 
meantime, concurrently with the process for pattering the 
ferroelectric film 27 or after the process for patterning the 
ferroelectric film 27, the source? drain electrodes 26 formed 
on the sidewalls opposing each other in the direction Y may 
also be etched away, and the source/drain electrodes 26 may 
also be left on only the sidewalls opposing each other in the 
direction X. 
0080. The structure shown in FIG. 1 represents a structure 
in which the source/drain electrodes 26 are left on only the 
sidewalls of the semiconductor pillar 106 that oppose each 
other in the direction X. 
0081. Next, after being deposited over the entirety of the 
structure, an insulating film, Such as TEOS, is planarized by 
means of CMP, or the like, thereby embedding the element 
isolation trenches 101 with an insulating film, such as TEOS. 
Thus, the element isolation regions 13 are formed. An insu 
lating film, such as TEOS, is embedded into points above the 
interlayer dielectric film 14 corresponding to the intersections 
of the element isolation trenches 101 and the transistor 
trenches 103, thereby insulating and isolating from each other 
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the source/drain electrodes 26 that are adjacent to each other 
in the direction Y and the ferroelectric films 27 that are adja 
cent to each other in the direction Y. 

I0082 (e) Next, as shown in FIG. 2B, after removal of the 
nitride film 12 in the control circuit section, the gate insulat 
ing film 41 and the gate electrode 42 of the transistor are 
formed. Subsequently, the source/drain regions 40 are formed 
by means of ion implantation in a self-alignment process, 
thereby fabricating transistors of the control circuit section. 
I0083. The transistors of the control circuit section may 
also be fabricated after fabrication of the embedded transis 
tors in the memory cell section shown in FIG. 4A. 
I0084 Subsequently, as shown in FIG. 2A, after deposition 
of the interlayer insulating film 32, the bit line contact plug. 34 
is formed on the source/drain region 17 of each of the block 
selection transistors ST. Moreover, the first metal electrode 
layer 35 is formed on the bit line contact plugs 34. In addition, 
the second metal electrode layers 37,38, and 39 are formed on 
the first metal electrode layer 35 in an embedded manner in 
the interlayer insulating film 36. 
I0085. The first metal electrode layer 35 and the second 
metal electrode layers 37,38, and 39 may also be formed in a 
metal damascene process. 
I0086 Similarly, as shown in FIG. 2B, after deposition of 
the interlayer insulating film 72, the contact plugs 44 are 
formed on the respective source/drain regions 40. Further, the 
first metal electrode layer 46 is formed on each of the contact 
plugs 44. The second metal electrode layers 47, 48, and 49 are 
formed on the respective first metal electrode layers 46 in an 
embedded manner in the interlayer dielectric film 76. 
I0087. The first metal electrode layer 46 and the second 
metal electrode layers 47, 48, and 49 may also be formed in 
the metal damascene process. 
I0088. In the above processes, simultaneously forming the 
bit line contact plugs 34 and the contact plugs 44, simulta 
neously forming the first metal electrode layer 35 and the first 
metal electrode layer 46, simultaneously forming the second 
metal electrode layers 37, 38, and 39 and the second metal 
electrode layers 47, 48, and 49 are effective for enabling a 
decrease in the number of manufacturing processes. 
I0089. The bit line contact plugs 34 and the contact plugs 
44 are formed from a metal layer; for example, W. Cu, or the 
like. Moreover, the first metal electrode layers 35 and 46 and 
the second metal electrodelayers 37,38,39, 47,48, and 49 are 
formed from an Al electrode. 

(0090 Alternatively, the first metal electrode layers 35 and 
46 and the second metal electrode layers 37,38, 39, 47, 48, 
and 49 may also be formed from silicide, such as W silicide, 
Cusilicide, Mosilicide, Ptsilicide, Cusilicide, Co silicide, or 
the like. 

0091. Through the above processes, the memory cell sec 
tion and the control circuit section are formed in the semicon 
ductor device of the first embodiment. 

0092. According to the semiconductor device and the 
method for manufacturing the same of the first embodiment, 
the memory cell transistors can be formed within the semi 
conductor substrate in an embedded manner. Therefore, the 
thickness of the interlayer insulating film from the surface of 
the semiconductor substrate to the first metal interconnect 
layer can be reduced. The contact plugs between the first 
metal interconnect layer and the semiconductor Substrate can 
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be formed shallowly. Thus, occurrence of a decrease in the 
production yield of the contact plugs can be prevented. 

Second Embodiment 

0093 Element Structure 
0094. A three-dimensional structure of a semiconductor 
device according to a second embodiment is diagrammati 
cally represented as shown in FIG. 7. In the semiconductor 
device of the second embodiment, a diagrammatic cross 
sectional structure of a memory cell section is depicted as 
shown in FIG. 8A. A diagrammatic cross-sectional structure 
of a control circuit section located around the memory cell 
section is depicted as shown in FIG. 8B. 
0095. The semiconductor device of the first embodiment 
exhibits the structure in which the ferroelectric capacitors 
C and the memory cell transistors MT are fully embedded 
in the semiconductor substrate 11. However, forming the 
ferroelectric capacitors C in the transistor trenches 103 in 
an embedded manner results in an increase in the depth of the 
transistor trenches 103. Accordingly, in connection with the 
configuration of the semiconductor device of the second 
embodiment, only the memory cell transistors MT are pro 
vided in the transistor trenches 103. The ferroelectric capaci 
tors C are arranged on the semiconductor Substrate 11 in 
series along the direction X in which the bit lines BL extend 
and in electrically parallel to the source/drain regions 17 of 
the respective memory cell transistors MT. 
0096. As shown in FIGS. 7, 8A and 8B, a semiconductor 
device of the second embodiment has the semiconductor 
substrate 11; the element isolation trenches 101 that are 
formed in the semiconductor substrate 11, that extend in the 
direction X, and that have the first depth; the transistor 
trenches 103 that are formed in the semiconductor substrate 
11, that extend in the direction Y crossing the element isola 
tion trench 101, and that have the second depth shallower than 
the first depth; and the element isolation regions 13 formed by 
embedding the respective element isolation trenches 101 with 
an insulating film. 
0097. The semiconductor device is provided with the gate 
electrodes 16a, 16b, 16c, and 16d which are placed in the 
respective transistor trenches 103 through the gate insulting 
film 15 and which extend in the direction Y; and the interlayer 
insulating film 14 which is formed on the gate electrodes 16a, 
16b, 16c, and 16d in the respective transistor trenches 103. 
The semiconductor device is further provided with the source 
regions 17 provided in the respective first semiconductor 
pillars formed from portions of the semiconductor substrate 
11 located close to one side of the respective transistor trench 
103; and the drain regions 17 provided in the respective 
second semiconductor pillars formed from portions of the 
semiconductor substrate 11 located close to the other side of 
the transistor trenches 103. 
0098. The semiconductor device also has the ferroelectric 
capacitors C. Each of the capacitors is arranged on the 
source region 17, the drain region 17 and the interlayer dielec 
tric film 14. Each of the capacitors includes the source elec 
trode 26 connected to the source region 17, the drain electrode 
26 connected to the drain region 17, and the ferroelectric film 
27 that is disposed on the interlayer dielectric film 14 and 
disposed between the source electrode 26 and the drain elec 
trode 26. 
0099 Moreover, as shown in FIG. 8A, the interlayer insu 
lating film 32 is placed on the semiconductor substrate 11. 
The semiconductor device includes the first metal electrode 
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layer 35 formed in an embedded manner in the interlayer 
insulating film 32. Further, the semiconductor device has the 
bit line contact plugs 34 which each connect the first metal 
electrode layer 35 to the source/drain regions 17 in the semi 
conductor substrate 11; and the second metal electrode layers 
37.38, and 39 formed in an embedded manner in an interlayer 
insulating film 36 laid on the first metal electrode layer 35. 
0100. An insulating film is embedded in the respective 
element isolation trenches 101 extending in the direction X, 
thereby forming the element isolation regions 13. The tran 
sistor trenches 103 are formed so as to extend in the direction 
Yorthogonal to the element isolation regions 13. Moreover, 
the gate electrodes 16a, 16b, 16c, and 16d are embedded in 
the respective transistor trenches 103 through the gate insu 
lating film 15 so as to extend in the direction Y. 
0101 The source/drain electrodes 17 are formed in the 
respective semiconductor pillar 106 which are each deter 
mined from the element isolation trench 101 and the transis 
tor trench 103. The interlayer insulating film 14 is provided 
essentially in level with the semiconductor pillars 106 and on 
the gate electrodes 16a, 16b, 16c, and 16d in the respective 
transistor trenches 103. 
0102 The source/drain electrodes 26 are provided on the 
respective source/drain regions 17, and the ferroelectric film 
27 is formed on the interlayer dielectric films 14 between the 
source? drain electrodes 26. Moreover, the ferroelectric 
capacitors C are formed electrically in parallel among the 
source/drain regions 17 of the memory cell transistors MT. 
(0103) As shown in FIGS. 7 and 8A, the memory cell 
transistors MT respectively having the gate electrodes 16b. 
16c, and 16d are connected in series in the direction X, 
thereby forming a group called a block. The block selection 
transistor ST having the gate electrode 16a is formed at the 
end of the block and in the structure of an embedded transistor 
that is identical to the structure of the memory cell transistor 
MT. 

0104. The bit line contact plugs 34 is placed in one of the 
semiconductor pillars 106 of each block selection transistor 
ST and connected to each bit line BL formed from the metal 
electrode layer 35. As a result, the thickness of the interlayer 
insulating film 32 between the first metal electrode layer 35 
and the semiconductor substrate 11 can be made thicker when 
compared with the counterpart film in the structure of the 
semiconductor device of the first embodiment, by an amount 
corresponding to the height of the ferroelectric capacitors 
C of a landscape structure formed on the Surface of the 
semiconductor substrate 11. Moreover, the memory cell tran 
sistors MT and the block selection transistor ST are formed in 
the respective transistor trenches 103 in a fully-embedded 
fashion. Therefore, the element isolation trenches 101 and the 
transistor trenches 103 can be formed shallowly. 
0105. In the meantime, an example of a diagrammatic 
cross-sectional structure of the control circuit section in the 
semiconductor device of the second embodiment is shown in 
FIG. 8B. 

0106. The semiconductor substrate 11, the element isola 
tion regions 43, the source/drain regions 40, the gate insulat 
ing film 41 formed on areas of the semiconductor substrate 11 
located between the Source? drain regions 40; and the gate 
electrodes 42 placed on the gate insulating film 41 are pro 
vided. The control circuit section is provided with the contact 
plugs 44 located on the respective source? drain regions 40 and 
the first metal electrode layer 46 placed on each of the contact 
plugs 44. The control circuit section also includes the inter 
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layer insulating film 72 laid on the semiconductor substrate 
11, the interlay insulating film 76 laid on the first metal 
electrode layer 46, and the second metal electrode layers 47. 
48, and 49 formed so as to be embedded in the interlayer 
insulating film 76 on the first metal electrode layer 46. 
0107 The element isolation regions 43 may also be 
formed concurrently with formation of the element isolation 
regions 13 of the memory cell section. The source/drain 
regions 40 may also be formed concurrently with formation 
of the source/drain regions 17 of the memory cell section. The 
contact plugs 44 placed on the respective source/drain regions 
40 may also be formed concurrently with formation of the bit 
line contact plugs 34 of the memory cell section. The first 
metal electrode layer 46 laid on the contact plugs 44 may also 
be formed concurrently with formation of the first metal 
electrode layer 35 of the memory cell section. The interlayer 
insulating film 76 laid on the semiconductor substrate 11, the 
gate electrodes 42, and the first metal electrode layer 46 may 
also be formed concurrently with formation of the interlayer 
insulating film 36 of the memory cell section. The second 
metal electrode layers 47, 48, and 49 formed so as to be 
embedded in the interlayer insulating film 76 on the first metal 
electrode layer 46 may also be formed concurrently with 
formation of the second metal electrode layers 37,38, and 39 
of the memory cell section. 
0108. In the semiconductor device of the second embodi 
ment, the source? drain electrodes 26 are formed on the semi 
conductor pillars 106, and the ferroelectric film 27 is formed, 
in an embedded manner, between the source/drain electrodes 
26 on the interlayer dielectric film 14. As a result, the ferro 
electric capacitors C of the landscape structure are formed 
on the semiconductor substrate 11. The height of the structure 
consisting of the ferroelectric capacitors C formed on the 
semiconductor Substrate 11 becomes increased, and the depth 
of the bit line contact plugs 34 increases. However, the 
memory cell transistors MT and the block selection transis 
tors ST are formed beneath the semiconductor substrate 11 so 
as to assume the structure of an embedded transistor. Hence, 
the element isolation trenches 101 and the transistor trenches 
103 forming the embedded transistors can be formed shal 
lowly, and formation of the memory cell transistors MT and 
the block selection transistors ST in the memory cell section 
is facilitated. 
0109 (Manufacturing Method) 
0110. The method for manufacturing a semiconductor 
device of the second embodiment is shown in FIGS. 3A-4B 
and FIGS. 9-15B. 

0111. The method includes the processes of: forming, in 
the semiconductor substrate 11, the element isolation 
trenches 101 that have the first depth and that extend in the 
direction X; and forming the embedded element isolation 
regions 13 in the respective element isolation trenches 101. 
Moreover, the method includes the processes of: forming, in 
the semiconductor substrate 11, the transistor trenches 103 
which extend in the direction Y crossing the element isolation 
trench 101 and which each have the second depth shallower 
than the first depth; and forming the gate electrodes 16a, 16b. 
16C, and 16d. which extend in the direction Y in the 
respective transistor trenches 103 through the gate insulating 
film 15. The method includes the processes of forming the 
interlayer insulating film 14 on the gate electrodes 16a, 16b. 
16c, and 16d in the respective transistor trenches 103; and 
forming the source regions 17 in the respective first semicon 
ductor pillars formed from portions of the semiconductor 
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substrate 11 close to one side of the respective transistor 
trenches 103 and the drain regions 17 in the respective second 
semiconductor pillars formed from portions of the semicon 
ductor substrate 11 close to the other side of the respective 
transistor trenches 103. The method further includes the pro 
cesses of forming the ferroelectric capacitors C, each of 
which is positioned on the Source regions 17, the drain regions 
17, and the interlayer insulting film 14 along the direction X 
and which includes the source electrode 26 connected to the 
source region 17, the drain electrode 26 connected to the drain 
region 17, and the ferroelectric film 27 interposed between 
the source electrode and the drain electrode. 
(O112 FIGS. 9-15B are descriptive views of one process of 
manufacturing the semiconductor device of the second 
embodiment. FIGS. 10A, 11A, 12A, 13A, 14A and 15A are 
diagrammatic perspective views of the memory cell section. 
FIGS. 10B, 11B, 12B, 13B, 14B and 15B are diagrammatic 
cross-sectional views of the control circuit section. 
0113. The method for manufacturing the semiconductor 
device of the second embodiment will be described in detail 
hereunder. 
0114 Processing up to the process for forming element 
isolation regions shown in FIGS. 3A and 33 and the process 
for forming an embedded transistor structure shown in FIGS. 
4A and 4B is the same as the counterpart processes of the 
method for manufacturing the semiconductor device of the 
first embodiment. 
0115 (a) The process for forming element isolation 
regions can be performed in the same manner as is the ele 
ment isolation region forming process of the first embodi 
ment shown in FIGS. 3A and 3B. However, the depth of the 
element isolation trenches 101 of the semiconductor device of 
the second embodiment can be made smaller than the depth of 
the element isolation trenches 101 of the semiconductor 
device of the first embodiment shown in FIGS. 3A and 3B. 

0116. As in the case of FIG.3A, after the silicon oxide film 
and the silicon nitride file have been deposited on the semi 
conductor Substrate 11 formed from; e.g., silicon, and the 
element isolation trenches 101 are formed, in the memory cell 
section, so as to extend in the direction X. Subsequently, the 
element isolation trenches 101 are embedded with an insu 
lating film, such as TEOS, to thus form the element isolation 
regions 13. Moreover, the element isolation regions are pla 
narized by means of CMP to thus make the nitride film 12 
exposed. Likewise, as in the case of FIG. 3B, the element 
isolation trenches 101 are formed concurrently with forma 
tion of the element isolation trenches 101 of the memory cell 
section in the control circuit section, and the elementisolation 
trenches 101 are embedded with an insulating film, such as 
TEOS, to thus form the element isolation regions 43. More 
over, the elementisolation regions are planarized by means of 
CMP to thus make the nitride film 12 exposed. 
0117 (b) The process for fabricating embedded transistors 
can be performed in the same manner as is the embedded 
transistor formation process of the first embodiment shown in 
FIGS. 4A and 4B. 

0118. The depth of the transistor trenches 103 of the semi 
conductor device of the second embodiment can be made 
smaller than the depth of the transistor trenches 103 of the 
semiconductor device of the first embodiment shown in 
FIGS. 4A and 4B. 

0119. As in the case of FIG. 4A, the transistor trenches 103 
are formed so as to extend in the direction Y orthogonal to the 
element isolation trenches 101 in the memory cell section. 
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Moreover, after the gate insulating film 15 has been formed 
from a silicon oxide film, or the like, in the transistor trenches 
103, the gate electrodes 16a, 16b, and 16c formed from; for 
example, doped amorphous silicon, are deposited. The gate 
electrodes are abraded by means of CMP, or the like, to thus 
become planarized. Further, the gate electrodes 16a, 16b, and 
16c formed from a doped amorphous silicon layer are sub 
jected to recess-etching by means of etchback treatment. The 
interlayer insulating film 14, such as a TEOS, is further 
deposited, and the film is polished and planarized by means of 
CMP, or the like, thereby making the nitride film 12 exposed. 
0120 (c) FIG.9 shows a view achieved after completion of 
a process for forming the semiconductor pillars 106. The 
process for forming the semiconductor pillars 106 can be 
performed in the same manner as is the process for forming 
the semiconductor pillars 106 of the first embodiment shown 
in FIG. 5. 
0121 The height of the semiconductor pillars 106 of the 
semiconductor device of the second embodiment can be made 
smaller than the height of the semiconductor pillars 106 of the 
semiconductor device of the first embodiment shown in FIG. 
5. 
0122. After formation of the embedded transistor structure 
shown in FIGS. 4A and 4B, the interlayer insulating film 14, 
such as TEOS, is subjected to recess-etching by means of 
reactive ion etching (RIE) which is highly selective with 
regard to the nitride film 12. Resultantly, the semiconductor 
pillars 106 are automatically caused to appear. Moreover, 
after removal of the nitride film 12 in the memory cell section, 
the source/drain regions 17 are formed by means of ion 
implantation or a diffusion process. 
0123. The process for forming the source/drain regions 17 

is not necessarily be performed after formation of the semi 
conductor pillars 106. Specifically, after the source/drain 
regions 17 have been formed by means of a well diffusion 
process or an ion implantation process, the process for form 
ing element isolation regions shown in FIGS. 3A and 3B may 
also be commenced. 

0.124 (d) As shown in FIGS. 7 and 10A, after the insulat 
ing film, such as TEOS, has been deposited over the entire 
surface of the memory cell section, the film is planarized by 
means of CMP or the like. Consequently, the insulating film, 
such as TEOS, is embedded into the element isolation 
trenches 101 up to the upper surfaces of the respective semi 
conductor pillars 106, thereby forming the element isolation 
regions 13. Moreover, the insulating film, such as TEOS, is 
deposited on the interlayer insulating film 14 in each of the 
transistor trenches 103 up to the upper surfaces of the respec 
tive semiconductor pillars 106. 
0.125. Next, a gate insulating film 19 is formed over the 
semiconductor Surfaces of the source/drain regions 17 
exposed in the planarization process, in a thermal oxidation 
process, or the like. 
0126 Likewise, as shown in FIG.10B, after removal of the 
nitride film 12, the gate insulating film 19 is formed in the 
control circuit section in the thermal oxidation process, or the 
like. Moreover, gate electrodes 21 are formed in processes for 
depositing a polysilicon layer and patterning. Subsequently, 
the source/drain regions 40 are formed in the self-alignment 
process by means of ion implantation, thereby fabricating the 
transistors of the control circuit section. 

0127. The transistors of the control circuit section may 
also be fabricated after fabrication of the embedded transis 
tors of the memory cell section shown in FIG. 4A. Moreover, 
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the process for forming the gate insulating film 19 shown in 
FIGS. 10A and 10B may also be performed concurrently. 
I0128 (e) As shown in FIGS. 11A and 11B, a protective 
film 22, such as a nitride film, which serves as an etch stopper 
is deposited over the entirety of the memory cell section and 
that of the control circuit section. Subsequently, an interlayer 
insulating film 23 made of; e.g., TEOS, BSG, PSG, BPSG, or 
the like, is deposited over the entirety of the protective film 
22. 

I0129 (f) As shown in FIGS. 12A and 12B, the interlayer 
insulating film 23 of the memory cell section is selectively 
removed through wet etching, or the like, to thus make the 
protective film 22. Such as a nitride film, exposed. 
0.130. As shown in FIG. 123, the interlayer insulating film 
23 in the control circuit section is taper-etched by means of 
wet etching, to thus be formed into a smooth surface while 
generation of a stepped structure is avoided. 
I0131 (g) As shown in FIGS. 13A and 13B, the protective 
film 22 of the memory cell section is removed while the 
interlayer insulating film 23 of the control circuit section is 
taken as a mask material. 

I0132 (h) As shown in FIGS. 14A and 14B, the upper 
surfaces of the semiconductor pillars 106 are exposed in the 
memory cell section by means of wet processing. Subse 
quently, Ir, or the like, is deposited over the entirety of the 
memory cell section and the entirety of the control circuit 
section by means of Sputtering, thereby forming the metal 
electrode layer 24 that is to come to be the source/drain 
electrodes 26. 

(0.133 (i) As shown in FIGS. 15A and 153, the metal elec 
trode layer 24 formed from Ir, or the like, is patterned by 
means of RIE, or the like, to thus form the source? drain 
electrodes 26 on the respective source/drain regions 17. 
0.134. The material for the source? drain electrodes 26 is 
not limited to Ir. There may also be adopted IrO.; a multilayer 
consisting of Ir and Pt, a multilayer structure consisting of 
IrO and Pt; Pt, IrO, and SrRuO; or a multilayer structure 
consisting of Pt, IrO, and SrRuO. 
0.135 Moreover, for instance, a silicon oxide film, a TiN 
film, a TiAlN film, and the like, can be used as a material for 
a mask used at the time of patterning of the source/drain 
electrodes 26. 

(0.136 () As shown in FIGS. 16A and 163, the ferroelectric 
film 27, such as a PZT film, is deposited in the memory cell 
section and the control circuit section, by means of MOCVD 
or like processing. Subsequently, the ferroelectric film 27 is 
formed among the Source? drain electrodes 26 by means of 
total etchback. Concurrently, the ferroelectric film 27 depos 
ited on planarportions of the memory cell sections and planar 
portions of the control circuit section is removed. 
0.137 The material for the ferroelectric film 27 is not lim 
ited to PZT, and an SBT film, a BLT film, and the like, may 
also be used. 

0.138 Moreover, for example, a silicon oxide film, a TiN 
film, a TiAlN film, and the like, can also be used as a mask 
material employed at the time of patterning of the ferroelec 
tric film 27. 

I0139 (k) As shown in FIG. 8A, after deposition of the 
interlayer insulating film 32, the bit line contact plug 34 is 
formed on the source/drain region 17 of the block selection 
transistor ST. Moreover, the first metal electrode layer 35 is 
formed on the bit line contact plug. 34, and the interlayer 
insulating film 36 is furtherformed on the first metal electrode 
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layer 35. Still, the second metal electrode layers 37,38, and 
39 are formed so as to be embedded in the interlayer insulat 
ing film 36. 
0140. The first metal electrode layer 35 and the second 
metal electrode layers 37,38, and 39 may also be formed in 
the metal damascene process. 
0141 Likewise, as shown in FIG. 8B, after deposition of 
the interlayer insulating film 72, the contact plugs 44 are 
formed on the respective source/drain regions 40. Further, the 
first metal electrode layer 46 is formed on each of the contact 
plugs 44. The interlayer insulating film 76 is formed on the 
first metal electrode layer 46, and the second metal electrode 
layers 47, 48, and 49 are formed so as to become embedded in 
the interlayer dielectric film 76. 
0142. The first metal electrode layer 46 and the second 
metal electrode layers 47, 48, and 49 may also be formed 
through a metal damascene process. 
0143. In the above processes, simultaneously forming the 
interlayer insulating film 32 and the interlayer insulating film 
72, simultaneously forming the bit line contact plugs 34 and 
the contact plugs 44, simultaneously forming the first metal 
electrode layer 35 and the first metal electrode layer 46, 
simultaneously forming the interlayer insulating film 36 and 
the interlayer insulating film 76, and simultaneously forming 
the second metal electrode layers 37, 38, and 39 and the 
second metal electrode layers 47, 48, and 49 are effective for 
enabling a decrease in the number of manufacturing pro 
CCSSCS. 

0144. The bit line contact plugs 34 and the contact plugs 
44 are formed from a metal layer; for example, W. Cu, or the 
like. Moreover, the first metal electrode layers 35 and 46 and 
the second metal electrode layers 37,38,39, 47,48, and 49 are 
formed from an Al electrode. Alternatively, the first metal 
electrode layers 35 and 46 and the second metal electrode 
layers 37, 38, 39, 47, 48, and 49 may also be formed from 
silicide, such as W silicide, Cusilicide, Mo silicide, Pt sili 
cide, Cusilicide, Co silicide, or the like. 
0145 The memory cell section and the control circuit 
section are formed in the semiconductor device of the second 
embodiment through the processes. 
0146 According to the semiconductor device and the 
method for manufacturing the same of the second embodi 
ment, the memory cell transistors can be formed within the 
semiconductor substrate in an embedded manner. Therefore, 
the element isolation trenches and the transistor trenches can 
be formed to smaller depths. A decrease in the yield of the 
contact plugs can be prevented, and memory cell transistors 
can be fabricated readily in the memory cell section. 

Third Embodiment 

0147 As shown in FIG. 17, a three-dimensional structure 
of a semiconductor device according to a third embodiment 
includes the semiconductor substrate 11; the element isola 
tion trenches 101 that are formed in the semiconductor Sub 
strate 11, that extend in the directionX, and that have the first 
depth; the transistor trenches 103 that are formed in the semi 
conductor substrate 11, that extend in the directionY crossing 
the element isolation trench 101, that have the second depth 
shallower than the first depth, and that have the upper region 
and the lower region; and the element isolation regions 13 
formed by embedding the respective element isolation 
trenches 101 with an insulating film. 
0148. The semiconductor device is provided with the gate 
electrodes 16a, 16b, 16c, and 16d which are placed in lower 
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regions of the respective transistor trenches 103 through the 
gate insulting film 15 and which extend in the direction Y; and 
the interlayer insulating film 14 formed on the gate electrodes 
16a, 16b, 16c, and 16d in the respective transistor trenches 
103. The semiconductor device is further provided with the 
source regions 17 is provided in the respective first semicon 
ductor pillars formed from portions of the semiconductor 
substrate 11 located close to one side of the respective tran 
sistor trenches 103; and the drain regions 17 provided in the 
respective second semiconductor pillars formed from por 
tions of the semiconductor substrate 11 located close to the 
other side of the respective transistor trenches 103. 
0.149 The semiconductor device also has the ferroelectric 
capacitors C. Each of the capacitors is arranged, along the 
direction X, in an upper portion of the transistor trench 103 
between the first semiconductor pillar 106 and the second 
semiconductor pillar 106; and includes the source electrode 
26 connected to the source region 17, the drain electrode 26 
connected to the drain region 17, and the ferroelectric film 27 
placed on the interlayer dielectric film 14 located between the 
source electrode and the drain electrode. 
0150. The source electrodes 26 are arranged along both 
sides of the respective first semiconductor pillars 106 with 
respect to the direction X and both sides of the same with 
respect to the direction Y, to thus enclose the sides of the 
respective first semiconductor pillars 106. The drain elec 
trodes 26 are arranged along both sides of the respective 
second semiconductor pillars 106 with respect to the direc 
tionX and both sides of the same with respect to the direction 
Y. to thus enclose the sides of the respective second semicon 
ductor pillars 106. 
0151. Moreover, the ferroelectric film 27 is arranged so as 
to surround the sides of the source electrodes 26 enclosing the 
first semiconductor pillars 106. In addition, the ferroelectric 
film 27 is arranged so as to surround the sides of the drain 
electrodes 26 enclosing the second semiconductor pillars 
106. The ferroelectric films 27 are common-connected in the 
direction X but are separated from each other in the direction 
Y. 
0152. In each of the element isolation trenches 101, an 
insulating film, such as TEOS, is filled between the ferroelec 
tric films 27 separated from each other in the direction Y, and 
the insulating film is planarized by means of CMP, or the like. 
(O153 (Manufacturing Method) 
0154 The method for manufacturing a semiconductor 
device of the third embodiment is shown in FIGS. 3A-5 and 
FIG. 17. 
0155 The method includes the processes of: forming, in 
the semiconductor substrate 11, the element isolation 
trenches 101 that have the first depth and that extend in the 
direction X; and forming the embedded element isolation 
regions 13 in the respective element isolation trenches 101. 
0156 Moreover, the method includes the processes of: 
forming, in the semiconductor Substrate 11, the transistor 
trenches 103 which extends in the direction Y crossing the 
element isolation trench 101 and which each have the second 
depth shallower than the first depth and an upper region and a 
lower region; and forming the gate electrodes 16a, 16b, 16c. 
and 16d. which extend in the direction Y in the lower 
regions of the respective transistor trenches 103 through the 
gate insulating film 15. 
0157. The method includes the processes of: forming the 
interlayer insulating film 14 on the gate electrodes 16a, 16b. 
16c, and 16d in the respective transistor trenches 103; and 



US 2011/003 1544 A1 

forming the source regions 17 in the respective first semicon 
ductor pillars formed from portions of the semiconductor 
substrate 11 close to one side of the respective transistor 
trenches 103. 

0158. The method also includes the processes of: forming 
the drain regions 17 in the respective second semiconductor 
pillars formed from portions of the semiconductor substrate 
11 close to the other side of the respective transistor trenches 
103; and forming the ferroelectric capacitors C, each of 
which is arranged, along the direction X, on the interlayer 
insulating film 14 and in an upper portion of the transistor 
trench 103 between the first semiconductor pillar and the 
second semiconductor pillar and which includes the Source 
electrode 26 connected to the source region 17, the drain 
electrode 26 connected to the drain region 17, and the ferro 
electric film 27 interposed between the source/drain elec 
trodes 26. 

0159 Further, under the method for manufacturing the 
semiconductor device of the third embodiment, the source 
electrodes 26 are formed along both sides of the respective 
first semiconductor pillars 106 with respect to the directionX 
and both sides of the same with respect to the direction Y, to 
thus enclose the sides of the respective first semiconductor 
pillars 106. 
0160 The drain electrodes 26 are formed along both sides 
of the respective second semiconductor pillars 106 with 
respect to the direction X and both sides of the same with 
respect to the direction Y, to thus surround the respective 
second semiconductor pillars 106. 
0161 Moreover, the ferroelectric film 27 is formed so as to 
Surround the Source electrodes 26 enclosing the first semicon 
ductor pillars 106. In addition, the ferroelectric film 27 is 
formed so as to Surround the drain electrodes 26 enclosing the 
second semiconductor pillars 106. The ferroelectric films 27 
are common-connected in the direction X but are separated 
from each other in the direction Y. 

0162 The method for manufacturing the semiconductor 
device of the third embodiment and the method for manufac 
turing the semiconductor device of the first embodiment share 
the common processes shown in FIGS. 3A-5, and hence their 
repeated explanations are omitted. The method for manufac 
turing the semiconductor device of the third embodiment will 
be described in detail hereunder. 

0163 (a) FIG. 17 shows a view achieved after completion 
of the process for forming mutually-opposing electrodes. 
0164. After the process for forming the semiconductor 
pillars 106 shown in FIG. 5, Ir is deposited on the exposed 
semiconductor pillars 106 by means of ADL, or the like, and 
Ir deposited on the bottom is removed through total etchback. 
Consequently, Iris left only on the sides of the semiconductor 
pillars 106, thereby forming the source/drain electrodes 26 
that serve as mutually-opposing electrodes. 
0.165 (b) Subsequently, the ferroelectric films 27, such as 
a PZT film, are deposited by means of MOCVD, or the like. 
Under the method for manufacturing the semiconductor 
device of the third embodiment, the ferroelectric film 27 is 
formed so as to surround the respective source electrodes 26 
enclosing the first semiconductor pillars 106, as shown in 
FIG. 17. Moreover, the ferroelectric film 27 is also formed so 
as to Surround the respective drain electrodes 26 enclosing the 
second semiconductor pillars 106. These ferroelectric films 
27 are common-connected in the directionXbut are separated 
from each other in the direction Y. 
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(0166 The material for the source? drain electrodes 26 is 
not limited to Ir. There may also be adopted IrO; a multilayer 
structure consisting of Irand Pt, a multilayer structure con 
sisting of IrO, and Pt; Pt, IrO, and SrRuO; or a multilayer 
structure consisting of Pt, IrO, and SrRuO. 
(0167. The material for the ferroelectric film 27 is not lim 
ited to PZT, and an SBT film, a BLT film, or the like, may also 
be adopted. 
(0168 Moreover, for instance, a silicon oxide film, a TiN 
film, a TiAlN film, and the like, can be used as a material for 
a mask used at the time of patterning of the source/drain 
electrodes 26 and the ferroelectric films 27. 
0169 (c) After deposition of an insulating film, such as 
TEOS, over the entire substrate, the insulating film is pla 
narized by means of CMP, or the like. Subsequently, an insu 
lating film, such as TEOS, is embedded between the element 
isolation trenches 101, thereby forming the element isolation 
regions 13. An insulating film, such as TEOS, is provided, in 
an embedded manner, on the interlayer insulating films 14 
corresponding to intersections of the element isolation 
trenches 101 and the transistor trenches 103. Consequently, 
the Source/drain electrodes 26 remaining adjacent to each 
other in the direction Y and the ferroelectric films 27 remain 
ing adjacent to each other in the direction Y are insulated and 
separated from each other. 
0170 (e) Next, as in the case of processing shown in FIG. 
2B of the first embodiment, after removal of the nitride film 
12 in the control circuit section, the gate insulating film 41 and 
the gate electrode 42 of the respective transistors are formed. 
Subsequently, in the self-alignment process, the source/drain 
regions 40 are formed by means of ion implantation, and 
transistors of the control circuit section are fabricated. The 
transistors of the control circuit section may also be fabricated 
after fabrication of the embedded transistors in the memory 
cell section shown in FIG. 4A. 
0171 (d) As in the case of processing shown in FIG. 2A of 
the first embodiment, after deposition of the interlayer insu 
lating film 32, the bit line contact plug 34 is formed on the 
source/drain region 17 of the block selection transistor ST, 
and the first metal electrode layer 35 is formed on the bit line 
contact plug. 34. Moreover, the interlayer insulting film 36 is 
formed on the first metal electrode layer 35, and the second 
metal electrode layers 37,38, and 39 are formed in the inter 
layer insulating film 36 in an embedded manner. The first 
metal electrode layer 35 and the second metal electrode layers 
37, 38, and 39 may also be formed in the metal damascene 
process. 
0172 Similarly, as in the case of processing shown in FIG. 
2B of the first embodiment, after deposition of the interlayer 
insulating film 72, the contact plugs 44 are formed on the 
respective source/drain regions 40, and the first metal elec 
trode layer 46 is formed on the contact plugs 44. The inter 
layer insulating film 76 is formed on the first metal electrode 
layer 46, and the second metal electrode layers 47, 48, and 49 
are formed in the interlayer insulating film 76 in an embedded 
manner. The first metal electrode layer 46 and the second 
metal electrode layers 47, 48, and 49 may also be formed in 
the metal damascene process. 
0173. In the above processes, simultaneously forming the 
interlayer insulating film 32 and the interlayer insulating film 
72, simultaneously forming the bit line contact plugs 34 and 
the contact plugs 44, simultaneously forming the first metal 
electrode layer 35 and the first metal electrode layer 46, 
simultaneously forming the interlayer insulating film 36 and 
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the interlayer insulating film 76, and simultaneously forming 
the second metal electrode layers 37, 38, and 39 and the 
second metal electrode layers 47, 48, and 49 are effective for 
enabling a decrease in the number of manufacturing pro 
CCSSCS. 

0.174. The bit line contact plugs 34 and the contact plugs 
44 are formed from a metal layer; for example, W. Cu, or the 
like. Moreover, the first metal electrode layers 35 and 46 and 
the second metal electrode layers 37,38,39, 47,48, and 49 are 
formed from an Al electrode. Alternatively, the first metal 
electrode layers 35 and 46 and the second metal electrode 
layers 37, 38, 39, 47, 48, and 49 may also be formed from 
silicide, such as W silicide, Cusilicide, Mo silicide, Pt sili 
cide, Cusilicide, Co silicide, or the like. 
0175. In the semiconductor device of the third embodi 
ment, the memory cell section and the control circuit section 
are formed through the processes. 
0176 According to the semiconductor device and the 
method for manufacturing the same of the third embodiment, 
the memory cell transistors can be formed within the semi 
conductor substrate in an embedded manner. Therefore, the 
thickness of the interlayer insulating film from the surface of 
the semiconductor substrate to the first metal interconnect 
layer can be reduced. The contact plugs between the first 
metal interconnect layer and the semiconductor Substrate can 
be formed shallowly. Thus, occurrence of a decrease in the 
production yield of the contact plugs can be prevented. 
(0177 (Memory Cell Array) 
(0178 (Chain-FeRAMTM Configuration) 
(0179 A circuit configuration of a Chain-FeRAMTM cell 
block in which a plurality of cell units—to which the semi 
conductor devices of the first through third embodiments can 
be applied—are connected in series is diagrammatically rep 
resented as shown in FIG. 18. Since the Chain-FeRAMTM has 
a configuration in which memory cells, each of which is 
formed by connecting a memory cell transistor MT to a fer 
roelectric capacitor C in shunt with each other, are con 
nected in series. For this reason, the FeRAM is called also as 
TC-unit-series-connected FeRAM. 
0180. As shown in; for example, FIG. 18, a unit cell of the 
Chain-FeRAMTM has a configuration in which both terminals 
of the ferroelectric capacitor Care connected to the Source 
and drain of the memory cell transistor MT. As shown in FIG. 
18, the plurality of such unit cells are arranged in series 
between a plate line PL and a bit line BL. A block of the 
Chain-FeRAMTM in which the plurality of unit cells are con 
nected in series is selected by the block selection transistor 
ST. Word lines WL0, WL1, WL2,..., WL7 are connected to 
gates of the respective memory cell transistors MT, and a 
block selection line BS is connected to the gate of the block 
selection transistor ST. 
0181. The configuration of the block of the Chain-Fe 
RAMTM that is an example of a memory cell array to which 
the semiconductor devices of the first through third embodi 
ments can be applied, is diagrammatically represented as 
shown in FIG. 19. As shown in FIG. 19, the Chain-FeRAMTM 
cell array includes a memory cell array 10; a word line control 
circuit 4 connected to the memory cell array 10; and a plate 
line control circuit 5 connected to the word line control circuit 
4. A plurality of Chain-FeRAMTM cells are connected in a 
matrix pattern in the memory cell array 10. 
0182. As shown in FIG. 19, a plurality of word lines WL 
(WL0 to WL7) are connected to word line drivers (WL. DRV.) 
60 arranged in the word line control circuit 4. Block-selection 
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lines BS (BS0 and BS1) are connected to block line selection 
drivers (BS. DRV.) 62 provided in the word line control circuit 
4. In the meantime, plate lines PL (PL and/PL) are connected 
to plate line drivers 64 (PL. DRV.) arranged in the plate line 
control circuit 5. 
0183. As shown in FIG. 19, the memory cell array 10 has 
a configuration in which blocks of Chain-FeRAMTM are 
arranged in parallel to each other along a direction in which 
the word lines WL (WL0 to WL7) extend. Further, as shown 
in FIG. 19, the memory cell array 10 also has a configuration 
in which blocks of Chain-FeRAMTM become symmetrical 
about the plate lines PL (PL and /PL) along the direction in 
which the bit lines BL (BL and /BL) extend. 
0184. In the Chain-FeRAMTM, a potential V (WL) of the 
word lines WL (WL0 to WL7) and a potential V (BS) of the 
block selection lines BS (BS0 and BS1) assume the potential 
of an internal power source VPP or a ground potential GND; 
for example, OV. In a standby condition, the potential V (WL) 
of the word lines WL becomes equal to VPP, and the potential 
V (BS) of the block selection lines BS becomes equal to 0 (V). 
The potential V (PL) of the plate lines PL (PL /PL) assumes 
a potential of an internal power source VINT or the ground 
potential GND. Further, in the standby condition, the poten 
tial V (PL) of the plate lines PL becomes equal to 0 (V). 
0185. A sense amplifier 20 is connected to the bit lines BL 
(BL, /BL). A micro-signal from the FeRAM cell is compara 
tively amplified by this sense amplifier 20, and a signal deter 
mined as a high level or a low level is read. In the standby 
condition, the potential V (BL) of the bit lines becomes equal 
to 0 (V). 

Other Embodiments 

0186. As mentioned above, the present invention has been 
described by reference to the first to third embodiments. 
However, the descriptions and the drawings, which constitute 
portions of the disclosure, should not be construed to limit the 
present invention. Various modes of alternative practice, 
embodiments, and operational techniques will be manifest to 
those who are versed in the art. 
0187. The present invention naturally encompasses vari 
ous modes which are not described herein, and others. There 
fore, the technical scope of the present invention is deter 
mined by merely the matters that identify the invention and 
fall within the scope of the appending claims which are appro 
priate from the above descriptions. 
What is claimed is: 
1. A semiconductor apparatus comprising: 
a semiconductor Substrate; 
an element isolation region formed in the semiconductor 

Substrate so as to extend in a first direction; 
a gate electrode formed in the semiconductor Substrate so 

as to extend in a second direction crossing the first direc 
tion and to penetrate through the element isolation 
region; 

a gate insulating film interposed between the gate electrode 
and the semiconductor Substrate; 

an interlayer dielectric film formed on the gate electrode: 
a ferroelectric capacitor comprising: 

a first electrode that is disposed on the interlayer dielec 
tric film, 

a second electrode that is disposed on the interlayer 
dielectric film and that is separated from the first 
electrode, and 
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a ferroelectric that is disposed on the interlayer dielectric 
film so that the first electrode, the ferroelectric and the 
second electrode are stacked in an order of the first 
direction and so that both side surfaces of the ferro 
electric respectively contact the first electrode and the 
second electrode: 

a first semiconductor pillar that is in contact with a side 
surface of the first electrode; and 

a second semiconductor pillar that is in contact with a side 
surface of the second electrode. 

2. The semiconductor apparatus according to claim 1, 
wherein the first electrode surrounds the first semiconduc 

torpillar; and 
wherein the second electrode Surrounds the second semi 

conductor pillar. 
3. The semiconductor apparatus according to claim 2, 
wherein the ferroelectric surrounds the first electrode and 

the second electrode. 
4. The semiconductor apparatus according to claim 1, 
wherein the first semiconductorpillar and the second semi 

conductor pillar comprise an impurity diffusion layer; 
and 
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wherein the first semiconductor pillar, the second semicon 
ductor pillar, the gate insulating film and the gate elec 
trode form a transistor. 

5. The semiconductor apparatus according to claim 4. 
wherein the transistor and the ferroelectric capacitor form 

a memory cell. 
6. The semiconductor apparatus according to claim 5 fur 

ther comprising: 
a second transistor that shares the first semiconductor pillar 

with the transistor, and 
a second ferroelectric capacitor that shares the first elec 

trode with the ferroelectric capacitor. 
7. The semiconductor apparatus according to claim 1, 
wherein the side surface of the first electrode and the side 

Surface of the second electrode are opposing with each 
other. 

8. The semiconductor apparatus according to claim 1, 
wherein the first semiconductor pillar, the first electrode, 

the ferroelectric, the second electrode and the second 
semiconductor pillar arearranged in the order of the first 
direction. 


