-1 -

FERROELECTRIC CAPACITOR, FERROELECTRIC MEMORY DEVICE,
AND THEIR MANUFACTURING METHOD

FIELD OF THE INVENTION

The present invention pertains to a ferroelectric capacitor
(in particular, a ferroelectric capacitor having a lead zirconate
titanate (PZT) film), a ferrocelectric memory device (in
particular, a nonvolatile semiconductor memory using a

Lerroelectric capacitor having a P2T film), and their
manufacturing method.

BACKGROUND OF THE INVENTION -

A nonvolatile memory element, that is, a ferroelectric RAM'
(Ferroelectric Randonm Access Memory), which is a nonvolatile .
nmemory called a FRAM, with a simple structure using the residual
polarization characteristic, can be manufactured by forming a
capacitor using P2T, which is a ferroelectric substance, as a
dielectric film.

' Such a FRAM has alréady been partially put to practical use,
and the PZT capacitor is constituted as shown in FIG. 22. Also,
the ferroelectric memory cell is constituted as shown in FIG. 28.
The memory-cell is a CUB (Cell Under Bitline) type.

In a conventional PzT capacitor Cap shown in FIG. 21, as a
stacked cell capacitor, a Pt/Ti structure, in which a pt layer
43A is laminated on a Ti édhesion layer 43B, is dgenerally used as
a lower electrode 43, and a PZT thin film 44 is formed on it by a
sol-gel method, Sputtering method, or CVD (Chemical Vapor
Deposition) method. Furthermore, Pt is used as an upper electrode
45. Also, a barrier layer 40 of TiN or the like is provided under
the lower electrode 43 and connected to the silicon substrate
side by m€ans of a polysilicon layer (plug) 20 deposited in a

contact hole 19 of an insulation layer 1 (2 laminate of 12 and
iB) .



In FIG. 22, the memory cell of a FRAM having the’ above-
mentioned PZT capacitor Cap is explained. For example, an element
region divided by a field oxide film 7 is formed on one principal
face of a P” type silicon substrate 17. Here, a memory cell
M-cel, consisting of: transfer gate TR consisting of a MOS
transistor; and a capacitor Cap, is provided.

In the transfer gate TR, for example, a N' type source.
region 10 and a N' type drain region 8 are respectively formed by
impurity diffusion, and a word line 9 (WL) is formed by means of
a gate oxide film 11 between these two regions. A bit line 16
(BL) is connected to the drain region 8 by means of a contact
hole 18 of an insulation layer 1 such as Sio0,. .

The capacitor Cap is called a stack type, and a polysilicon
layer 20 is connected to the source region 10 by means of the
contact hole 19 of the insulation layer 1A. Furthermore, the
.above-mentioned barrier layer 40 and lower electrode 43 are
laminated on it, and the P2ZT ferroelectric film 44 and the upper
electrode 45 are sequentially laminated on the lower electrode.

‘Also, the ferroelectric film 44, which constitutes the
capacitor Cap, is composed of PZT, that is, Pb(2r, Ti)0; film
formed by the sol-gel method using a raw material solution. Also,
the lower electrode 43 is constituted by attaching the Pt layer
43A to the Ti layer 43B, and the upper electrode 45 in contact
with the ferrcelectric film 44 is composed of Pt.

However, in the above-mentioned conventional FRAM, since the
PZT thin film used as a dielectric film to constitute the
capacitor is generally composed of a polycrystal, compared with
amorphous SiO, (silicon oxide) and SiN (silicon nitride) being in
the current LSI (large-scale integrated circuit device), leakage
current and oxygen hole diffusion easily occur by means of the
grain boundaries between'crystal grains, [and] these are
considered to be the cause of the problems of deterioration of
the resistivity and a reduction in resistance. '

Also, in the above—mentioned conventional FRAM, when the P2T
Capacitor Cap operates, a phenomenon called "a dielectric
fatigue" in which the polarization characteristic is markedly
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lowered, easily occurs due to repetition of inversion (that is, a
dielectric polarization inversion occurring each time data are
written or read out). This is a phenomenon which is a problem in
the development of an actual device, and the residual
polarization density is sometimes deteriorated by an inversion of
approximately 10° times and .reduced to 1/2 or less of the initial
value. For this reason, it was difficult to develop a device with
high reliability with respect to repeated reading and writing.
The purpose of the present invention is to provide a
ferroelectric capacitor and a ferroelectric memory device, and
their manufacturing method in which: a stable operation without
causing a resistivity change, that is considered. to result from
leakage current and oxygen diffusion can be achieved; -it is
difficult for dielectric fatigue to occur in the ferrcelectric

capacitor, even by repeated inversion:; and long life and high
reliability can be maintained.

SUMMARY OF THE INVENTION

In other words, the present invention pertains to a
ferroelectric capacitor that has a first electrode made of a
metal which is easily oxidized, a ferroelectric film on the first
electrqde, and a second electrode on the ferroelectric film, and
in which multiple crystal grain layers constituted by assembling
crystal grains by means of the.grain boundaries are laminated by
means of the grain Boundaries along the surface of the above-
mentioned first electrode, so that the above-mentioned
ferroelectric film is formed.

By means of the ferroelectric capacitor of the present
invention, although the above-mentioned crystal grain layer is an
assembly of crystal gfains by means of the grain boundaries,
since the grain boundaries exist along (preferably, nearly
parallel with) the surface of the first electrode between the
multiple crystal grain layers, the latter grain boundaries become
obstacles to conductive electrons, a cause of leakage current,
and oxygen hole diffusion considered to be a cause of resistivity
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deterioration. Therefore, the penetration of the conductive
electrons and the oXygen holes from the grain boundaries of the
lower crystal grain layer into the grain boundaries of the upper
crystal grain layer can be effectively Suppressed. Therefore,
leakage current and resistivity change can be sufficiently
Prevented, so that those characteristics are markedly improved.

Also, the present invention provides a method for
manufacturing a ferroelectric capacitor in which in manufacturing
a ferroelectric capacitor which has a first electrode made of a
metal that is easily oxidized, a ferroelectric film on the first
electrode, and a Second electrode on the ferroelectric film, and
in which multiple crystal grain layers constitutpd by assembling
crystal grains by means of the grain boundaries are laminated by
means of the graih boundaries along the surface of the above~
mentioned first electrode, so that the above-mentioned :
ferroelectric film is formed, [the method of manufacturing] has:
a first process for forming the above-mentioned first electrode;
a second: process for depositing an oxide (in particular, titanium
oxide: same hereinafter) of at least one kind of element of the
constituent elements of the above-mentioned ferroelectric film on’
the first electrode; a third Process for forming a ferroelectric
film material layer containing a surplus of a specified '
constituent element (in particular, lead: same hereinafter) of
the above-~mentioned ferroelectric film on the above-mentioned
first electrode on which the oxide is deposited, a fourth process
for forming a lower layer of the above-mentioned crystal grain
layer by heating at a temperature at which surface precipitates
(in particular, a structure transitional layer which will be
explained later) mainly composed of the above-mentioned specified
constituent element are substantially lost; a fifth process for
depositing an oxide of at least one kind of element of the
constituent elements of the above-mentioned ferroelectric film on
the lower crystal grain layer; a sixth process for forming a
ferroelectric film material layer containing a surplus of a
specified constituent element of the above-mentioned

ferroelectric film on the above-mentioned lower crystal grain



composed of the above-mentioned specified constituent element are
substantially lost.

solve the problems of the above-mentioned dielectric fatigue. As
a result, it was discovered that in forming a pzT thin film by a
sol-gel method, 3 items: (1) selection of an optimum electrode

(corresponding to the above~mentioned first process, third
Process, fifth brocess, and sixth process); (3) optimum annealing
temperature (corresponding to the'above—mentioned fourth Process
and seventh process), are important, and that a pzT capacitor
without dielectric fatigue could be manufactured only when all of
these conditions were met; furthermore, by a combination of
Processes which met these 3 conditions, the ferroelectric
Capacitor of the bPresent invention, which has a unique film
structure and with which it is difficult for leakage current,
etc., to occur, could be manufactured, achieving the
manufacturing method of the ferroelectric Ccapacitor of the
Present invention.

In addition, the present. invention provides by means of the
above-mentioned or the following ferroelectric capacitor and its
manufacturing method a ferroelectric memory cell and its
manufacturing method, which manufactures a ferroelectric
Capacitor in a memory cell.

In the ferroelectric Capacitor and the ferroelectric memory
device of the present invention, specifically, in each of the
above-mentioned multiple crystal grain layers, it is desirable

the second electrode exist at different positions between the
above~mentioned crystal grain layers, and that the grain
boundaries between the above-mentioned multiple crystal grain
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layers exist continuously along the surface of the above-
mentioned first electrode.

Also, it is desirable that both the above-mentioned first
electrode and second electrode be made of a metal such ‘as iridium
which is easily oxidized, and that the ferroelectric film be made
of lead zirconate titanate.

In the method for manufacturing the ferroelectric capacitor
and the ferroelectric memory device of the present invention,
each process corresponding to the above-mentioned fifth, sixth,
and seventh processes can be applied (or repeated) by just the
required number of times. In other words, 2 layers or more {(for
example, three layers) of the above-mentioned crystal grain
layers can be laminated. c ‘ -

Also, specifically, in manufacturing a ferroelectric
capacitor in which the first electrode and the second electrode}
are respectively made of a metal that is easily oxidized and in
which the ferroelectric film is made of lead zirconate titanate:
in the above-mentioned second process an the fifth process a
titanium oxide is respectively deposited; in the above-mentioned
third process and the sixth process and amorphous layer of lead
zirconate titanate lead containing a surplus of lead is
respectively formed; in the above-mentioned fourth process and
the seventh process, annealing for forming a crystal layer of
lead zirconate titanate is respectively carried out at a
temperature at which surface precipitates mainly composed of a
surplus of lead are substantially lost, and/or post-annealing of
the above-mentioned crystal layer is respectively carried out.
Thereby, the above-nentioned second electrode is formed on the
crystal layer. '

In this case, it is desirable that the lead content of the
amorphous layer of the lead zirconate titanate be {1.02-1.50)
times, at an atomic number ratio, of the total amount of
zirconium, and titanium and that the annealing and post-annealing
be carried out at 625°C or higher. '

Also, it is desirable that a pPrecursor solution of the lead
zirconate titanate containing a surplus of lead be spread on the
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lower electrode, on which the above-mentioned titanium oxide is
deposited, based on a sol-gel method, that an amorphous layér of
the lead zirconate titanate be formed by heating the precursor
solution that has been spread, and that the amorphous layer be
crystallized by annealing. . '

' The above-mentioned oxide (in particular, titanium oxide) is
preferably deposited at a film thickness of 0.01-10 nm, '

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an outlined Cross-sectional view (A) and its pPlane
view (B) (in which the upper electrode is omitted) schematically
showing the PZT capacitor which is an embodiment of the present
invention.

FIG. 2 is an outlined cross—sectional view showing the
manufacturing Sequence of the PZT capacitor. ;

FIG. 3 is a graph showing a comparison of the relationship
(bipolar pulse voltage +5 V) between the residual polarization
density of the P2T capacitor due to the electrode material and
the number of polarization inversions.

FIG. 4 is a hysteresis curve diagram of the dielectric
polarization value of the PZT thin film.

FIG. 5 is an outlined cross-sectional view showing a
comparison of the (differences in) structure due to the Pb
concentration and annealing temperature of the PzT capacitor.

FIG. 6 is a sketch of a SEM image of the same PZT thin film
formed on a Tio, nucleus-attached Ir electrode.

FIG. 7 is a graph showing the-relationship between the
residual polarization density and the number of polarization
inversions due to the Pb concentration of the same PZT capacitor.

FIG. 8 is an 1-Vv characteristic diagram of the PZT thin film
formed on various electrodes.

FIG. 8 is a graph showing a comparison of the relationship
between the residual polarization density and the number of

polarization inversions due to the annealing témperature of the
same PZT capacitor.



FIG. 10 is an X-ray diffraction spectral diagram-of the P2T
thin film of the same P2ZT capacitor.

FIG. 11 is a current-time chqracteristic diagram (A) and a

current-voltage characteristic diagram (B) of the same-PZT
capacitor. .

FIG. 12 is an outlined cross—-sectional view schematically
showing a comparative PzT capacitor.
FIG. 13 is an outlined cross-sectional view showing a

semiconductor device (FRAM) in which the same P27 capacitor is-
assembled.

FIG. 14 is an outlined cross-sectional view showing a memory

cell of a dynamic RAM in which the same PZT capacitor is
assenbled.

FIG. 15 is an enlarged cross—-sectional view showing one

process stage of the manufacturing method of the same menory
cell.

FIG. 16 is an enlarged cross-sectional view showing another

process stage of the manufacturing method of the same memory
cell, '

FIG. 17 is an enlarged cross-sectional view showing another

pProcess stage of the manufacturing method of the same memory
cell. '

FIG. 18 is an enlarged cross-sectional view showing another

process stage of the manufacturing method of the same memory
cell. )

FIG. 19 is an enlarged cross-sectionai view showiﬁg another

process stage of the manufacturing method of the same mémor9'
cell.

FIG. 20 is an enlarged cross-sectional view showing another
Process stage of the manufacturing method of the same memory
cell, ‘

FIG. 21 is an outlined cross-sectional view of a PZT
capacitor of a conventional example.

FIG. 22 is an outlined cross section showing a semiconductor
device (FRAM) in which the P2T capacitor of the conventional
example is assembled.



REFERENCE NUMERALS AND SYMBOLS AS SHOWN IN THE DRAWINGS

In the drawings, 8 represents a N' type drain region, 9{WL)
a word line, 10 a N' type source region, 13 an Ir lower
electrode, 14 a ferroelectric film (PZT thin film), 14a, 14b, 14c¢
a PZT thin films (crystal grain layers), 15 an Ir upper
electrode, 16 (BL) a bit line, 17 a silicon substrate, 20 a
polysilicon layer, 30 -a barrier layer, 31A, 31B a TiO, nucleus-
attaching layers, 32a an amorphous P2ZT layer, 50a, S0b, SOc a
crystal grains, 5la, 51b, Sic, S52A, 52B a grain boundaries, CAP a

ferroelectric capacitor, TR a transfer gate, M~CEL a memory cell.

DESCRIPTION OF EMBODIMENTS

Next, the present invention will be explained with the
embodiments. .

First, in F1G. 13 and 14, an explanation will be given for a
PZT ferroelectric capacitor CAP manufactured by the method of the
present invention and a CUB type memory cell of a semiconductor
device (for example, a FRAM, which is a nonvolatile storage
element), in which this [capacitor] is assembled.

The PZT capacitor CAP of this embodiment, as a stacked cell
capacitor, is constituted by: an iridium (Ir) layer 13 as a lower
electrode; a PZT thin layer 14 on top of that composed of a
laminate of PZT thin films l4a and 14b as an assembly of crystal
grains formed by the sol-gel method, sputtering method, or cvD
(Chemical Vapor Deposition) method by means of titanium oxide-
deposited layers 31A and 31B; and an iridium layer (Ir) layer 15
provided as an upper electrode on the PZT thin film. Also, a
barrier layer 30 of TiN, RuO; or the like is provided under the
lower electrode 13 and connected to a silicon substrate by means
of a polysilicon layer (Plug) 20 deposited on a contact hole 19
of an insulation layer 1.

Therefore, as a first feature, iridium metal is used in the
upper and lower electrodes of the capacitor CAP. These electrodes
3 and S5 may be respectively formed at a film thickness of
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50-300 nm (for example, 100 nm) by an clectron beam heating
vacuum deposition method.

Also, as a second feature, the PZT thin films 14a and 14b,
with the TiO« (titanium oxide) layers 31A and 31B nucleus-
attached at a thickness of 0.01-10 nm (for example, 3 nm),
respectively are formed at a thickness of approximately 150 nm (a
total thickness of 300 nm for the PZT thin film 14) on the-
iridium lower electrode 13 and the lower layer PZT thin film 14a
by the sol-gel method, furthermore, the composition in a sol
state (or amorphous state) includes a surplus of Pb, and the Pb
content is (1.02-!.50) times, at an atomic number ratio, the
total amount of 2r and Ti. For example, the PZT.thin film 14 may
be formed at a film thickness of 300 nm with a composition of
Pb:Zr:Ti = 1.:1:0.5:0.5. _

- Then, as a third feature, these PZT thin films 14a and 14b:
. are formed at a heating temperature of 625°C or higher
(preferably, 650-750°C) by annealing at the time of crystallizing
and/or by post-énnealing after the crystallization, so that a
structure transitional layer mainly composed of Pb precipitated
on the surface is lost. _ :

Furthermore, as a fourth feature, these PZT thin films, as
shown in a schematic diagram of FIG. 1 (in the drawing, each P2T
thin film is shown as a laminate of three layers 14a, 14b, and
14c, however it is also similar for the case of 2 layers or the
case of 3 or more layers of FIG. 14), are composed of a
polycrystal in which columnar PZT crystal grains 50a, 50b, and
50c are assembled by means of grain boundaries 5la, 51b, and Silc,
and the positions of the above-mentioned grain boundaries Sla,
51b, and Slc are shifted with regard to each other between the
PZT thin films 14a and 14b and between 14b and l4c. Also,
continuous grain boundaries 52A, 52B nearly parallel to the Ir
lower electrode 13 exist between the PZT thin films l4a and 14b
and between 14b and 1l4c.

The grain size in each of the above-mentioned PZT thin films
" is 20-100 nm, ahd the thickness of each film is preferably
100-150 nm. Also, since the above-mentioned TiO, (titanium oxide)
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IAyer at each interface is very thin and is easily lost when the
PZT is crystallized, it is not shown in FIG. 1.

In the memory cell of a FRAM having a pzT capacitor CAP, as
shown in FIG. 14, for example, an element region divided by a
field oxide film 7 is formed on one pPrincipal face of a p- type
silicon substrate 17, and a memory cell M~CEL consisting of: a
transfer gate TR consisting of a Mos transistor, and the
capacitor CAP, is Provided here.

In the transfer gate TR, for example, a N' type source
region 10 and a N* type drain region 8 are respectively formed by
impurity diffusiop, and a word line 9 (WL) is provided between
these two regions by means of a gate oxide film 11. A bit line 16
(BL) is connected to the source region 10 by means of -a contact
hole 18 of the insulation layer 1 of, for example, Sio0,. ‘

Next, the basic manufacturing method of the above-mentioned
ferroelectric capacitor CAP will be explained in regard to
FIG. 2.

First, in process 1, an oxidizing lower electrode made of an
oxidizing metal, for example, Ir (iridium) thin film 13 (lower
electrode), is formed at a thickness of 100 nm on the above-~
mentioned barrier layer by sputtering or electron beam heating
vapor deposition method. Then, a TiO. 31A with a film thickness
of 3 mm is deposited on the lower electrode 13 by a RF sputtering
method using a Ti0, target. The TiO, 31A acts a nucleus for the
PZT crystal. .

Next, in process 2, an amorphous PZT thin film 32a with a
film thickness of 150 nm is formed by the sol-gel method. The
formation temperature of the amorxphous thin film was 480°C
(10 min, in the air). The raw material (P2ZT precursor) solution
of the sol-gel method may be Pb(CH;C00),-3H,0, Ti{ (CHs) ,CHO},,

Zr {CH; (CH,) ,CH,0},, and CH30C;HOH of NH (CH,CH,OH) ; solutions and
this is spread and dried. The composition of the raw material
solution (or amorphous thin film) includes a surplus of Pb and
may be at an atomic number ratio of Pb:2r:Ti = 1.1:0.5:0.5.

Next, in process 3, the amorphous PZT thin film 32a formed
in process 2 is annealed (sintered) at 625-750°C (in particular,
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650°C or higher) for 10 min in an oxygen atmosphere oi in the
air. The P2T is crystallized by the sintering processing, so that
_PZT ferroelectric thin film 14a with a Perovskite structure with
a thickness of 150 nm is formed. In the crystallization, TiO, 31a
at the interface of the amorphous PZT 32a and IR 13 increases the
nuclear density of the P2T, so that thin film 14a with a dense
structure is formed. : '

Then, this PZT thin film l4a, as will be mentioned later in
FIG. 5, grows as a polycrystalline layer in which columnar
crystal grains 50a are assembled by means of crystal grain
boundaries 51a (see FIG. 1), and the structure transitional layer
(a precipitate mainly composed of Pb due to the above-mentioned
surplus of Pb) precipitated on the surface of the PZT -thin film
l4a is lost due to the above~mentioned annealing temperature. At
this moment, since the above-mentioned Tio, layer 31A is included
in the PZT thin film 14a, it is not shown in the following
processes.

Next, in process 4, a TiO, 31B with a film thickness of 3 nm
is deposited on PZT thin £film 14a using the RF sputtering method )

using a TiO; target. The TiO, 31B also acts a nucleus of the PZT
crystal.

Next, in process S, an amofphous PZT thin £ilm 32b with a
film thickness of 150 nm is formed by the sol-gel method. The
formation temperature of the amorphous thin film was 480°C (10
min, in the air). The raw material (PZT precursor) solution of
the sol-gel method. may be Pb (CH3CO00) »3H,0, Ti| {CH,) .CHO},,

Zr {CH; (CH;) ,CH,0},, and CH30C,H,OH of NH (CH,CH,0H) , solutions and
this is spread and dried. The composition of the raw material
solution (or amorphous thin film) includes a surplus of Pb and
may be at an atomic number ratio of Pb:2r:Ti = 1.1:0.5:0.5.

Next, in process 6, the amorphous PZT thin film 32a formed
in process 5 is annealed (sintered) at 625-750°c {in particular,
650°C or higher) for 10 min in an oxygen atmosphere or in the
air. The P2T is crystallized by the sintering processing, so that
PZT ferroelectric thin film 14b with a Perovskite structure with
a thickness of 150 nm is formed. In the crystallization, Tio., 31B
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at the interface of the amorphous PZT 32b and the PZT crystal 1l4a
increases the nuclear density of PZT, so that thin film 14b with
a dense structure is formed. : .

Then, PZT thin film 14b, as with the above-mentioned PZT
thin film 14a, grows as a polycrystalline layer in which columnar
crystal grains 50b are assembled by means of crystal grain
boundaries S1b, and the structure transition layer (a precipitate
mainly composed of Pb -due to the above-mentioned excessive amount
- of Pb) precipitated on the surface of the PZT thin film 14b is
lost due to the above-mentioned annealing temperature. At this
moment, since the above-mentioned Ti0. layer 31B is included in

the PZT thin film 14b, it is not shown in the following
processes.

Next, in process 7, an oxidizing upper electrode made of an
oxidizing metal, for example, the Ir (iridium) upper electrode

15, is formed at a thickness of 100 nm on PZT thin film 14b of

Perovskite crystals formed in process 6 by sputtering or electron

beam heating vapor deposition method. In this way, the PzT
capacitor CAP is manufactured.

In manufacturing the PzT capacitor CAP as mentioned. above,
it is very important with respect to the capacitor performance
(in particular, Prevention of dielectric fatigue and

stabilization of resistivity) mainly to have the above
4 features.

-mentioned

(1) First, the electrode. substance will be explained.

In general, as the electrode of the P2T capacitor, a
substance such as pt (however, sometimes Au is used only as the
upper electrode), which does not oxidizes, is used. In this
regard, the inventors [of the présent invention]) succeeded in
relieving the dielectric fatique by usinQ a metal such as
metallic Ir, which is easily oxidiied, as both lower and upper
electrodes 13 and 15.

FIG. 3 shows a comparison of the dielectric fatique
characteristic of PZT capacitors with Au/PZT/Ir, Pt/P2T/1r, and
Ir/PZT/Ir structures in which the lower electrode is made of Ir.
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Also, FIG. 4 shows a hysteresis curve of the residual
polarization density for the P2T thin film.

From FIG. 3, it is observed that in the capacitor using Au
in the upper electrode, the residual polarization density is
reduced to nearly zero by an inversion of 10% times or more, and
‘that in the capacitor using'Pt in the upper electrode, the
fatigue characteristic is slightly improved, however the
polarization characteristic is rapidly lowered for an inversion
of 2 x 10° times or more. However, when Ir is used in the upper
electrode, the reduction in the polarization characteristic is
not seen up to (an inversion of] 2 x 10? times.

Thus, it is épparent that the dielectric fatigue
characteristic also depends greatly on the electrode substance,
and that the residual dielectric polarization density (Pr) of the
capacitor of this embodiment using Ir in both upper and lower
electrodes 13 and 15, compared with others, is stable at the time
of polarization inversion and is very excellent. It is considered
that this is due to oxidation resistance and the like of the Ir
metal.

(2) Next, the control of the crystallization dirxection of
the PZT is mentioned.

As mentioned above, if the amorphous PZTs 32a and 32b are
deposited on the (Ti-seeding) Ir lower electrode 13 and the PZT
layer 14a on which the titanium oxides 31A and 31B are deposited,
and heated to crystallization.temperature or higher, the nucleus
of the PZT crystallization is fqrmed in the vicinity of the
titanium oxides 31A and 31B at the interfaces of both layers 32a-
13 and 32b-14a, and the crystallization advanced in the thickness
direction. By means of this crystallization process the columnar
grain structures 50a and SOb are formed as shown in FIG. 5(C) and
the surplus lead, etc., is pushed up to the surface. For example,
for the P2T layer 14a (also similarly the P2T layer 14b), the
structure transition layer 33 mainly composed of Pb is fo;med on
the surface.

However, this type of crystallization due to a nonuniform
nucleus generation is caused only when.a P2T precursor solution
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containing a surplus of lead is used. Here, 3 solution
compositions are used, at an atomic number ratio of: Pb:Zr:Ti =
1.0:0.5:0.5, 1.1:0.5:0.5, and 1.2:0.5:0.5. A fine structure of
the PZT thin film formed on Ir lower electrode 13, Ti-seeded by
providing the Tio, nucleus-attaching layer, is shown as a
transmission electron microscope TEM sketch in FIG. 5 (however,
the Tiq‘hucleus-attaching layer was omitted in the drawing for
the sake of simplicity), and agglomerated, columnar, columnar
grain structures are respectively obtained according to the
abové-pé&nkioned composition.

In-dthér'wbrds} when the Pb concentration of the precursor
solution (or émorbhous PZT) is low (Pb = 1.0), as shown in FIG.
S(A), a P2T thin film 14a' is formed only by an assembly of the
agglomerated grains 14B; however if there is a surplus Pbh
concentration at the same sintering temperature (650°C) (pb >
1.0, in particular pp = 1.1 or Pb = 1.2, which fulfills [the
condition]) Pb 2 1.02), the columnar grain structure 50a is
obtained. ,

An appropriate composition of the PZT precursor soluticgn is
Pb = 1.02-1.50 (to zZr + Ti = 1.0) (however, the ratio of Ti/2r is
arbitrary). If the Pb concentration is too low, the above-
mentioned columnar structure (the control of the PZT
crystallization direction) is difficult to realize, and if on the
other hand the Pb concentration is too high, the amount of said
structure transition layer precipitated on the surface increases,
so that it is difficult to eliminate it.

~Also, at low sintering temperature (660°Ci, as shown in FIG.
S(C), the structure transition layer 33 is easily generated,
whereas the structure transition layer 33 is eliminated by
controlling the sintering temperature to 625°C or higher, for
example, 650°C. However, if the sintering temperature is too
high, since it is difficult for the PzT crystal to be generated,
the temperature is preferably 750°C or lower.

Also, FIG. 6 shows a SEM (scanning electron microscopé)
image of the surface of PZT thin film 14a (the same for 14b)
formed 6n the Ir lower electrode to which the titanium oxide
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nucleus is attached, and it is seen that the P2T is fine grained
and dense with a grain diameter of 100 nm or less.

FIG. 7 shows the dependency of the dielectric fatigue
characteristic on the composition for each PzT Capaciter

each Pb concentration.

Based on this, the residual polarization density of the PzT
capacitor with pp = 1.0 is reduced to hearly zero by and
inversion of 107 times. on the contrary, in the pzT capacitor
with Pb = 1.1 and 1.2, a reduction of the residual polarization
density is not Seen, even for an inversion of 10° times. '

Thus, the fatigue characteristic is also greatly -improved by
using a precursor solution containing Ti—seéding and a sﬁrplus of
Pb, which causes cxystal growth in one direction.

Next, as mentioned above, for a PZT thin film formed on the
Ir lower electrode to which Tio, is nucleus-attached and a PZT
thin film formed on the Pt/TiN electrode to which TiO, is not
nucleus-attached, the electrical characteristics are compared.

FIG. 8 shows an I-v characteristic, and according to the
data, it is shown that the leakage current value of the PZT thin
film formed on the Pt/TiN lower electrode is markedly increased
with an increase in the applied voltage. However, when using the
Ir lower electrode to which Tio, is nucleus—attached, the leakage
current value is approximately.1 x 10-7 A/cr?, and an excellent
I—V.characterist;c is shown.

(3) Next, the sintering (annealing) temperature of the pzT
is mentioned. ,

The relationship between the annealing temperature of the
PZT and the dielectric fatigue characteristic is shown in
FIG. 9.

According to this, in the pzT formed at 600°C, the residual
polarization density is reduced to nearly zero by a polarization
inversion of 10° times. However, the polarization characteristic
of the capacitor formed at 625°C is markedly improved, and in a
sample formed at 625-700°C, the reduction of the residual
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polarization density is seldom seen,

‘even with an inversion of
10° times.

The reason for this is considered to be that the

structure transition layer 33 of a surplus of Pb formed on the
surface is lost at 625°C or higher,

so the fatigue characteristic
is improved.

(4) Furthermore, the lamination of the PzT crystal grain
layer will be explained. ’

As is clearly seen from the aforementioned {facts], a pzT
capacitor in which dielectric fatigue does not occur can be
formed by (1) using Ir as the electrode substance, (2) using a
Ti-seeding method and a solution with a surplus of Pb, and (3)
crystallizing PZT at or higher than the temperature at which the
surface structure transition layer is lost. : '

FIG., 12 schematically shows a cross-sectional structure of a
PZT capacitor CAP' jin which the PZT crystal grain layer is fornied
as a single layer based on the above-mentioned (points] (1)-(3).
In the capacitor CAP*, for the above-mentioned reasons, a PZT
thin film 14' with a thickness of 300 nm, in which columnar PZT
crystal grains 50' are collected by means of a grain boundary,
formed between the upper and lower Ir electrodes 13 and 15,

Therefore, dielectric fatigue is not seen, however, since
grain boundary 51' exists across the thickness direction of the
thin film 14' and a grain boundary parallel with the'electrode 13
does not exist in the crystal grain layer with a columnar
structure, the current easily. flows along the grain boundary 51°*
extending in the thickness direction, and leakage current
increases. At the same time, the deterioration in resistivity,
which is considered to results from oxygen hole diffusion along
the grain boundary 51°, easily occurs. For example, a leakage
current of 10 pA/cm? or more has been confirmed.

On the contrary, in the P2ZT capacitor CAP of the present
invention, as shown in FIG. 1, the P2T thin film 14 is composed
of a laminate of multiple PZT crystal grain layers l4a, 14b, and
l4c each with a film thickness of approximately 100 mm formed
based on the above-mentioned (points] (1)-(3), and in each
crystal grain layer, columnar PZT crystal grains 50a, SOb, and.

- e

is
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50c with a grain size of 20-100 nm are assembled by means of the
grain boundaries 5la, 51b, and Slc. Between the PZT thin films
14a and 14b and the films 14b and 14¢, the positiqns of the
above-mentioned grain boundaries S5la, 51b, and 5lc are -shifted
with respect to one another; and between the PZT thin films 14a-
14b and 14b-14c, continuous grain boundaries 52A and 52B exist
virtually parallel to the Ir lower electrode 13.

Therefore, in the capacitor CAP, since the grain boundaries
52A and 52B are intentionally introduced at arbitrary places
parallel with the electfode 13, while the crystal grains 50a,
S0b, and 50c of the PZT of each PZT thin film 14a, 14b, and 14c
have a columnar structure, and the grain boundaries Sla, 51b, and
51c exist in the thickness direction, these grain boundaries 52A
and 52B become obstacles to conductive electrons, a cause of
leakage current, and to oxXygen hole diffusion, a cause of
resistivity deterioration. In other words, since the electrons
and the éxygen holes moved or diffused along grain boundaries
5la, etc., in the thickness direction of each PZT thin film are
blocked by grain boundaries 52A and 52B parallel with the
electrode 13, the movement and diffusion advance no more.

Thus, in the capacitor CAP, leakage current and resistivity
deterioration as well as the dielectric fatigue are not generated
(or are considerably reduced).

FIG. 10 shows an XRD (X-ray diffraction spectrum) of the PZT
thin film of the PZT capacitor - (in which the number of
laminations of the PZT crystal grain layer was set at 2: two-step
method) of the present invention. According to this [drawing], a
diffraction peak such as (101) intrinsic to the Perovskite
crystal is seen, and it is seen that the PZT thin film made of a
crystal with the Perovskite structure is formed. This is also
similar to the PZT thin film of FIG. 1 in which the PZT crystal
grain layer is composed of 3 layers.

Also, FIG. 11 shows the results of measuring the leakage
current characteristic (A) and the current-voltage characteristic
(B) of the PZT thin film formed by the two-step method. According
to this ([drawing), in the PZT thin film formed based on the
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present invention, the leakage current is 10°° A/cm? or less and
is markedly decreased, and it can be understood that the I-v

characteristic, since the leakage current is very small,
stable.

is also

Next, the manufacturing method of a semiconductor device in
which the P2ZT capacitor of the present invention is assembled--
for example, a FRAM memory cell (for example, a stack type),
which is a nonvolatile memory--is explained with respect to FIG.
15-20. _

First, as shown in FIG. 15, the field oxide film 7 is formed
on a P° type silicon substrate (wafer) by a selective oxidation
method, and the gate oxide film and the polysilicon word line 9
(WL) by the thermal oxidation method and by the chemical vapor
deposition method respectively are formed. Furthermore, the N*
type source region 10 and the drain region 8 are respectively
formed by thermal diffusion of an N-type impurity such as As.

Then, for the Si0, insulation layer 1A deposited on the
entire surface by the chemical vapor deposition method, a

contract hole 19 is formed on the source region 10 by
photolithography.

Next, as shown in FIG. 16, polysilicon layer 20 is deposited
in the contact hole 19 so that it contacts the source region 10,
and on this the TiN barrier layer 30 and the Ir lower electrode
13 are formed, and the TiOy layer 31A is formed by sputtering;
-this (structure] can be formed. by means of patterning by
photolithography the poly-Si layer, TiN layer, Ir layer, and Tio,
layer deposited on the entire surface by.

Next, as shown in FIG. 17, the above-mentioned sol-gel raw
material solution 32a' with a surplus of Pb is spread on the
entire surface, including the lower electrode 13 and the TiO,
layer 31 by a spin-coating method or a dip-coating method.

Next, the wafer on which the raw material solution 32a' is
spread is heated for 3 min, for example, at a prescribed
temperature (100-300°C, for example, 170°C) and the solution that
has been spread is dried, so that a dried gel film is formed.
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Next, the dried wafer is changed to the amorphous State 32a
as shown in FIG. 18 by bprocessing at 480°C. Then, the above-

- mentioned columnar structure of Perovskite crystal is generated
in air and sintered for 10 min, for example, at a temperature
(625°C or higher, for example, 650°C) at which the structure
transition layer 33 of the surface is lost, so that the
ferroelectric film 14a shown in FIG. 19, is formed on the entire
surface.’

Next, just as in the above, TiO. layer 31B, and the
ferroelectric film 14b, with a columnar structure, which is a
Perovskite crystal and is formed from the sol-gel raw material
solution with a surplus of Pb are formed on ferroelectric film
l4a by repeating the processes of FIG. 16-19. The unnecessary
portion of these ferroelectric thin films 14 is removed by the
dry-etching method or the like, and as shown in FIG. 20, p2T
ferroelectric film 14 is formed in a prescribed pattern on lower.
electrode 13. '

Next, iridium is deposited by sputtering, and the upper
electrode 15 made of iridium is formed in a prescribed pattern at
the portion in contact with the ferroelectric thin film 14 by
means of photolithography.

Furthermore, the interlayer insulating film 1B, contact hole
18, and bit line 16 (BL) shown in FIG. 14 are respectively formed
by a known method, and as shown in FIG. 14 the memory cell M-CEL
is mahufactured. L :

In the above, an embodiment of the present invention has
been explained; however the above-mentioned embodiment can be
further modified based on the technical concept of the present
invention.

For example, in addition to Ir, as the electrode material,
Pd, Ru, W, Ti, Cr, and Ni can be substituted in the lower and
upper electrodes. Any of these materials is easily oxidized
(easily changed to an oxide). These metals may be used alone or

in combination with multiple kinds, or by mixing with other
metals. '
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Also, as the nucleus attaching material deposited on the
surface of the lower electrode or the PZT crystal grain layer, a
Tio, or-other TiOx has been used; however, starting with Ti,
other than Ti, an oxide of one or more kinds of element (s) of zr,
Pb, La, 2n, Nb, Fe can be deposited on the electrode as long as
it is a metal which is easily changed to an oxide at normal
temperature.

Here, of the above-mentioned usable metals, La, Zn, Nb, and
Fe are elements which can be added to the ferroelectric film. Ti,
Zr, and Pb are main components of the PZT.

In forming the oxide of the above-mentioned metals, in .
addition to the sﬁuttering method, a method which deposits Ti,
Zr, Pb, Sr, Ba, La, Zn, Nb, and Fe by the electron beam heating
vapor deposition method under high vacuum, etc., and subsequently
naturally oxidizes them in an oxygen atmosphere (for example, in
air) can also be adopted. )

In this case, in particular, since Ti is a very active
substance, the deposit formed by the electron beam heating wvapor
deposition method is oxidized by residual oxygen in the vapor
deposition chamber. Thus, a strong oxidation treatment is not
required. The film thickness of the Tio, is between 0.01-10 nm,
especially 1-5 nm is preferable. As the deposition method of the
oxide, sputtering method, cvp method, and vapor deposition method
can be mentioned.

As a method for forming the amorphous PZT, the sol-gel
method has been used in the ébove-mentioned embodiment . However,
the amorphous PZT also can be formed by means of the sputtering
method and the CVD method by setting the substrate temperature to
S00°C or lower. Therefore, if an amorphous PZT thin film with an
excessive Pb amount is formed by these methods and the above-
mentioned processes are applied, effects similar to the above-
mentioned effects are cbtained.

Also, in eliminating the above-mentioned surface structure
transition layer, the crystallization temperature of PzT is
preferably 625°C or higher, however such a temperature condition
may also be adopted at the time of post-annealing after the PZT
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crystallization. In other words, the above—mentioned'structure
transition layer also can be removed by setting the post-
annealing temperature to 625°C or higher.

As the material which can be used for the ferroelectric
film, in addition to the above-mentioned PZT, a PZT to which Nb,
Zr, Fe, etc., are added to the P2T, PLT ((Pb, La),(Ti, Zr),-x03),
etc., may also be adopted. '

Also, the above-mentioned nucleus attachment, formation of
the amorphous PZT, P2ZT crystallization, and processes which
repeat these can be collectively continuously performed using a
sputterlng apparatus or CVD apparatus. The number of laminations
of the PZT crystal grain layer may be changed in the range in
which film formabilzty and productivity are not damaged, and two
layers, three layers, or more are possible.

The ferroelectric film of the present invention can be
applied to a device having a capacitor (stacked capacitor) with a
Ir/PZT/1x/barrier layer/poly-si structure shown in FIG. 1, for
example; however, without being limited to this, it also can be
applied to a capacitor with a structure in which the above-
mentioned stacked capacitor is provided on a Si0, film and the
lower electrode of the capacitor is connected to the source
region of the transfer gate by extension, or a capacitor with a
structure in which the capacitor is assembled into a so-called
trench (groove), instead of the stack type. Also, the present
invention can be applied to uses other than a FRAM. Also, the
present invention can be applied to a COB (Cell Over Bitline)
type memory cell. : _

According to the ferroelectric capacitor of the present
invention, as mentioned above, it has a first electrode made of a
metal such as iridium which is easily oxidized, a ferroelectric
film such as PZT thin film on this first electrode, and a second
electrode such as an iridium electrode on the'ferroelectric film,
and multiple crystal grain layers constituted by assembling
crystal grains by means of the grain boundaries are laminated by
means of the grain bbundaries'along the surface of the above-
mentioned first electrode, so that the above-mentioned
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ferroelectric film is formed, therefore although the above-
mentioned crystal grain léyer is an assembly of crystal grains by
nmeans of the grain boundaries, since the grain boundaries between

~obstacles to conductive electrons, a cause of leakage current,
and to diffusion of oxygen holes, a cause of’resistivity '
deterioration, penetration of the conductive electrons and oxygen
holes from the grain boundaries of the crystal grain boundary of
the lower layer into the grain boundaries of the crystal grain
layer of the upper layer can be effectively suppressed,
Therefore, leakage current and resistivity deterioration can be
sufficiently brevented, so that these characteristiCS'are
markedly improved. .
In ranufacturing the ferroelectric capacitor of the present
invention, the pPresent invention also provides: a first process
for forming the above-mentioned first electrode; a second process
for depositing an oxide (in particular, titanium oxide) of at
least one kind of element of the constituent elements of the
above-mentioned ferroelectric film on the first electrode; a
third process for forming a ferroelectric film material layer
containing a surplus of a specified constituent element (in
particular, lead) of the above-mentioned ferroelectric film on
the above-mentioned first electrode on which the oxide is
deposited; a fourth process for forming a lower layer of the

élement of the constituent elements of the above-mentioned

ferroelectric film on the lower crystal grain layer:; a sixth

Process for forming a ferrcelectric film material layer

containing a surplus of a8 specified constituent element of the

above-mentioned ferroelectric film on the above-mentioned lower
N

crystal grain layer on which the oxide is deposited; and a
seventh process for forming an upper layer of the above-mentioned
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crystal grain layer by heating at a temperature at which surface
precipitates mainly composed of the above-mentioned specified
constituent element are substantially lost; therefore, the
ferroelectric Capacitor, which has a unique film structure and in
which it is difficult for leakage current, etc., to occur, and in
which dielectric fatigue does not result, can be manufactured by
meeting all of the conditions of (1) selection of an optimun
electrode substance, (2) control of crystal growth direction; and
(3) optimum annealing temperature.
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CLAIMS

1. A ferroelectric capacitor that has a first electrode made
of a metal that is easily oxidized, a ferrocelectric film on the

first electrode, and a second electrode on the ferroelectric
film,

the above-mentioned first electrod
ferroelectric film is formed.

e, so that the above~mentioned

4. A ferroelectric memory device in which the ferroelectric
capacitor recorded in any one of Claims 1-3 is included in a
memory cell.

S. A method for manufacturing a ferroelectric capacitor in
which, in manufacturing a ferroelectric capacitor which has a
first electrode made of a metal that is easily oxidized, a
ferroelectric film on the first electrode, and a second electrode
on the ferroelectric film, and in which multiple crystal grain
layers constituted by assembling crystal grains by means of the
grain boundaries are laminated by means of the grain boundaries
along the surface of the above-mentioned first electrode, so that
the above-mentioned ferroelectric film is formed, [(the method for
manufacturing] has: a first process for forming the above-
mentioned first electrode; a second process for depositing an
oxide of at least one kind of element of the constituent elements
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of the above-mentioned ferroelectric film on the first electrode;
a third process for forming a ferroelectric film material layer
containing a surplus of a specified constituent element of the
above-mentioned ferroelectric film on the above-mentioned first
electrode on which the oxide is deposited; a fourth process for
forming a lower layer of the above-mentioned crystal grain layer
by heating at a temperature at which surface precipitates mainly
conposed of the abové—mentioned specified constituent element are
substantially lost; a fifth pProcess for depositing an oxide of at
least one kind of element of the constituent elements of the
above-mentioned ferroelectric film on the lower crystal grain
layer; a sixth brocess for forming a ferroelectric film material
layer containing a surplus of a specified constituent -element of
the above-mentioned ferroelectric film on the above-mentioned
lower crystal grain layer on which the oxide is deposited; and a
seventh process for forming an upper layer of the above~-mentioned
crystal grain layer by heating at a temperature at which surface
Precipitates mainly'composed of the above-mentioned specified
constituent element are substantially lost.

6. The manufacturing method recorded in Claim 5 in which
each process corresponding to the fifth process, sixth process,
and seventh process is further added just the number of times
required.

7. The manufacturing method recorded in Claim S or 6 in
which, in manufacturing the ferroelectric capacitor in which the
first electrode and the second electrode are respectively made of
a4 metal that is easily oxidized and in which the ferroelectric
film is made of lead zZirconate titanate, in the second process
and the fifth process a titanium oxide is respectively deposited,
in the third process and the sixth process an amorphous layer of
lead zirconate titanate lead containing a surplus of lead is
respectively formed; and in the fourth process and the seventh
process annealing for forming a crystal layer of lead zirconate
titanate is respectively carried out at a temperature, at which
surface precipitates mainly composed of a surplus of lead are
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Substantially lost, and/or Postannealing of the above-mentioneq
crystal layer is respectively carried out.

titanate is (1.02-1,50) times, at an atomic number ratio, the
total amount of Zirconium and titanium, and that the anneal
and postannealing are carried out at 625°C or higher.

9. The manufacturing method recorded in Claim 7 or g based

ing

an
amorphous layer of the lead 2irconate titanate is: formed by

heating the Precursor solution that has been spread;
amorphous layer is crystallized by annealing.

10. Thé manufacturing method recorded in any one of Claims
5~9 in which the oxide is deposited at a film thickness of .

and that the



