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1

HIGH TEMPERATURE ELECTRODE-

BARRIERS FOR FERROELECTRIC AND

OTHER CAPACITOR STRUCTURES

FIELD OF THE INVENTION

The present invention relates to the field of ferroelectric

capacitors and memory devices. and more particularly to a

stacked electrode structure applicable to such devices.

BACKGROUND OF THE INVENTION

Ferroelectric capacitors have attracted considerable atten-

tion as a potential source of non-volatile memory. Expected

benefits are high read/write speed and cycle capacity. and

low voltage requirements. compared to. for example. flash

EEPROMS. Researchers have previously developed a 0.5

pm ferroelectric memory cell technology. and even smaller

memory cells. See S. Onishi et al.. “A Half-Micron Ferro-

electric Memory Cell Technology with Stacked Capacitor

Structure.” IEDM Digest ofTechnical Papers. p. 843 (1996);

K. Shoji et al.. “A 7.03 uszcc/Z-plate Nonvolatile DRAM

Cell With a PthZT/Pt/I‘iN Capacitor Patterned by One—

Mask Dry Etching.” VLSI Tech. Symp. Digest of Technical

Papers. p. 28 (1996). (The contents of all documents referred

to herein are incorporated by reference.)'I'hese memory cells

have used a Pt/TiN/Ti polysilicon plug structure for the

capacitor bottom electrode. A notable drawback of this

structure has been oxidation of TiN surface and subsequent

peeling of Pt fromTiN. This occurs during ferroelectric film

formation at high temperatures as a result of Oxygen pen-

etration to the TiN surface through the Pt layer. Since a

temperature higher than about 600°—700° C. (which is a

“high temperature” as used herein) is requisite to obtain

highly reliable ferroelectric films such as lead zirconate

titanate (PZT) or SrBizTazog (SBT). the development of a

highly stable electrode structure is a key issue to achieve

advanced ferroelectric memories.

Platinum (Pt) has been the material of choice as a thin film

electrode because of its excellent electrical conductivity.

thermal and chemical stability. and good adhesion with

ferroelectric layers. However. Pt reacts with Si at fairly low

temperatures (less than about 400° C.) to form a silicide

layer. Thus. it is necessary to have a SiO2 barrier layer

between the Pt electrode and Si substrate to prevent silicide

formation and subsequent Si diffusion to the ferroelectric

layer. In addition to the SiO2 layer. and additional layer of

Ti has been used to improve the adhesion between the Pt and

SiO2 layers. Even with the Ti interlayer. hillock like forma-

tions are commonly observed on the surface of the Pt films

due to the thermal expansion mismatch between Pt and Si.

during their high temperature processing. These hillocks can

be fairly large (between about 50—100 nm) and can be

extremely detrimental to the properties of the ferroelectric

films. Further. it is well known that P21“ capacitors with Pt

electrodes show a severe progressive decrease in the switch—

ing charge with increasing switching cycles. i.e.. polariza—

tion fatigue. This fatigue has been attributed. among other

reasons. to the domain pinning by the accumulation of space

charge at the PZT/Pt interface. Replacement of the Pt

electrode with conducting oxide electrodes. namely Rqu.

I.a1_xSr,O3(LSCO). YBaz. Cu307_x(YBCO). etc.. has served

in minimizing this problem to an extent. This improvement

has been attributed to a reduced build up of charged defects

at the PZT/oxide interface as well as a better work function

match with PZT. However. oxide electrode/PZT capacitors

show significantly higher leakage currents as compared to

the PM capacitors.
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Multilayer conducting oxide/metal electrodes have been

investigated for improving simultaneously the fatigue as

well as the leakage current properties for PZT thin films.

Previous work has shown LSCO/Pt. RqulPt. and IrOzllr to

have some promise in reducing fatigue and leakage current

properties. However. the leakage current values are still

higher than for Pt. and must be improved. Polarization has

been poor in some cases.

The electrode system for memory applications must have

desired electrical and ferroelectric properties. Further. the

electrode must be able to be integrated within the design of

the memory cell structure. In particular. large scale integra-

tion requires that the electrode of a capacitor be in direct

electrical contact with the source/drain of a transistor in a

one transistor-one capacitor single memory cell. Require-

ments for such an electrode are that it should:

remain electrical conductive after exposure to oxidizing

environment at high temperatures.

prevent oxygen/mobile component of the ferroelectric

film diffusion to the underlying substrate thereby pre-

serving the electrical characteristics of the transistor.

prevent ditfusion of Si to the electrode surface during

processing. and

have no interaction (reaction) with the ferroelectric as

well as the substrate during processing at high tem-

peratures. Pt electrodes and conductive oxide/metal

electrodes do not meet at least one of the above

requirements and so cannot be effectively used in such

a configuration. Ferroelectric systems using PZT and

SBT. and also high dielectric materials such as BST in

conjunction with a Pt/l‘iNlTi/Polysilicon plug for

NVRAM cell structure and with RuOZfI‘iN for DRAM

applications have been investigated. However. during

processing at high temperatures. such as greater than

about 500° C.. the TiN layer is easily oxidized causing

an increase in the electrode resistance and peeling of

the Pt layer due to changing stress states of the Pt/TiN

layer.

An electrode system satisfying the above (and other)

criteria is believed to be unknown in the prior art. The

present invention provides such a device. and hence repre-

sents a significant advance in the art.

SUMMARY OF THE INVENTION

The present invention is a capacitor particularly suited for

ferroelectric memories and DRAMs. as well as other appli-

cations. The capacitor is forrned on a substrate such as

silicon. and may be placed. as one application. in electrical

contact with the source/drain of a transistor to form a

memory cell for large scale device integration.

In one embodiment. the bottom electrode structure is

composed of three layers. which together form an electrode

and diffusion barrier between the substrate and ferroelectric

(or other capacitor dielectric). A bottom layer (closest to the

substrate) is a metal oxide formed of Pt—Rh—Ox. An

intermediate layer is formed of metal Pt—Rh. A top layer

(closest to the ferroelectric) is formed of Pt—Rh——O,,.

A layer of ferroelectric is deposited on this bottom elec-

trode structure.

A top electrode is deposited on the ferroelectric to com-

plete the capacitor. Preferably. the top electrode is formed

identically to the bottom electrode. That is. a layer of

Pt—Rh—Ox is formed directly on the ferroelectric. A layer

of Pt—Rh is formed there-above. A layer of Pt—Rh—Ox is

formed there-above to complete the capacitor structure.
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Other embodiments as set forth below are included within

the scope of the present invention.

The device is preferably formed by RF sputtering, as set

forth below. However. it may be formed by any other

deposition technique. including. for example. any chemical

vapor deposition or sol-gel or physical vapor deposition

process.

A capacitor according to the present invention has excel—

lent ferroelectric and fatigue characteristics. Further. the

electrode acts as an excellent barrier between the ferroelec-

tric and substrate up to high processing temperatures. such

as 700° C.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a schematic of a bottom electrode and ferro-

electric capacitor on a substrate. according to conventional

design.

FIG. 1B is a schematic of a bottom electrode and ferro-

electric capacitor on a substrate. according to an embodi-

ment of the present invention.

FIG. 1C is a schematic similar to FIG. 1B additionally

showing a top electrode.

FIG. 2 is a graph of R138 spectral for an electrode film

according to the present invent(on and for a Pt film. on a

substrate.

FIG. 3 is an XRD pattern of a ferroelectric (PZT) film

deposited on an electrode barrier and substrate according to

the present invention. after annealing.

FIG. 4A is hysteresis curve of a capacitor according to the

present invention.

FIG. 4B is a fatigue plot of a capacitor according to the

present invention.

FIG. Sis a plot of a leakage current versus applied voltage

for both polarities of a capacitor according to the present

invention.

FIG. 6 is a schematic of a general capacitor structure

according to the present invention.

FIG. ‘7 is a schematic of a top electrode according to an

aspect of the invention.

DETAILED DESCRIPTION OF THE

INVENTION

The present invention is a device structure primarily

useful as a capacitor in a ferroelectric memory. and more

particularly of the type in which a capacitor electrode is in

direct electrical contact with the source/drain of a transistor

through a polysilicon plug. Prior art devices have used

separate electrode and difiusion barrier layers requiring

deposition of four or five difl’erent layers.

For example. the prior art device ofFIG. 1Ahas a separate

electrode and difiusion layer. A silicide (TiSi2 orTaSiQ) layer

10 is deposited on a polysilioon plug 8. A layer of TizO (or

Ta) is deposited on the silicide layer 10. A layer of TiN 30

is deposited on layer 20. A layer of Pt 40 is deposited on

layer 30. A layer of Ru02 (or LSCO or 1102) 50 is deposited

on layer 40. Layers 20—50 form a bottom electrode structure.

on which ferroelectric material such as PZI‘ 60 is deposited

As used herein. PZT encompasses undoped and any doped

variant. including doping of Pb. Zi. and Ti. The device can

be situated within a substrate and integrated into a device. Pt

layer 40 andRqu layer 50 are a metal and conducting oxide

theat improve degradation properties of PZT ferroelectric

capacitors. TiSi2 layer 10. Ti layer 20. andTiN layer 30 form

a difi‘usion barrier. The overall device is relatively complex.
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requiring the deposition of four of five different laym‘s;

however. such a design is required due to constraints of

diffusion. oxidation resistance. and adhesion. Even with the

complexity. the device sufl’ers from adhesions problems and

TiN layer 30 oxidation for processing temperatures greater

than about 500° C.

A bottom electrode device according to the present inven-

tion is shown in FIG. 13. The electrode is based on a three

layer structure Pt—Rh—OJPt—Rh/Pt—Rh—Ox, A bottom

metal oxide layer of Pt—Rh—O,r 90 is deposited on a

substrate 80. An intermediate metal layer of Pt—Rh 100 is

deposited on the layer 90. A top metal oxide layer of

Pt—Rh—Ox 110 is deposited on the intermediate layer 90.

A ferroelectric layer such as PZT 120 is deposited on the

metal layer 110. It should be understood that the layers 90.

100. and 1 10 together form a bottom electrode of a capacitor

device.

The above device was formed in an in-situ sputtering

process. The bottom oxide layer 90 is sputtered in an argon

(Ar) and oxygen (02) ambient. The metal layer 100 is

sputtered in pure Ar. The top layer 110 is sputtered in an Ar

and 02 environment. An RF sputter system from Cooke

Vacuum Products was used.

A target of Pt- 10% Rh alloy was used. with dimensions of

a 2 inch diameter and a thickness of 0.125 inches. The

electrodes were deposited at a substrate temperature of 450°

C. at a RF power of 50 W (about 16 W/in2 power density).

The gas pressure used was 5 mTorr for pure Ar sputtering

and 7 mTorr for sputtering in Ar and 02. Ar and 02

sputtering was performed with an Ar:02 ration kept constant

at 20:4 sccm. The deposition times were 3 minutes for the

bottom layer 90. 17 minutes for the intermediate layer 100.

and 6 minutes for the top layer 110. The bottom electrode

structure was deposited on a substrate 80 of single crystal

n+Si(100). Additionally. alternative embodiments were con—

structed with a substrate 30 of n+polysilicon/Si02/Si; and of

Si02/Si.

The substrate 80 was cleaned and degreased for any

surface contamination. The native oxide on the single crystal

Si and poly Si substrates was removed and the surface

H—passivated by using a HF acid treatment. The substrates

were then immediately transferred to the sputter chamber for

bottom electrode deposition to minimize any native oxide

fonnation. Following the bottom electrode deposition. MOD

derived PZT film of the composition PlaZr0_53Tio.,,,703 was

deposited from a metallorganic precursor. See G.Y1 and M.

Sayer. Ceram Bull.. 70. 1173 (1991) for preparation details.

The thickness of the PZT film was determined by spectro—

scopic ellipsometry to be approximately 3000 A. The films

were then annealed at 650° C. for 30 minutes in a quartz tube

furnace under flowing oxygen to accomplish crystallization

of the perovskite phase in the PZT film. Next. the top

electrode was deposited. the top electrode being a Pt——Rh/

thRh—Ox/Pt—Rh layer. More particularly. a Pt—Rh—

0, layer 130 is deposited on the ferroelectric layer 110. A

metal Pt—Rh layer 140 is deposited above layer 130.

Finally. a top Pt——Rh—Ox layer 150 is deposited above layer

140. The top electrode comprises layers 130—150. The top

electrode was deposited under identical vapor deposition

conditions as the bottom electrode. although other condi-

tions could be used. Afterwards. the structure was annealed

at 600° C. for 30 minutes. The top electrode are was

approximately 3.0x10“ cm.

The composition and thickness of the electrode films was

determined using Rutherford Backseattering Spectroscopy

(RBS). Phase formation and orientation of the PZT film was
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studied using X-ray diifraction (XRD). The morphology of

the films was examined using atomic force microscopy

(AFM). The ferroelectric properties (hysteresis and fatigue)

of the capacitor structures were determined by using the

RT66A ferroelectric tester form Radian Technologies of

Albuquerque. NM). The direct current (dc) leakage current

was determined using a Kiethley 617 programmable elec-

trometer. The electrometer was programmed to measure the

steady state leakage current as a function of applied voltage.

Results of the RBS studies on the as deposited electrode

films on Si02/Si substrates confirmed the oxide layer for-

mation as the surface (i.e.. top layer of top electrode) and the

electrode/substrate interface (i.e.. bottom layer of bottom

electrode) due to the reactive sputtering. The composition of

each layer in the electrodes were determined by fitting a

theoretical spectra using a simulation program to the experi-

mental spectrurn until a close match was obtained. The RBS

simulation results confirm that there are three distinct layers

in the deposited films. The bottom layer adjacent to the SiO2

layer is an oxide layer having the atomic composition

PtRh:0=66: 14:20. The intermediate layer is a metal layer of

composition Pt:Rh=87:13. The top oxide layer is an oxide

layer having the composition of Pt:Rh:O=50:20:30. The

thickness of these layers corresponding to the deposition

times set forth above was determined to be 15 um. 50 run.

and 30 nm for the bottom layer. intermediate layer. and top

layer respectively.

The intermediate metal layer deposited in pure Ar atmo—

sphere was enriched in Rh. at 13%. compared to the target.

Rh of 10%. possibly due to the preferential sputtering of Rh

as compared to Pt. Based on the composition results. it has

not been determined whether the film completely mixed

oxide film or a mixture of metal and oxide components. Both

Rh and Pt form conductive oxides. (RhOJr and H02.

however. Rh has a higher affinity for oxygen and is likely to

be oxidized to a greater extent as compared to Pt. This can

result in the preferential segregation of Rh in the oxide

layers as compared to the metallic layer as observed in our

case. The resistivity of the multilayer electrode-barrier films

measured using the four point probe was determined to be in

the range of 18—24 uOhm—cm. indicating that the multilayer

electrodes had comparable resistivities to the metach films.

FIG. 2 shows the RBS spectra of the multilayer electrode

film as well as Pt film on n+Si substrate after annealing at

700° C. for 60 minutes in flowing 02. The results clearly

demonstrate that there is not significant interditfusion

between the Pt—Rh and Si. as compared to the Pt/Si case

(both the Pt and Si edges have shifted considerably). This

indicates that the Pt—Rh—Ox layer acts as an effective

difiusion/reaction barrier up to processing temperatures of at

least 700° C. XRD analysis of the as deposited electrode

films indicate the formation of crystalline Pt—Rh electrode

structure under these deposition conditions. The XRD data

for the multilayer electrode films deposited on Si substrate

did not show any new peaks as compared to Pt correspond-

ing to PM silicides after annealing at 650° C.. demon—

strating the barrier effect of the Pt—Rh—O, layer. Morpho—

logical examination of the electrodes using the AFM showed

that the electrodes have a fine and a very fine grained

structure with an average gain size of approximately 400 A.

In addition. no hillock formation was observed for these

electrodes after annealing at 650° C. and the average surface

roughness (Ra) determined from the AFM data was only

0.68 nm. FIG. 3 shows the XRD pattern for the PZT film

deposited on the bottom electrode/Si(100) structure and

annealed at 650° C. for 30 min in 02 atmosphere. As

observed from the XRD pattern. it appears that the films
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have predominantly crystallized in the ferroelectric perovs-

kite phase. The absence of any peaks of the pyrochlore phase

implies that the remaining pyrochlore phase is within the

detectable limits of the XRD technique. The films do not

appear to have preferred orientation. The PZT films have an

average grain size of approximately 800 Aas observed from

the AFM micrographs.

It is important to note that the extreme smoothness of the

PZT films which have an average roughness Ra value of

only 1.31 nm due to the smooth and fine grained texture of

the underlying electrodes. Ra=0.62 nm. In comparison. films

deposited on Pt electrodes tend to be much rougher and also

have a larger grain size. such as greater than 1000 AThis is

due to the larger grain size and hillock formation of the

under lying Pt electrodes. See J. 0. Olowolfe et al.. J. App.

Phy.. 73. 1764 (1993). Therefore. the multilayer electrodes

according to the present invention has a significant advan-

tage when used for thinner films of PZT compared to the Pt

electrodes.

FIGS. 4A and 4B show the typical hysteresis curve and

the fatigue behavior of the top electrode/PZT/bottom elec-

trode structures of the invention deposited directly on n+Si

(100) substrate annealed at 650° C. for 30 minutes in 02.

The hysteresis loop for these test structures is well saturated

and shows the remanent polarization (Pr) value of around 16

uC/cmz. The coercive fields (Ec) are also low. falling in the

range 30—40 kV/cm. The Pr and Ec values for the capacitors

deposited on n+poly Si/Si02/Si. and SiOzlSi. structures fell

within the same range. The Pr values for PZI‘ films depos—

ited on the multilayer electrodes are lower than the films

deposited on Pt electrodes possibly due to the smaller grain

size of the PZT.

Fatigue tests were performed using an externally gener-

ated square wave with an amplitude of i5 V and a frequency

of 500 kHz. In FIG. 4B. the switched and unswitched charge

is plotted as a function of log cycles applied to the capaci-

tors. Results of the fatigue testing show that there is no

significant fatigue (polarization less than 5%) up to 1011

cycles.

FIG. 5 shows the dependanoe of the dc leakage current on

applied voltage and polarity (either top e1ectrode+or bottom

electrode+). for the test structures on n+Si( 100) substrate.

The leakage current increased very slightly up to applied

filed of 100 kV/cm which is followed by a linear increase up

to applied fields of 500 kV/cm (log J versus 13”2

dependence). This behavior is indicative of either a Poole-

Frankel or Schottky Barrier controlled mechanisms.

However. diiferent values of the leakage current with respect

to a polarity change during measurement implies that the

Schottky barrier is the dominant leakage current mechanism.

The leakage current at applied field of 100 kV/cm (3 V) has

a low value of 2x104 A/cm2 and is comparable to PZT on

Pt electrodes.

Summarizing. a ferroelectric test capacitor having

Pt—Rh——Ox/Pt———RhlPt—Rh—Ox multilayer electrode-

barriers has been deposited on several substrates with excel-

lent ferroelectric and fatigue characteristics. The multilayer

electrode structure acts as an excellent barrier between the

ferroelectric film and the Si substrate up to high processing

temperatures of 700° C. and also significantly improves the

degradation properties of these capacitors. The barrier prop-

erties of the multilayer electrode structure will allow inte—

grated ferroelectric (for example. PZT. SBT) capacitors. and

also high dielectric constant paraelectric) capacitors. for use

in large scale integrated memory cell structures.

Now. it should be understood that the while the above

described device has been constructed with excellent results.
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the present invention is broader than those specific compo-

sitions. A general capacitor device is shown schematically in

FIG. 6. A capacitor is formed on a substrate 200. While

substrate 200 may be of any material suitable for capacitor

formation. particularly preferred substrates are silicon.

germanium. GaAs. and other semiconductors. Ametal oxide

layer 210 is formed on the substrate 200. While the metal

oxide layer 210 may be any metal oxide. it is in one

embodiment most preferably an oxide of a transition metal.

More particularly. the following metals are preferred: any

transition metal. Pd. Pt. Ir. Rh. and Ru. Silver (Ag) is also

a preferred metal. As used anywhere in this document. the

term “metal" includes any alloy or other composition includ-

ing multiple metals. and not merely single element com-

pounds; the term “alloy” may occasionally be used for

additional clarity and not to change the meaning. A metal

layer 220 is deposited on the metal oxide layer 210. The

metal of layer 220 is the same type of metal that is in oxide

form in layer 210; thus the same metals are preferred as set

forth above. A dielectric layer 230 is formed on the metal

layer 220. The dielectric layer 230 is preferably a ferroelec-

tric (e.g.. P21“ and SBT). or another high dielectric material

(e.g.. BST). Layers 210 and 2213 together form the bottom

electrode.

A top electrode 240 is formed on the dielectric 230.

Preferably. the top electrode 240 is of the same metal oxide

and metal layer structure as the bottom electrode. Thus. a

metal layer 242 is formed on the dielectric 230. over which

a metal oxide layer 244 is formed (see FIG. 7). However. a

different top electrode could be used.

An intermediate metal oxide layer (not shown here) may

be used to prevent fatigue. that is particularly useful for the

case where the dielectric 230 is PZT. Thus. a metal oxide

layer is formed between the metal layer 220 and the dielec-

tric 230. In this case. another metal oxide layer is preferably

formed directly above the dielectric 230. which forms an

additional component of the top electrode.

The capacitor structure described above is particularly

useful for FRAMS (non-volatile memories) and DRAMS.

For FRAMS. the following compounds are preferred dielec-

tries:

PbZrl_ Ti‘,,03 (including doped and undoped variants)

SrBizTa1_,‘Nb,,O . and solid solutions;

other ferroelectrics. For DRAMS. the following com-

pounds are preferred dielectrics:

Sr1 _,Ba,,'l‘iOa;

BaBizTa209

other high dielectric constant material.

What is claimed is:

1. A capacitor comprising: a bottom electrode formed on

a substrate. a top electrode. and a dielectric sandwiched

between me bottom and top electrodes;

the bottom electrode comprising a layer of metal oxide

and a layer of metal on the metal oxide. the metal oxide

being formed on said substrate. and the metal the same

type of metal as in the metal layer.
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2. The capacitor of claim 1. wherein the metal is selected

from the group consisting of Pt. II. Rh. Ru. Ag. and alloys

of the same.

3. The capacitor of claim 1. further comprising a second

metal oxide layer sandwiched between said metal layer and

said dielectric.

4. The capacitor of claim 3. wherein the dielectric

includes PZT.

5. The capacitor of claim 1. wherein the top electrode

comprises a metal layer and metal oxide layer formed above

the top electrode metal layer.

6. A capacitor comprising:

a bottom electrode formed on a substrate. a top electrode.

and a dielectric sandwiched between the bottom and

top electrodes;

the bottom electrode comprising a first layer of Pt—Rh—

Ox a second layer of Pt—Rh. and a third layer of

Pt—Rh—Ox. the third layer being adjacent the dielec-

tric.

7. The capacitor of claim 6. wherein the dielectric is a

ferroelectric.

8. The capacitor of claim 7. wherein the top electrode

comprises a first layer of Pt—Rh—O, a second layer of

Pt—Rh. and a third layer of Pt—Rh—Ox. the first layer

being adjacent to the dielectric.

9. The capacitor of claim 6. wherein the bottom electrode

first layer has a thickness of about 15 nm. the bottom

electrode second layer has a thickness of about 50 nm. and

the bottom electrode third layer has a thickness of about 30

nm.

10. The capacitor of claim 6. wherein the bottom electrode

first layer is about Pt—13%Rh.

11. The capacitor of claim 6. wherein the bottom electrode

first layer has an atomic composition of Pt:Rh:O of

66:14:20; the second layer has an atomic composition of

Ptth of about 87:13; and the third layer has an atomic

composition of Ptth:O of about 50:20:30.

12. The capacitor of claim 6. wherein the substrate

comprises at least one of silicon. germanium. GaAs. or

another semiconductor.

13. The capacitor of claim 12. wherein the substrate is

selected from the group consisting of n*Si(100).

n*polysilicon/Si02/Si. and Si02/Si.

14. A DRAM. comprising:

a capacitor having a bottom electrode formed on a

substrate. a top electrode. and a dielectric sandwiched

between the bottom and top electrodes;

the bottom electrode comprising a layer of metal oxide

and a layer of metal on the metal oxide. the metal oxide

being formed on said substrate. and the metal oxide

including the same type of metal as in the metal layer;

wherein the dielectric is selected from the group con-

sisting of SrHBaxTioa. BaBizTazOg. and high dielec-

tric materials.


