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(7) ABSTRACT

A ferroelectric capacitor with a multilayer ferroelectric film
to prevent degradation of its ferroelectric characteristics.
The ferroelectric film is made of a lower PZT layer formed
on a lower electrode and an upper titanium rich PZT or
PbTiO, layer. An upper electrode is formed on the second
ferroelectric layer and a protection layer is formed to cover
the ferroelectric capacitor.
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Fig. 3A
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FERROELECTRIC CAPACITOR

BACKGROUND OF THE INVENTION
[0001] 1. Field of the Invention

[0002] The invention relates generally to a ferroelectric
capacitor containing a perovskite structure and a method for
fabrication thereof and, more particularly, to a multilayer,
titanium containing ferroelectric film having a perovskite
structure and a method for fabrication thereof.

[0003] 2. Description of the Related Art

[0004] Modern data processing systems require that a
substantial portion of the information stored in their memory
be randomly accessible to ensure rapid access to such
information. Ferroelectric random access memories
(“FRAMSs”) have been developed for data processing sys-
tems operating at high speed. FRAMs exhibit a significant
advantage over conventional memories because they are
nonvolatile. FRAMs are nonvolatile because they include a
ferroelectric capacitor comprising a pair of capacitor plates
with a ferroelectric material between them. The ferroelectric
material has two different stable polarization states which
can be defined with a hysteresis loop depicted by plotting the
polarization against the applied voltage.

[0005] Recently, ferroelectric materials have been used
commercially in the integrated circuit industry. Ferroelectric
memories are nonvolatile, programmable with low voltage,
such as a voltage of less than 5V (compared to conventional
flash memories requiring an 18-22V programming voltage),
have a fast access time on the order of less than a nanosec-
ond (compared to conventional flash memories with an
access time on the order of a microsecond), and have a high
robustness and endurance with respect to a virtually unlim-
ited numbers of read and write cycles. The ferroelectric
memories also consume low power (less than 1 microam-
pere standby current) and exhibit radiation hardness.

[0006] Ferroelectric materials used in integrated circuit
applications include perovskite crystal structure ferroelectric
dielectric compounds, such as lead zirconium titanate
(PbZr T, ,0; or “PZT”), barium strontium titanate
(“BST”), and lead lanthanum zirconium titanate (“PLZT”).

[0007] Important aspects of a ferroelectric memory fabri-
cation process are the ability to obtain reliable ferroelectric
characteristics without degradation and the formation of a
one capacitor/one transistor structure and a multilevel metal
structure. Particularly, in case of PZT, its ferroelectric char-
acteristics are directly related to the degree of the perovskite
crystallinity after post-deposition annealing. The degree of
PZT perovskite crystallinity, and hence its ferroelectric
characteristics, are closely related to the ratio of the zirco-
nium to titanium contained in the PZT film.

[0008] FIG. 1A shows the relationship between cation
content (in atomic %) of lead, zirconium and titanium in a
PZT film and distance (in the thickness direction) from a
bottom platinum electrode of a capacitor in the PZT film. In
FIG. 1A, reference numeral 14 represents the titanium (i.e.,
Ti ion) content of the PZT film, reference numeral 12
represents the zirconium content of the PZT film and refer-
ence numeral 10 represents the lead content of the PZT film.
As illustrated in FIG. 1A, the lead content is substantially
constant for any distance from the lower electrode (i.e.,
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without regard to the position in the PZT film). However, the
content of zirconium and titanium varies significantly with
the distance from the lower electrode. Particularly, the
zirconium content 12 increases with an increase in distance
from the lower electrode of the capacitor (i.e., a larger
amount of zirconium is present at an upper portion of the
PZT film, away from lower electrode, than at a lower portion
of the PZT film, near the lower electrode). On the other
hand, the titanium content 14 decreases with increase in the
distance from the lower electrode of the capacitor (i.e., a
larger amount of titanium is present at a lower portion of the
PZT film, near the lower electrode, than at an upper portion
of the PZT film, away from the lower electrode).

[0009] FIG. 1B shows the relationship between the dis-
tance from a lower platinum capacitor electrode and the ratio
18 of the lead content to the sum of the zirconium and
titanium content (i.e., [Pb][Zr+Ti)) in the PZT film. FIG.
1B also shows the relationship between the distance from
the lower electrode and the ratio 16 of the zirconium content
to titanium content in the PZT film (i.e., [Zr]/[ Ti]). As can be
seen, the lead to zirconium and titanium ratio 18 is substan-
tially constant with distance from the lower electrode, while
the zirconium to titanium ratio 16 varies significantly with
the distance from the lower electrode.

[0010] The variation in the zirconium to titanium ratio
with distance from the lower electrode is due to heteroge-
neous PZT formation and the dependence of the PZT
composition on the composition of the capacitor electrodes.
The variation in the zirconium to titanium ratio is especially
severe when platinum is used as an upper capacitor elec-
trode. Platinum acts as a catalyst in a reduction reaction to
further reduce the titanium content in the upper portion of
the PZT film near the interface between the upper electrode
and the PZT film. The titanium deficiency at the upper
portions of the PZT film decreases the perovskite crystal-
linity of the PZT film and thus decreases FRAM reliability.
The present invention is directed to overcoming or at least
reducing the effects of one or more of the problems set forth
above.

SUMMARY OF THE INVENTION

[0011] In accordance with one aspect of the invention
there is provided a ferroelectric capacitor, comprising a first
electrode, a second electrode and a ferroelectric film
between the first electrode and the second electrode, wherein
an upper portion of the ferroelectric film contains a higher
titanium concentration that a lower portion of the ferroelec-
tric film.

[0012] In accordance with another aspect of the invention
there is provided a method for fabricating a ferroelectric
capacitor, comprising forming a first electrode over a sub-
strate, forming a ferroelectric film over the first electrode,
wherein an upper portion of the ferroelectric film contains a
higher titanium concentration than a lower portion of the
ferroelectric film, and forming a second electrode over the
ferroelectric film.

[0013] In accordance with yet another aspect of the inven-
tion there is provided a method of forming a ferroelectric
film having a perovskite structure, comprising forming a
ferroelectric layer having a perovskite structure and con-
taining an upper region having a lower titanium concentra-
tion than a lower region and supplementing the ferroelectric
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layer to form a ferroelectric film having a substantially
uniform titanium concentration throughout its thickness.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The above features and advantages of the invention
will become apparent upon reference to the following
detailed description of specific embodiments and the
attached drawings, of which:

[0015] FIG. 1A is a graph showing the relationship
between distance from a lower electrode in a PZT film and
cation content (in atomic %) of the PZT film;

[0016] FIG. 1B is a graph showing the relationship
between the distance from the lower electrode and a ratio of
lead to zirconium and titanium and the relationship between
the distance from the lower electrode and a ratio of zirco-
nium to titanium in a PZT film;

[0017] FIGS. 2A, 2B, 2C, 2D, 2E, 2F and 2G are cross-
sectional views of a memory device at selected stages of a
manufacturing process according to a preferred embodiment
of the present invention.

[0018] FIGS. 3A, 3B, 3C and 3D are cross-sectional
views of a capacitor at selected stages of an etching process
according to a preferred embodiment of the present inven-
tion.

[0019] FIGS. 4A and 4B are cross-sectional views of a
memory device at selected stages of a manufacturing pro-
cess according to an alternative aspect of a preferred
embodiment of the present invention.

DESCRIPTION OF SPECIFIC EMBODIMENTS

[0020] Korean application no. 98-27297, filed Jul. 7, 1998,
is hereby incorporated by reference as if fully set forth
herein.

[0021] The preferred aspects of the present invention were
made in view of the above described problem. The preferred
aspects of the invention provide a ferroelectric memory
device with improved ferroelectric characteristics, such as
high temperature retention and high read/write endurance.

[0022] In the preferred aspects of the present invention, a
second ferroelectric layer is formed on a first ferroelectric
layer. The second ferroelectric layer contains a higher tita-
nium concentration than zirconium concentration to com-
pensate a titanium deficiency at an upper portion of the first
ferroelectric layer. The first ferroelectric layer may comprise
PZT. The second ferroelectric layer may comprise PZT
containing a higher concentration of titanium than zirco-
nium. Alternatively, the second ferroelectric layer may com-
prise PbTiO5, which can suppress or decrease titanium out
diffusion from the first ferroelectric layer into the second
ferroelectric layer.

[0023] The method for fabricating a ferroelectric capacitor
according to the preferred aspects of the present invention
includes forming a first insulating layer over a semiconduc-
tor substrate containing a plurality of transistors. A ferro-
electric capacitor including a lower electrode, a ferroelectric
film and an upper electrode is formed on the first insulating
layer. The lower electrode is preferably made of a multilayer
film comprising a conductive oxide layer, such as iridium
dioxide (Ir0,), and a platinum layer. The platinum layer is
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used to advantageously provide a favorable crystalline struc-
ture for the ferroelectric film deposition. Other suitable
electrodes may also be used.

[0024] The upper electrode is preferably made of metal
selected from the group consisting of iridium, rhodium and
ruthenium, but may also comprise platinum if desired.
Alternatively, the upper electrode may be made of multilayer
film comprising a conductive oxide layer, such as IrO,, ITO,
RhO,, MoO; or the like, and a metal layer, such as platinum,
iridium, rhodium, ruthenium, or the like, preferably in this
order.

[0025] A photolithography process is used pattern the
ferroelectric capacitor. After patterning the capacitor, a pro-
tective layer may be formed to cover the capacitor. The
protective layer may comprise TiO,, in order to prevent or
decrease out diffusion of capacitor materials. Alternatively,
a titanium rich PZT or a PbTiO, layer can be used instead.
Subsequently, the capacitor and transistor are electrically
connected.

[0026] The preferred aspects of the present invention will
now be described more fully with reference to the accom-
panying drawings. The present invention may, however, be
embodied in different forms and should not be construed as
being limited to the preferred aspects described below. In the
drawings, the thickness of layers and regions are exagger-
ated for clarity. Furthermore, when a first layer is referred to
as being ‘on’ a second layer or a substrate, the first layer may
be directly on the second layer or the substrate, or alterna-
tively, intervening layers may be present between the first
layer and the second layer or the substrate. The preferred
aspects of the present invention are directed to a ferroelectric
capacitor. Therefore, the process for forming the device
isolation region and the transistor structure are only briefly
described in order to better understand the preferred aspects
of the present invention.

[0027] The first preferred embodiment of the present
invention will now be described. Referring to FIG. 2A, an
active region of a semiconductor substrate 100 contains a
transistor 104 and a first insulating layer 106 overlying the
transistor 104. The active region is surrounded by device
isolation regions 102 (only one is shown in FIG. 2A for
clarity). The substrate 100 preferably comprises silicon.
Alternatively, the substrate may comprise a semiconductor
layer, such as silicon, over an insulating layer or a glass
plate, or a non-silicon semiconductor wafer, such as a
gallium arsenide wafer. The isolation layer 102 may com-
prise any insulating material, such as a silicon oxide layer
formed by the LOCOS process or by a trench refill process.
The transistor 104 is preferably a MOSFET, including a gate
electrode containing an insulating capping layer (not shown)
and sidewall spacers, and a pair of source/drain regions (not
shown) extended from lateral edges of the gate electrode
within the active region of the substrate 100. A first insu-
lating layer 106 is deposited on the transistor 104 and over
the semiconductor substrate 100. Insulating layer 106 may
be any insulating layer, such as silicon oxide, silicon nitride,
silicon oxynitride, doped silicon oxide (i.e., BPSG or fluo-
rine doped silicon oxide) or a combination of the above
layers.

[0028] Referring now to FIG. 2B, an adhesion 108 is
formed over the first insulating layer 106. The adhesion 108
serves to enhance adhesion between the first insulating layer
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106 and a later formed lower electrode of a ferroelectric
capacitor. Also, the adhesion layer 108 may serve as a barrier
layer to prevent diffusion of impurities from the capacitor
into the insulating layer 106 and visa versa. The adhesion
layer 108 may comprise any material that is capable of
enhancing adhesion and/or preventing impurity diffusion,
such as titanium dioxide (TiO,). Alternatively, if desired, the
adhesion layer 108 may be omitted.

[0029] Alower electrode 110 of the ferroelectric capacitor
is then formed on the adhesion layer 108. For example, an
about 2,700 A thick platinum layer can be used as the lower
electrode 110. Platinum is preferred as the electrode material
because it provides a favorable underlying lattice structure
with a later formed ferroelectric film, to obtain a ferroelec-
tric film having a lattice structure with fewer lattice defects.
Alternatively, the lower electrode 110 may comprise other
materials, such as iridium (Ir), rhodium (Rh) and ruthenium
(Ru).

[0030] Alternately, the lower electrode 110 could com-
prise plural layers. For example, electrode 110 could com-
prise a first conductive oxide layer and a second metal layer,
such as Pt, I, Rh and Ru, deposited in any order. The
conductive oxide film may comprise iridium dioxide (IrO.,),
indium tin oxide (ITO), rhodium oxide (RhO,), ruthenium
oxide (RuO,) or molybdenum oxide (MoO,) made by a DC
magnetron sputtering technique.

[0031] After forming the lower electrode 110, ferroelectric
layers 112 and 113 are formed on the lower electrode 110.
More specifically, a lower layer of ferroelectric material 112
is formed on the lower electrode 110. The lower ferroelectric
layer preferably comprises PZT. However, the lower ferro-
electric layer 112 may comprise other ferroelectric materi-
als, such as PLZT. The layer 112 is preferably formed to a
thickness of 1,500 to 3,500 A, most preferably to about
2,500 A. However, layer 112 may be formed to any other
desired thickness. Layer 112 is preferably formed by depos-
iting an amorphous layer by a sol-gel method and then
annealing the amorphous layer to transform the amorphous
layer into a ferroelectric layer having a perovskite crystal
structure.

[0032] Since PZT grows heterogeneously, as the PZT
layer thickness increases (i.e., the film grows upward) its
crystalline structure deteriorates. Namely, the top portion of
the PZT layer 112 has a poor crystalline structure (i.e., the
top film portion contains a large quantity of lattice defects
and/or lacks a perovskite crystal structure) because the ratio
of zirconium to titanium increases with increasing film
thickness, as shown in FIGS. 1A and 1B. To compensate the
titanium deficiency, an upper ferroelectric layer 113 is
formed on the top surface of the lower ferroelectric layer 112
to a thickness of preferably 500 to 1500 A, most preferably
to about 1,000 A. The upper ferroelectric layer 113 has a
higher titanium content than the lower ferroelectric layer.

[0033] Preferably, the upper ferroelectric layer 113 com-
prises titanium rich PZT (containing a larger amount of
titanium than zirconium) or titanium rich PLZT. Alternately,
the upper ferroelectric layer may contain substantially no
zirconium and comprise lead titanate (PbTiO;). PbTiO,
serves to further increase the titanium content of the upper
layer 113. The excess titanium in the upper layer 113 may
diffuse into an upper part of the lower layer 112 to increase
titanium content of the upper part of the lower layer 112 and
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may prevent or decrease out diffusion of titanium from the
lower layer 112. Furthermore, the substrate 100 could be
annealed after formation of layer 113 to enhance the diffu-
sion of titanium from the upper layer 113 into the lower layer
112. Layer 113 is preferably formed by depositing an
amorphous layer by a sol-gel method and then annealing the
amorphous layer to transform the amorphous layer into a
ferroelectric crystalline layer. Alternatively, the annealing
step after depositing layer 112 may be omitted, and a single
annealing step may be used to transform amorphous layers
112 and 113 into a ferroelectric crystalline film.

[0034] After forming the dual layer ferroelectric film 112
and 113, an upper capacitor electrode 114 is formed on the
upper layer 113. The upper electrode 114 may be made of a
metal such as iridium, rhodium or ruthenium. Alternately,
the upper electrode 114 could comprise plural layers. For
example, electrode 114 could comprise a first conductive
oxide film and a second metal film, such as Pt, Ir, Rh or Ru,
deposited in any order. The conductive oxide film may
comprise iridium dioxide (IrO,), indium tin oxide (ITO),
rhodium oxide (RhO,), ruthenium oxide (RuO,) or molyb-
denum oxide (MoO,).

[0035] Even if platinum is used as the upper electrode 114
metal, the presence of the titanium rich upper ferroelectric
layer 113 prevents a severe variation in the zirconium to
titanium ratio. The platinum catalyzed reduction reaction
does not sufficiently deplete the titanium content of the
titanium rich layer 113 to form a severely titanium depleted
region at the interface of the ferroelectric film and the upper
electrode.

[0036] Referring to FIG. 2C the upper electrode layer 114
is patterned, preferably by an anisotropic etching method,
such as by reactive ion etching (RIE), to form an upper
electrode pattern. The layers 110, 112 and 113 are subse-
quently patterned to form the ferroelectric capacitor film and
the lower capacitor electrode 110. Layers 110, 112 and 113
may be patterned by several different etching techniques.

[0037] For example, layers 110, 112, 113 and 114 may be
etched using a first photoresist pattern 130 as shown in
FIGS. 3A and 3B. Subsequently, a second photoresist
pattern 132 having a narrower width than the first pattern
130 may be formed on the upper electrode 114, as shown in
FIG. 3C. Layers 112, 113 and 114 may be etched a second
time to form layers 112, 113 and 114 whose width is smaller
than the width of layer 110, as shown in FIGS. 2C and 3D.

[0038] In an alternative aspect of the invention, the lower
electrode 110 and the adhesion layer 108 may be patterned
using the first photoresist pattern 130 before layers 112, 113
and 114 are deposited. Layers 112, 113 and 114 may be
subsequently patterned using the second photoresist pattern
132. In another alternative aspect of the invention, layers
112, 113 and 114 may first be patterned using the second
photoresist pattern 132. The first photoresist pattern 130 may
then be formed over the patterned layers 112, 113 and 114,
and layers 110 and 108 may then be etched using the
photoresist 130 as a mask.

[0039] Similar etching and photolithography techniques
may be used if it is desired to form layer 112 having a width
greater than that of layers 113 and/or 114. Preferably, the
substrate 100 is annealed in an oxygen ambient at a tem-
perature of about 450° C. or more after the etching in order
to reduce etching damage in layers 112 and 113.
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[0040] As showed in FIG. 2D, a protective layer 116 is
then formed on the ferroelectric capacitor and on the first
insulating layer 106, preferably to a thickness of about 500
A 10 1,000 A. In one preferred aspect of the invention, the
protective layer 116 may comprise titanium dioxide (TiO,)
to prevent or decrease the diffusion of impurities to and from
the ferroelectric capacitor. Preferably, the titanium dioxide
layer 116 is annealed in an oxygen ambient at a temperature
of about 650° C. or more to enhance its diffusion barrier
properties.

[0041] Inanalternative aspect of the present invention, the
protective layer 116 could comprise a titanium rich PZT
layer containing a larger amount of titanium than zirconium
or a PbTiO; layer. The advantage of using a perovskite
ceramic layer as the protective layer is that the perovskite
protection layer 116 provides an additional source of tita-
nium for the two ferroelectric layers 112 and 113. The
protective layer 116 is patterned by etching to form the
structure shown in FIG. 2D). In another aspect of the present
invention, the protective layer 116 may be omitted if desired.

[0042] Referring to FIG. 2E, a second insulating layer 118
is formed over the resulting structure. The second insulating
layer could comprise silicon oxide, silicon nitride, silicon
oxynitride, doped silicon oxide (i.e., BPSG or fluorine doped
silicon oxide), spin-on-glass on-glass or a combination of
the above layers, despotised, for example, by CVD (chemi-
cal vapor deposition) or sputtering.

[0043] The second insulating layer 118, the first insulating
layer 106 and the protective layer 116 are etched to form first
openings or vias 119. Opening 119a exposes the lower
electrode 110 and openings 1195 and 119¢ expose the source
and drain regions of the transistor 104.

[0044] Multilevel metallization is formed after the etching
of the openings 119, as shown in FIG. 2F. A first level
metallization is deposited in openings 119. The first level
metallization may comprise any single or plural metal
layers, such as aluminum, titanium, titanium nitride, a
silicide such as titanium silicide, copper or tungsten.

[0045] In a preferred aspect of the present invention, the
first level metallization comprises a four metal layer com-
p051te First, a titanium layer is deposited in the first open-
ings 119 to a thickness of about 300 A. Then, a titanium
nitride layer is deposited on the titanium layer to a thickness
of about 900 A. Then, an aluminium layer is deposited on
the titanium nitride layer to a thickness of about 6,000 A.
Fmally a titanium nitride layer is deposited on the alu-
minium layer to a thickness of about 250 A. However, other
metal layers may be used.

[0046] The first level metallization layer is then patterned
as shown in FIG. 2F. A first portion 120a of the first level
metallization electrically connects the lower electrode 110 of
the capacitor to a source or drain region of the transistor 104.
A second portion 1205 of the first level metallization is
electrically connected to a drain or a source of the transistor
104.

[0047] In an alternative aspect of the invention, the first
level metallization 120 may be formed prior to forming the
lower electrode 110 of the capacitor. As shown in FIG. 4A,
first level metallization 120a and 1205 is formed in openings
in the first insulating layer 106 and the adhesion layer 108.
Metallization 120a, 120b may formed by the so-called
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“pillar method” where the first insulating layer 106 and the
adhesion layer 108 are formed around patterned metal pillars
120a and 120b. Alternatively, openings may be formed in
layers 106 and 108 and the metallization portions 120q,
1205 may then be formed in the openings by selective
deposition or by patterning. The lower electrode 110 of the
capacitor is then formed on the metallization portion 1204,
as shown in FIG. 4B. This aspect is advantageous because
the capacitor is formed directly over the source or drain of
the transistor. Therefore, the width of the FRAM device is
decreased.

[0048] As shown in FIG. 2G, after formation of the first
level metallization 120, an intermetal dielectric comprising
a third insulating layer 124 is deposited on the second
insulating layer 118 and on the first level metallization. The
third insulating layer could comprise silicon oxide, silicon
nitride, silicon oxynitride, doped silicon oxide (i.e., BPSG or
fluorine doped silicon oxide), spin-on-glass or a combina-
tion of the above layers, deposited, for example, by CVD
(chemical vapor deposition) or sputtering.

[0049] In a preferred aspect of the present invention, the
third insulating layer 124 may comprise a dual insulating
layer. A first 6,500 A-thick silicon oxide layer is formed by
ECR (electron cyclotron resonance) CVD technique. This
layer is then planarized by etch back or chemical mechanical
pohshmg, and a second 6,500 A-thick ECRCVD oxide layer
is formed on the first oxide layer. In another preferred aspect
of the present invention, the second oxide layer may com-
prise a silicon oxide layer from form a TEOS (tetracthy-
lorthosilicate) source by CVD.

[0050] After forming the third insulating layer 124, second
openings or vias, such as opening 125, are formed in the
third insulating layer 124, the second insulating layer 118
and the protective layer 116 to the upper capacitor electrode
114. Though not shown, another second opening may be
formed in the third insulating layer 124 to the first level
metallization at the core/peripheral region of the memory
device. Preferably, the structure is annealed in an oxygen
ambient at a temperature of about 450° C. or more in order
to cure the etching damage and to form a titanium silicide
layer between the source and drain regions and first level
metallization.

[0051] A second level metallization 126 is then formed
over the third insulating layer 124 to contact the upper
capacitor electrode 114 through the second opening 125. The
second level metallization may comprise any single or plural
metal layers, such as aluminum, titanium, titanium nitride, a
silicide such as titanium silicide, copper or tungsten. In a
preferred aspect of the present invention, the second level
metallization is formed by depositing an about 6,000
A-thick aluminum layer and an about 250 A-thick titanium
nitride layer in the second opening 125, followed by etching
the metal layers. In an alternative aspect of the invention, the
lower capacitor electrode 110 may be connected to the
peripheral region of the memory device and the upper
capacitor electrode 114 may be connected to the transistor
104.

[0052] The first preferred embodiment of the present
invention provides a ferroelectric capacitor with a dual layer
ferroelectric film. The upper layer of the dual layer ferro-
electric film contains a larger amount of titanium than
zirconium, in order to provide an improved composition
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ratio of the ferroelectric material which improves the ferro-
electric characteristics of the film. In the preferred embodi-
ment described above, the ferroelectric material with an
improved composition ratio was obtained by forming a
second ferroelectric material layer on a first ferroelectric
material layer, wherein the second ferroelectric material
layer contains a higher titanium concentration than the first
ferroelectric layer. However, the ferroelectric material with
an improved composition ratio may be obtained by other
methods.

[0053] In asecond preferred embodiment of the invention,
layer 113 comprises a titanium metal layer instead of a
titanium containing ceramic material. The titanium layer 113
may be deposited by any known deposition method, such as
CVD, evaporation or sputtering. The structure may be
annealed at 650° C. or higher after the deposition of the
titanium layer 113 to diffuse the titanium from layer 113 into
the upper, titanium deficient portion of layer 112, to create
a ferroelectric film having a substantially uniform titanium
concentration (i.e., not necessarily a perfectly uniform con-
centration, but more uniform than that shown in FIGS. 1A
and 1B) and an improved perovskite crystal structure.

[0054] 1In a third preferred embodiment of the invention,
layer 113 is omitted. Instead, titanium ions are ion implanted
into the upper, titanium deficient portion of layer 112. The
implanted titanium ions may be activated by annealing layer
112 at 650° C. or higher to create a ferroelectric film having
a substantially uniform titanium concentration and an
improved perovskite crystal structure throughout its thick-
ness. Alternatively, two or more doses of titanium ions may
be implanted into layer 112. A higher dose of titanium ions
may be implanted near the top surface of layer 112 that is
most titanium deficient, and a lower dose of titanium may be
implanted further away from the top surface of layer 112 that
is less titanium deficient, to create a ferroelectric layer
having a substantially uniform titanium concentration.

[0055] 1In a fourth preferred embodiment of the invention,
the formation of the ferroelectric film is optimized to obtain
a substantially uniform titanium concentration throughout
its thickness. The first optimization step is a determination of
the difference in titanium concentration between the upper
region and the lower region of the lower ferroelectric layer
112 (i.e., the non uniformity of titanium concentration along
the thickness direction of layer 112). The determination may
comprise a calculation or simulation of the film composition
based, for example, on the deposition conditions or method
of layer 112, and on whether platinum would be used in a
device that include layer 112, such as in a capacitor includ-
ing a platinum electrode. Alternatively, instead of a calcu-
lation or simulation, the composition of the deposited layer
112 may be determined by various known characterization
techniques.

[0056] Once the extent of the titanium deficiency in layer
112 is determined, layer 112 may be supplemented in a
second optimization step to obtain a ferroelectric film having
a substantially uniform titanium concentration throughout
its thickness. For example, in the first and second embodi-
ments of the present invention, layer 112 may be supple-
mented by diffusing titanium from layer 113 to reduce or
eliminate a titanium deficiency in the top portion of layer
112.

[0057] The composition and thickness of layer 113 may be
selected to obtain a uniform titanium concentration in the
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ferroelectric film comprising layers 112 and 113. For
example, in the first preferred embodiment, if the titanium
deficiency in layer 112 is not significant, then layer 113 may
comprise titanium rich PZT whose [Ti]/[Zr] ratio is slightly
above one. If the titanium deficiency in layer 112 is signifi-
cant, then layer 113 may comprise lead titanate or titanium
rich PZT whose [Ti]/[Zr] ratio is more than slightly above
one. Furthermore, in the first and second preferred embodi-
ments, the temperature and duration of the optional anneal-
ing treatment used to diffuse titanium from layer 113 to layer
112 or of the crystallization annealing treatment of layers
112 and 113, as well as the thickness of layer 113, may be
selected to obtain a substantially uniform titanium concen-
tration throughout the ferroelectric film.

[0058] Alternatively, in the third preferred embodiment,
the dose, the implantation depth, the number of implantation
steps, the annealing temperature and the duration of the
annealing treatment may be optimized to obtain substan-
tially uniform titanium concentration in layer 112. For
example, if the titanium deficiency in layer 112 is not
significant, then a single, shallow, low dose titanium implan-
tation may be required to obtain a substantially uniform
titanium concentration in layer 112. If the titanium defi-
ciency in layer 112 is significant, then a first, shallow, high
dose and a second, deep, low dose titanium implantation
steps may be required to obtain a substantially uniform
titanium concentration in layer 112.

[0059] 1t will be recognized by those skilled in the art that
the innovative concepts disclosed in the present application
can be applied in a wide variety of contexts. Moreover, the
preferred implementation can be modified in a variety of
ways. Accordingly, it should be understood that the modi-
fication and variations suggested below and above are
merely illustrative. For example, a capacitor having a planar
shape is shown in FIG. 2. However, the capacitor may have
a non-planar shape, such as a “U” shape, a “trident” shape,
a “T” shape or an “F” shape. The ferroelectric material may
comprise other titanium containing materials other than PZT
or PLZT, such as BST. Furthermore, a stacked capacitor
(i.e., a capacitor formed above the first insulating layer 106)
is shown in FIG. 2. However, the capacitor may be formed
on the same plane as the transistor 104 (i.c., below layer 106)
or in a trench in the substrate 100 (i.e., a trench capacitor).
Finally, the described perovskite material having a substan-
tially uniform titanium composition could be used in appli-
cations other than FRAMs or capacitors.

[0060] Thus, a ferroelectric capacitor and a method for
fabricating thereof have been described according to the
present invention. While the invention is susceptible to
various modifications and alternative forms, specific
embodiments have been shown by way of example in the
drawings and described in detail herein. However, it should
be understood that the invention is not limited to the
particular forms disclosed. Rather, the invention covers all
modifications, equivalents, and alternatives falling within
the spirit and scope of the invention as defined in the
appended claims.
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What is claimed is:
1. A ferroelectric capacitor, comprising:

a first electrode;
a second electrode; and

a ferroelectric film between the first electrode and the
second electrode, wherein an upper portion of the
ferroelectric film contains a higher titanium concentra-
tion than a lower portion of the ferroelectric film.

2. The ferroelectric capacitor of claim 1, wherein:

the lower portion of the ferroelectric film comprises a first
layer comprising a first titanium containing perovskite
material; and

the upper portion of the ferroelectric film comprises a
second layer comprising a titanium containing a second
perovskite material having a higher titanium concen-
tration than the first layer.

3. The ferroelectric capacitor of claim 2, wherein:

the first perovskite material comprises PZT or PLZT; and
the second perovskite material comprises at least one of:

a) titanium rich PZT containing a titanium to zirconium
ratio of greater than one;

b) titanium rich PLZT containing a titanium to zirco-
nium ratio of greater than one; and

¢) PbTiO,.
4. The ferroelectric capacitor of claim 2, wherein:

the first perovskite material comprises PZT; and
the second perovskite material comprises

a) titanium rich PZT containing a titanium to zirconium
ratio of greater than one; or

b) PbTiO,.

5. The ferroelectric capacitor of claim 2, wherein the first
layer has a thickness of about 2,500 A and the second layer
has a thickness of about 1,000 A.

6. The ferroelectric capacitor of claim 1, wherein the first
and the second electrodes comprise:

a) a metal selected from a group consisting of Pt, Ir, Ru,
and Rh; or

b) a third electrode layer selected from a group consisting
of IrO,, ITO, RhO,, RuO,, and MoO; and a fourth
electrode layer selected from the group consisting of Pt,
Ir, Rh, and Ru.

7. A ferroelectric memory device containing the ferro-

electric capacitor of claim 1, further comprising:

a substrate;
a transistor over the substrate; and

a metal film connecting the first electrode and the tran-
sistor.

8. The ferroelectric memory device of claim 7, further
comprising:

a first insulating layer between the substrate and the first
electrode;

a diffusion barrier layer between the first insulating layer
and the first electrode; and

a protective layer over the second electrode.
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9. A method for fabricating a ferroelectric capacitor,
comprising:

forming a first electrode over a substrate;

forming a ferroelectric film over the first electrode,
wherein an upper portion of the ferroelectric film
contains a higher titanium concentration than a lower
portion of the ferroelectric film; and

forming a second electrode over the ferroelectric film.
10. The method of claim 9, wherein the step of forming
the ferroelectric film comprises the steps of:

forming a first layer comprising a first titanium containing
perovskite material; and

forming a second layer comprising a second titanium
containing perovskite material having a higher titanium
concentration than the first layer over the first layer.
11. The method of claim 10, wherein:

the first perovskite material comprises PZT; and
the second perovskite material comprises

a) titanium rich PZT containing a titanium to zirconium
ratio of greater than one; or

b) PbTiOs.

12. The method of claim 10, wherein the first layer has a
thickness of about 2,500 A and the second layer has a
thickness of about 1,000 A.

13. The method of claim 9, wherein the first and the
second electrodes comprise:

a) a metal selected from a group consisting of Pt, Ir, Ru,
and Rh; or

b) a third electrode layer selected from the group con-
sisting of IrO,, ITO, RhO,, RuO,, and MoO; and a
fourth electrode layer selected from the group consist-
ing of Pt, Ir, Rh, and Ru.

14. The method of claim 10, further comprising:

etching the second electrode, the second layer and the first
layer using a first masking film; and

etching the first electrode using a second masking film.

15. The method of claim 14, further comprising etching
the second electrode, the second layer and the first layer
using the second masking film prior to the step of etching the
second electrode, the second layer and the first layer using
the first masking film.

16. The method of claim 14, wherein the step of etching
the first electrode is performed prior to the step of forming
the first layer.

17. The method of claim 9, further comprising:

forming a transistor over the substrate; and

forming a metal film connecting the first electrode and the
transistor.
18. The method of claim 17, further comprising:

forming a first insulating film over the substrate;

forming a diffusion barrier layer over the first insulating
film;

forming a protective layer over the second electrode; and

forming a second insulating film over the protective layer.
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19. The method of claim 18, wherein the step of forming
the metal film comprises forming the metal film before or
after forming the first electrode.

20. A method of forming a ferroelectric film having a
perovskite structure, comprising:

forming a ferroelectric layer having a perovskite structure
containing an upper region having a lower titanium
concentration than a lower region; and

supplementing the ferroelectric layer to form a ferroelec-
tric film having a substantially uniform titanium con-
centration throughout its thickness.
21. The method of claim 20, wherein the step of supple-
menting comprises:

forming a second layer having a perovskite structure
having a higher titanium concentration than the first
layer over the first layer; and

annealing the second layer to diffuse titanium from the
second layer into the first layer.
22. The method of claim 20, wherein the step of supple-
menting comprises:

forming a second layer consisting essentially of titanium
over the first layer; and

annealing the second layer to diffuse titanium from the
second layer into the first layer.
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23. The method of claim 20, wherein the step of supple-
menting comprises:

ion implanting titanium into the first layer; and

annealing the first layer to activate the ion implanted
titanium.

24. The method of claim 20, further comprising:

determining the difference in titanium concentration
between the upper region and the lower region of the
first layer based on at least one of

a) the deposition conditions of the first layer; and

b) whether platinum would be used in a device includ-
ing the first layer; and

adjusting the step of supplementing based on the step of
determining the difference to form a ferroelectric film
having a substantially uniform titanium concentration
throughout its thickness.
25. A ferroelectric film having a substantially uniform
titanium concentration throughout its thickness made by the
process of claim 20.



