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METHOD OF FORMING MULTILAYERED

ELECTRODES FOR FERROELECTRIC

DEVICES CONSISTING OF CONDUCTIVE

LAYERS AND INTERLAYERS FORNIED BY

CHEMICAL REACTION

This is a divisional of application Ser. No. 07/868,045

filed on Apr. 13, 1992, now abandoned.

BACKGROUND OF THE INVENTION

This invention relates to ferroelectric memory devices,

and more particularly to multilayer electrodes for nonvola-

tile dynamic random access memory applications of ferro-

electric materials.

Ferroelectrics have long been recognized as potential

materials for nonvolatile storage of information. These

materials are dielectric in nature and exhibit spontaneous

polarization which can be reversed by application of a

suitable electric field. The polarization P in these materials

responds to an external electric field E in a hysteresis fashion

and thereby the materials exhibit bistable properties (two

distinct states of polarization) which remain even after

removal of the electric field. It is this hysteresis feature that

makes ferroelectrics suitable for nonvolatile memory stor-

age. The dielectric nature of ferroelectrics and their ability to

display bistable properties can be used to make a ferroelec—

tric capacitor which stores binary digital information based

on the polarization state of the material. This opens up the

possibilities of integrating a ferroelectric capacitor into the

existing Si and GaAs VLSI technology to make a commer-

cial nonvolatile random access memory.

However, several problems need to be overcome before a

commercially viable memory product is available. One of

the foremost among these problems is the degradation

properties of ferroelectric devices. Degradation properties

include fatigue, low voltage breakdown, and aging. A com-

mon source for these degradation properties is the interac-

tion between defects in the materials and the ferroelectric—

electrode interface/grain boundaries in the ferroelectric

capacitor.

Considering the problem of fatigue, ferroelectrics are

noted to lose some of their polarization as the polarization is

reversed. This is known as fatigue degradation, and is one of

the prime obstacles to forming high quality ferroelectric

films. Fatigue occurs because of defect entrapment at the

ferroelectricvelectrode interface. Asyrranetric electrode-fer-

roelectric interfaces and/or non—uniform domain distribution

in the bulk can lead to asymmetric polarization on alternat—

ing polarity. This results in an internal field difference which

can cause effective one-directional movement of defects like

vacancies and mobile impurity ions. Since the electrode-

ferroelectric interface is chemically unstable, it provides

sites of lower potential energy to these defects relative to the

bulk ferroelectric thereby causing defect entrapment at these

interfaces (see Yoo et al, “Fatigue Modeling of Lead Zir-

conate Titanate Thin Films,” Jour. Material Sci. and Engi—

neering). This entrapment will result in a loss in polarization

in the ferroelectric.

To overcome this problem caused by defects, it is neces-

sary to control the defect concentration, defect migration to

the interface, defect entrapment at the interface, and the state

of the interface itself. Lattice mismatch, poor adhesion, and

large work function diiferences between the electrode and

the ferroelectric causes the interface to be chemically

unstable. Therefore, it is necessary to choose an appropriate
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electrode which can reduce the lattice mismatch, work

function differences, and the adhesion problem at the inter-

face. The existing, commonly~used, metal electrodes such as

Pt, Au, etc., do not satisfy these criteria because of the large

differences in crystal structures between the electrode

(metal) and the ferroelectric (ceramic), and because of the

work function differences. To control the defect migration

and entrapment it is necessary to reduce the abrupt compo—

sitional gradient between the electrode and the ferroelectric.

SUMMARY OF THE INVENTION

It is a general object of the invention to provide an

electrode system which can overcome the degradation prob-

lems in ferroelectric capacitors. It is a more specific object

of this invention to provide an electrode system which can

overcome the fatigue problems in the ferroelectric capaci-

tors. It is another specific object of this invention to provide

an electrode system which can overcome low voltage break-

down problems in ferroelectric capacitors. It is another

specific object of this invention to provide an electrode

system which can overcome the aging problems in ferro-

electric capacitors.

According to one embodiment of the present invention,

these and other objects are obtained by using a multilayer

electrode system of ceramic electrodes. Ceramic electrodes

have crystal structures similar to the ferroelectrics. This

reduces the lattice mismatch and the work function differ-

ences between the electrode and the ferroelectric. Therefore,

the interface is more stable. By using a multilayer electrode

system of ceramic electrodes as disclosed herein, the com—

positional gradient between the ferroelectric and the elec-

trode is reduced. Hence, the interface state and the compo-

sitional gradient will be altered so as to reduce the migration

of defects and their entrapment thereafter.

In a particular embodiment of the invention, a ferroelec—

tric device is constructed using a bottom electrode composed

of a conducting oxide such as Rqu, on a substrate such as

silicon or silicon dioxide. A ferroelectric material such as

lead zirconate titanate is deposited on the bottom electrode,

and a conducting interlayer is formed at the interface

between the ferroelectric and the electrode. This interlayer is

formed by reaction between the ferroelectric and electrode,

and in this case would be PbZRu207_x. A conductive top

layer is deposited over the ferroelectric. This top layer may

be a metal, or it may be the same kind of materials as the

bottom electrode (conducting oxide), in which case another

interlayer can be formed at the interface. A device con-

structed in this manner has the property oflower degradation

due to fatigue, breakdown, and aging.

BRIEF DESCRIPTION OF THE DRAWINGS

The novel features believed characteristic of the invention

are set forth in the appended claims. The invention itself,

however, as well as other features and advantages thereof,

will be best understood by reference to the detailed descrip-

tion of a specific embodiment, when read in conjunction

with the accompanying drawings, wherein:

FIG. 1 is an elevation view in section of a ferroelectric

device according to one embodiment of the invention;

FIG. 2 is an elevation view in section like FIG. 1 of a

ferroelectric device according to another embodiment of the

invention;

FIG. 3 is an XRD pattern of a ferroelectric device using

the example composition of Si/Rqu/PZT, annealed at vari-
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ous temperatures between 400° C. and 700° C. in 50° C.

intervals for 30 minutes in 02 atmosphere;

FIG. 4 is a diagram of current versus voltage for com-

parison of the breakdown voltages of PZT on bottom elec-

trodes composed of Rqu and Pt;

FIG. 5 is a diagram of polarization versus time, illustrat-

ing accelerated aging properties of PZT on bottom elec-

trodes of Rqu and Pt;

FIG. 6 is a diagram of normal fatigue properties of PZT

on electrodes ofRqu and Pt, under an alternating pulse; and

FIG. 7 is a diagram of polarization versus time, illustrat-

ing the accelerated fatigue properties of PZT on electrodes

of Rqu and Pt, under an alternating pulse.

DESCRIPTION OF SPECIFIC EMBODIMENTS

Referring to FIG. 1, a ferroelectric device is shown

according to one embodiment of the invention. A substrate

10 has a bottom electrode 11 deposited thereon to act as a

conductor for making a connection to other circuit elements

in an integrated circuit. The substrate 10 may be silicon, a

layer of silicon oxide over a silicon chip, gallium arsenide,

etc. Of course, the substrate 10 may be a multilayer structure

having various circuit elements formed on a silicon chip

having layers of silicon oxide, polysilicon, implanted silicon

layers, etc., to form a complex integrated circuit. An inter-

layer 12 is formed on the bottom electrode 11 to reduce

degradation of the ferroelectric material, as will be

described, providing a major feature of the invention. This

interlayer 12 is a conducting compound formed by reaction

of the materials of the ceramic bottom electrode 11 and the

ferroelectric. A layer 13 of ferroelectric material such as lead

zirconate titanate (PZT) is deposited over the interlayer 12

by a method such as that disclosed in copending application

Ser. No. 848,389, filed Mar. 9, 1992, for “Ferroelectric Thin

Films Made by Metallorganic Chemical Vapor Deposition,”

by Seshu B. Desu et a], assigned to the assignee of this

invention. A top electrode 14 is deposited over the ferro-

electric material 13 to provide a connection to other ele-

ments of the integrated circuit. This top electrode is com-

posed of a metal such as Pd, Au, or Ag. In an alternative

embodiment as illustrated in FIG. 2, the top electrode 14 is

composed of the same type of material as the bottom

electrode 11 (conducting oxide) and another interlayer 15 is

formed between the ferroelectric material 13 and the top

electrode 14, thus providing the same function as the inter-

layer 12 at the interface between ferroelectric and bottom

conductor; the construction of the device of FIG. 2 is

otherwise the same as that of FIG. 1.

Existing ferroelectric capacitors are constructed with a

ferroelectric material sandwiched between two metallic

electrodes, i.e., without the interlayers 12 or 15. The disad-

vantage in using such a capacitor structure lies in the

degradation of the ferroelectrics for the reasons discussed

above.

In the multilayer electrode structure according to the

invention, seen in FIGS. 1 and 2, the bottom electrode 11 is

a ceramic conducting oxide (M0,) such as Rqu (Ruthe-

nium oxide), Rer (Rhenium oxide), RhOx (Rhodium

oxide), IrOx (Iridium oxide), OsOx (Osmium oxide), etc., as

listed in Table 1. The ferroelectric material 13, in general,

possesses the perovskite crystal structure which can be

represented by the chemical formula ABO3. The A element

is a large cation like Ba, Pb, Sr, Bi, etc., and the B element

a smaller cation like Ti, Nb, etc., as listed in Table 1. In the

ferroelectric phase the perovskite structure usually adopts
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4

the tertragonal, orthorhombic or rhombohedral structures.

Since the electrode 11 and the ferroelectric 13 are ceramic

oxides they have very similar crystal structures. The lattice

mismatch and the work function differences are reduced.

The top electrode can either be the same as the bottom

electrode 11 as in FIG. 2 (symmetric configuration) or an

electrode of different material as in FIG. 1 (asymmetric

configuration). In the symmetric configuration the interlay-

ers 12 and 15 can be formed by processing the electrode/

ferroelectric/electrode (MOXIABO3/M0x) system at

elevated temperatures while in the asymmetric configuration

the MOJABOE, system is annealed initially to form the

desired ferroelectric phase in layer 13 and in interlayer 12,

followed by the deposition of the top electrode 14. The top

electrode 14 in the case of FIG. 1 can be a metal electrode

and the interlayer 12 is formed only between the bottom

electrode 11 and the ferroelectric layer 13. The formation of

the interlayer 12 or 15 takes place by reaction between the

ferroelectric and the electrode at elevated temperatures. The

temperature at which the interlayer 12 or 15 forms depends

on the ferroelectric and electrode materials under consider-

ation. The interlayer can be represented by the general

formula AZMZOH. For example, consider the case of Lead

Zirconate Titanate (PberTi1_xO3) ferroelectric on Rqu

electrode. Annealing this structure at an elevated tempera-

ture (500° C.) results-in the formation of interlayer Lead

Ruthenate (szRuZOG) due to reaction between PhD (from

the ferroelectric) and the Rqu electrode.

The interlayer 12 or 15 reduces the gradient in chemical

potential between the electrode 11 or 14 and the ferroelectric

13 for the movement and entrapment of defects. Addition-

ally, the interlayer materials usually adopt a pyrochlore

structure and are conducting in nature. The base electrode 11

and the conducting interlayer 12 together constitute the

multilayer electrode system. The bottom electrodes 11 are

usually deposited on a substrate 10 composed of Si, Si/SiO2

(with a metallic interlayer of Ti or Ni for better adhesion),

sapphire, MgO or A1203 substrates. The choice of the

substrate 10 is solely dependent on the final application of

the ferroelectric device and this list of substrates is not

exhaustive. For nonvolatile memory applications Si or

Si/SiO2 substrates are generally used. The deposition of the

electrodes and layers of FIGS. 1 and 2 are accomplished by

any of the common thin film deposition techniques such as

sputtering, chemical vapor deposition, sol-gel, metallorganic

decomposition, electron beam evaporation, etc. As an

example, Rqu has been deposited on various substrates by

the above mentioned techniques (see Krusin-Elbaum et at,

“Conducting Transition Metal Oxides: Possibilities for

RuO2 in VLSI Metallization,” J. Electrochem. Soc.: Solid

State Science and Technology, Vol. 135, No. 10, 1988, p.

2610, and see Green et a1, “Chemical Vapor Deposition of

Ruthenium and Ruthenium Dioxide Films,” J. Electrochem.

Soc., Vol. 132, p. 2677, 1985).

The ferroelectric material 13 is deposited on top of the

bottom electrode 11 by any viable thin film deposition

technique which can provide good uniformity and stoichi-

ometry in the film. The common deposition techniques used

are sol-gel, MOCVD, sputtering, etc. To obtain the required

ferroelectric properties, the material must possess the

desired structure which is usually the perovskite structure.

This structure is obtained either during the deposition itself

or by post deposition annealing depending on the kind of

deposition process used. The above-mentioned copending

application Ser. No. 848,389 gives an example of a depo-

sition method which may be used for the layer 13 of

ferroelectric material.
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Finally, the top electrodes such as Pd, Au, Ag, Pt, etc., are

deposited by using any of the common thin film deposition

techniques like vacuum evaporation, sputtering, etc. The

thickness, uniformity, and composition of the ferroelectric

material and the electrodes are process dependent and the

processing conditions can be varied to obtain the desired

values.

An example embodiment of the invention, using PZT as

the ferroelectric material, Rqu as the bottom electrode, Pd

as the top electrode and PbZRuZOH as the interlayer, is used

as a test vehicle. The Rqu was deposited as the bottom

electrode 11 on Si/SiO2 substrates 10 with a Ti interlayer 16

(for better adhesion of the electrode 11 to the substrate 10).

Other samples had the Rqu deposited on Si substrates 10

separately by reactive ion sputtering. The sputtering was

performed at 150° C. in a vacuum of 2.0 *10‘4 torr. The

ferroelectric layer 13 composed of PberTiMO3 (x=0.53)

was then deposited on the bottom electrode 11 through the

sol-gel method and spin coating. Samples were annealed at

temperatures between 400° C. to 700° C. in intervals of 50°

C. in a controlled O2 atmosphere. X-ray diffraction (XRD)

studies were then conducted on the annealed samples to

identify the phases present.

FIG. 3 shows the X-ray difiraction (XRD) pattern of the

Si/RUOZIPZT samples at various annealing temperatures. It

is evident from the patterns that the PZT perovskite phase

starts forming around 550° C. and the formation is complete

at 600° C. This indicates that the complete ferroelectric

phase forms at 600° C. for this system. Also evident from the

XRD pattern is formation of the pyrochlore PbZRuZOH

phase at around 500° C. This is the interlayer that forms

between the electrode and the ferroelectric. This layer is

conducting and has a resistivity of the order 2*10’4 ohm cm

(see Longo et al, “PbZMZOH ——Preparation and Properties

of Oxygen Deficient Pyrochlores,” Mat. Res. Bull., Vol. 4,

1969, p. 191).

Palladium (Pd) top electrodes 14 were then deposited on

top of the PZT films 13 by electron beam evaporation under

1.5*10‘7 torr vacuum.

Devices made as described above, when tested for fatigue,

breakdown voltage and accelerated aging, exhibit improved

properties. In this testing, the electrical properties of PZT

thin films on Rqu (ceramic) and Pt(metal) bottom elec-

trodes with Si/SiO2 as the substrate and Pd as the top

electrode are compared for the same composition (x=0.53)

and annealing conditions (600° C.), with the results shown

in FIG. 4, where the breakdown voltages of PZT on the

metal and ceramic electrodes are compared. For this case a

47KfQ resistor was used in series to protect the test equip-

ment. The breakdown field for the Pt/PZT system is lower

than the Rqu/PZT system. FIG. 5 compares the effect of

accelerated aging in PZT on Rqu, and Pt electrodes. Under

a DC stress field with the 47K.Q series resistor, the sample

on Rqu shows very little loss in polarization while in the

Pt/PZT sample the loss in polarization with time (aging/

fatigue) is significant. The normal fatigue properties of PZT

films on these electrodes under a test field 150 KV/cm and

using a pulse wave is shown in FIG. 6 and the accelerated

fatigue properties at high frequency are shown in FIG. 7.

Under both these conditions the film does not show any

fatigue on the ceramic Rqu electrode. However, the film

fatigues quite severely on the metal (Pt) electrode.

The data presented in FIGS. 4—7 illustrate that PZT shows

minimal fatigue and aging and higher breakdown voltages

on Rqu electrodes, when compared to Pt electrodes. More

generally, these figures illustrate that ferroelectrics have
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6

minimal degradation problems on ceramic multilayer elec-

trodes according to the invention. This is true for any

embodiment of the system, i.e., for any ceramic bottom

electrode 11 and ferroelectric 13 and under any set of

processing conditions of the electrode and the ferroelectric

(deposition technique, composition of the film and annealing

conditions), provided an interlayer 12 of conducting oxide

forms between the ferroelectric film 13 and the ceramic

electrode 11. For example, in another specific embodiment

of the system, BaTiO3 is used as the ferroelectric layer 13,

Rqu as the electrodes 12 and 14, and BaZRuZOH as the

interlayers 12 and 15. In yet another specific embodiment of

the system, Ba1_xerTi03 is used as the ferroelectric, Rqu

as the electrodes 11 and 14, and Ba1_,‘erRu207_y as the

interlayers 12 and 15. Some examples of the ceramic elec-

trodes 11 or 14, the ferroelectrics layers 13 used and the

interlayers 12 or 15 that can be formed are shown in Table

1, and the materials enumerated in Table 1 are by no means

exhaustive. The list of ferroelectric materials is quite large.

It is possible to form a number of AB'B"O3 and AA'BO3

type of substitutional compounds for use as the ferroelectric

13. PberTi1_ O3 and Ba1_xerTi03 are good examples of

these types of compounds. The interlayer that forms may

adopt the AMO3 kind of structure. For example, SrTiO3

forms perovskite SrRuO3 as the interlayer on Rqu elec-

trodes. As stated earlier, any viable process can be used for

deposition of the films and electrodes. For example, the

process and reaction disclosed in the above-mentioned

copending application Ser. No. 848,389, may be used to

deposit the ferroelectric films. The annealing temperatures

for the various ferroelectric materials to produce the proper

phase and the interlayers 12 and 15 are in the range of about

400° to 700° C., and would be selected by using a number

of temperatures as discussed above then by the X-ray

diffraction (RD) technique (see FIG. 3) to point at which

the proper ferroelectric phase is completed is determined.

While the invention has been described with reference to

a specific embodiment, the description is not meant to be

construed in a limiting sense. Various modifications of the

disclosed embodiment, as well as other embodiments of the

invention, will be apparent to persons skilled in the art upon

reference to this description. It is therefore contemplated that

the appended claims will cover any such modifications or

embodiments which fall within the true scope of the inven—

tion.

 

 

TABLE 1

CERAMIC

ELECTRODE FERROELECFRIC INTERLAYER

Rqu PbTiO3 Pb2Ru207_x

PZT PbZRuZO7~x

BaTiO3 BaZRuzofix

SrTiO3 SrRuO3

Bal_xerTiO3 Ba,_xerRu207.y

Bi,,Ti3012 BizRuZOH.

Sersz7 SrRuO3

LazTi207 La2Ru207_x

Rer PbTiO3 szRe207_x

PZT PbZRe207_x

BaTiO3 BazReZO7_x

SrTiO3 SrRe03

BaHKerTiO3 Bal_XerRe207_y

Bi4Ti3O12 BizRQO-H,

Serb207 SrReO3

LazTi207 LazRe207_x

RhOx PbTiO3 szRh207_x

PZT szhaO7_x

BaTiO3 B'aQRl'1207_x

Sr'l"i03 SrRhO3
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TABLE l-continued

CERAMIC

ELECTRODE FERROELECTRIC INTERLAYER

BaHerTiog Ba1_xerRh207_y

Bi4’l‘i3012 Bith207_x

Serb207 SrRhOa

La213207 La’ZRh207—x

IrOx Pbrio3 Pb21r207_x

PZT Pb2k207—x

BaTio, Ba21r207_x

srrio3 SrIxo3

Bi4Ti3012 1521;on

Serb207 Srlxo,

LazTizO7 La'211'207—x

Ba1_xerTi03 Ba1_xerIr207_y

OsOx PbTiO3 13b20s207_x

PZT Pb20s207_x

BaTiO3 Ba20s207_,,

SrTi03 Sr0503

Bi4Ti3012 Bi20s207_x

Serb207 Sr0s03

LaQTiZO7 La205207_x

Bal_,,Sr,,TiO3 Ba1_,,Sr,,05207_y

 

What is claimed is:

1. A method of making a ferroelectric device comprising

the steps of:

a) depositing a conducting oxide on a substrate to provide

a ceramic electrode;

b) depositing a layer of ferroelectric material on said

ceramic electrode to produce an interface between the

ferroelectric layer and the ceramic electrode;

c) annealing said electrode and said ferroelectric layer to

react the conducting oxide with the ferroelectric layer

to produce a conductive interlayer at the interface; and

d) depositing a conductive top electrode over said layer of

ferroelectric material.

2. A method according to claim 1 wherein said ferroelec-

tric material is selected to react with said ceramic electrode

from the group consisting of lead zirconate titanate and

ferroelecuic compounds of the form ABO3 and AB‘B"O3,
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where Abelongs to the group of Pb, Ba, Bi, Li, La, or Sr, and

where B belongs to the group of Ti, Nb, Ta, Mg, Sn, W, or

Zr.

3. A method according to claim 1 wherein said ceramic

electrode is a conducting oxide selected to react with said

ferroelectric layer from the group consisting ofRqu, Rer,

RhOx, IrOx, and Osox.

4. A method according to claim 1 wherein said conductive

interlayer includes a conducting compound selected from

the group consisting of the compounds of the form A2M206,

AZMZOH and AMO3 which is formed by the reaction

between the ceramic electrode and said ferroelectric mate—

rial, where A is selected from the group consisting of Pb, Ba,

Sr, and La, and where M is selected from the group con-

sisting of Ru, Re, Rh, Ir, and Os.

5. A method according to claim 4 wherein said ceramic

electrode is a conducting oxide selected from the group

consisting of Rqu, Rer, RhOx, IrOx, and OsOx, and

wherein said ferroelectric material is selected from the group

consisting of lead zirconate titanate and ferroelectric com-

pounds of the form ABO3, where A is from the group

consisting of Pb, Ba, Bi, Li, La, and Sr, and where B is from

the group consisting ofTi, Nb, Ta, Mg, Sn, W, and Zr, so that

the ceramic electrode will react with the ferroelectric layer

to produce the conductive interlayer.

6. A method according to claim 1 further including the

step of forming a second interlayer located between said

layer of ferroelectric material and said top layer, said second

interlayer being composed of a conducting compound.

7. A method according to claim 1 wherein said substrate

is composed of a material selected from the group consisting

of silicon, sapphire, silicon oxide, silicon with a silicon

oxide coating, and gallium arsenide.

8. A method according to claim 1 wherein said steps of

depositing are performed by a technique of the class of

sputtering, CVD, sol-gel, electron beam evaporation, met-

allorganic decomposition, and laser ablation.

* * * * *


