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ABSTRACT 

A ferroelectric thin ?lm capacitor has smooth electrodes 
permitting comparatively stronger polarization, less fatigue, 
and less imprint, as the ferroelectric capacitor ages. The 
smooth electrode surfaces are produced by carefully con 
trolled drying, soft baking, and annealing conditions. 
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THIN FILM FERROELECTRIC CAPACITORS 
HAVING IMPROVED MEMORY RETENTION 

THROUGH THE USE OF ESSENTIALLY SMOOTH 
BOTTOM ELECTRODE STRUCTURES 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention pertains to method and appa 
ratus involving thin ?lm ferroelectrics for use in integrated 
circuits. More particularly, a smooth bottom electrode struc 
ture adjacent a ferroelectric thin ?lm layered superlattice 
material improves the memory retention characteristics of a 
ferroelectric capacitor through less imprint and longer 
memory retention time. 

[0003] 2. Statement of the Problem 

[0004] Thin ?lm ferroelectric materials are used in a 
variety of nonvolatile random access memory devices. For 
example, US. Pat. No. 5,600,587 issued to Koike teaches a 
ferroelectric nonvolatile random access memory using 
memory cells consisting of a ferroelectric capacitor and a 
sWitching transistor. US. Pat. No. 5,495,438 issued to 
Omura teaches a ferroelectric memory that is formed of 
ferroelectric capacitors connected in parallel. The capacitors 
have ferroelectric materials of different coercive ?eld values 
and, consequently, can use or store multi-value data. US. 
Pat. No. 5,592,409 issued to Nishimura et al teaches a 
nonvolatile memory including a ferroelectric layer that is 
polarized by the impressed voltage between tWo gates. The 
polariZation or memory storage state is read as a high or loW 
current ?oW across the ferroelectric layer, Which permits 
nondestructive readout. US. Pat. No. 5,539,279 issued to 
Takeuchi et al teaches a high speed one transistor-one 
capacitor ferroelectric memory that sWitches betWeen tWo 
modes of operation including a dynamic random access 
memory (“DRAM”) mode and a ferroelectric random access 
memory (“FERAM”) mode. 

[0005] FIG. 1 depicts an ideal polariZation hysteresis 
curve 100 for ferroelectric thin ?lms. Side 102 of curve 100 
is produced by measuring the charge on a ferroelectric 
capacitor While changing the applied ?eld E from a positive 
value to a negative value. Side 104 of curve 100 is produced 
by measuring the charge on the ferroelectric capacitor While 
changing the applied ?eld E from a negative value to a 
positive value. The points —Ec and Ec are conventionally 
referred to as the coercive ?eld that is required to bring 
polariZation P to Zero. Similarly, the remanent polariZation 
Pr or —Pr is the polariZation in the ferroelectric material at 
a Zero ?eld value. The Pr and —Pr values ideally have the 
same magnitude, but the values are most often different in 
practice. Thus, polariZation measured as 2 Pr is calculated by 
adding the absolute values of the actual Pr and —Pr values 
even though these values may differ in magnitude. The 
spontaneous polariZation values Ps and —Ps are measured by 
extrapolating a linear distal end of the hysteresis loop, e.g., 
end 106, to intersect the polariZation axis. In an ideal 
ferroelectric, Ps equals Pr, but these values differ in actual 
ferroelectrics due to linear dielectric and nonlinear ferro 
electric behavior. A large, boxy, substantially rectangular 
central region 108 shoWs suitability for use as a memory by 
its Wide separation betWeen curves 102 and 104 With respect 
to both coercive ?eld and polariZation. 
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[0006] Presently available ferroelectric materials depart 
from the ideal hysteresis shoWn in FIG. 1. Researchers have 
investigated materials for use in integrated ferroelectric 
devices since the 1970s, but these investigations have not yet 
been commercially successful due to the development of 
materials that depart from the ideal hysteresis. For example, 
US. Pat. No. 3,939,292 issued to Rohrer reports that early 
studies of ferroelectric materials for use in ferroelectric 
memories Were performed on phase III potassium nitrate. In 
practice, it turned out that potassium nitrate materials had 
such loW polariZabilities and Were so badly afflicted by 
fatigue and imprint that the materials Were practically use 
less in microelectronic memories. It is nearly impossible to 
?nd ferroelectrics that meet commercial requirements. The 
best materials for integrated ferroelectric devices are 
sWitched using a coercive ?eld that can be obtained from 
conventional integrated circuit operating voltages, i.e., three 
to ?ve volts (“V”). The materials should have a very high 
polariZation, e.g., one exceeding tWelve to ?fteen micro 
Coulombs per square centimeter (“pC/cmz”) determined as 
2 Pr, to permit the construction of memories having suf? 
cient densities. PolariZation fatigue should be very loW or 
nonexistent. Furthermore, the ferroelectric material should 
not imprint, i.e., the hysteresis curve should not shift to favor 
a positive or negative coercive ?eld. 

[0007] FIG. 2 depicts the effects of environmental stress 
on hysteresis curve 100. Curve 200 shoWs the effect of 
fatigue on curve 100. Fatigue reduces the separation 
betWeen curves 102 and 104 de?ning central region 108. 
Central region 108 progressively becomes smaller and 
smaller With additional fatigue. This change in separation is 
due to the creation of point charge defects arising in the 
ferroelectric material as a consequence of polariZation 
sWitching together With the associated screening effect of the 
charge defects on the applied ?eld. Thus, fatigue causes the 
ferroelectric material to Wear out over time due to repeated 
polariZation sWitching. 
[0008] US. Pat. No. 5,519,234 issued to Araujo et al 
teaches that the fatigue problem of curve 200 is substantially 
overcome by the use of layered super-lattice materials, such 
as the “layered perovskite-like” materials described in Smo 
lenskii et al “Ferroelectrics and Related Materials,” Gordon 
and Breach (1984). The layered superlattice materials are 
capable of providing a thin ?lm ferroelectric material 
Wherein the polariZation state may be sWitched up to at least 
109 times With less than thirty percent fatigue. This level of 
fatigue endurance provides a signi?cant advance in the art 
because it is at least about three orders of magnitude better 
than the fatigue endurance of other ferroelectrics, e.g., lead 
Zirconium titanate (“PZT”) or lead lanthanum Zirconium 
titanate (“PLZT”). Prior layered superlattice material Work 
has been done primarily With the use of a Pt/Ti bottom 
electrode and layered superlattice material ?lms on the order 
of 1800 A thick. The titanium is used as an adhesion layer 
to prevent peeling of the electrode from the substrate. 

[0009] According to section 15.3 of the Smolenskii book, 
the layered perovskite-like materials or layered superlattice 
materials can be classi?ed under three general types: 

[0010] (A) compounds having the formula Am_1 
Bi2MmO3m+3, Where A=Bi3+, Ba“, Sr“, Ca2+, Pb2+, 
K", Na+ and other ions of comparable siZe, and 
M=Ti4+, Nb5+, Ta5+, M06", W6", Fe3+ and other ions 
that occupy oxygen octahedra; 
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[0011] (B) compounds having the formula Am+1 
MmO3m+1, including compounds such as strontium 
titanates Sr2TiO4, Sr3Ti2O7 and Sr4Ti3O1O; and 

[0012] (C) compounds having the formula 
AmMmO3m+2, including compounds such as 
Sr2Nb2O7, La2Ti2O7, Sr5TiNb4O17, and 
Sr6Ti2Nb4O2O. 

[0013] Smolenskii pointed out that the perovskite-like 
layers may have different thicknesses, depending on the 
value of m, and that the perovskite AMO3 is in principal the 
limiting eXample of any type of layered perovskite-like 
structure With m=in?nity. Smolenskii also noted that if the 
layer With minimum thickness (m=1) is denoted by P and the 
bismuth-oxygen layer is denoted by B, then the type I 
compounds may be described as . . . BPmBPrn . . . Further 

Smolenskii noted that if m is a fractional number then the 
lattice contains perovskite-like layers of various thicknesses, 
and that all the knoWn type I compounds are ferroelectrics. 

[0014] Despite the tremendous improvements in loW 
fatigue ferroelectrics attributable to layered superlattice 
materials, there remains an imprint problem that is typi?ed 
by curve 202 of FIG. 2. Curve 202 shoWs that environmen 
tal stresses can imprint curve 100 by shifting it to the right 
or left. This imprinting occurs When the ferroelectric mate 
rial is subjected to repetitive unidirectional voltage pulses. 
Some imprinting also occurs as a result of normal hysteresis 
sWitching. The ferroelectric material retains a residual polar 
iZation or bias that shifts sides 102 and 104 in a positive or 
negative direction With respect to the applied ?eld. Thus, 
curve 202 has been shifted in a positive direction 204 by 
repeated negative pulsing of a ferroelectric capacitor. A shift 
in the opposite direction could also occur due repetitive 
pulsing by opposite voltage. This type of pulsing represents 
What happens to the ferroelectric materials as a consequence 
of repeated unidirectional voltage cycling, such as the sense 
operations in FERAMs. Imprint can be so severe that the 
ferroelectric material can no longer retain a polariZation 
state corresponding to a logical 1 or 0 value. 

[0015] Us. Pat. No. 5,592,410 issued to Verhaeghe refers 
to the ferroelectric imprint phenomenon as ‘compensation’. 
The ’410 patent teaches that the imprint problem can be 
reversed by pulsing voltage during the Write cycle to return 
the hysteresis loop toWards the unimprinted position of 
curve 100, as compared to curve 202. Thus, the imprint 
problem is reversed by special Write operations in Which the 
pulsed voltage is opposite the sWitching voltage. Still, the 
recommended voltage pulsing does not address the entire 
problem because the imprint phenomenon is a partially 
irreversible one. The observed imprinting re?ects corre 
sponding changes in microstructure of the ferroelectric 
crystal, e.g., the creation of point charge defects With asso 
ciated trapping of polariZed crystal domains. These changes 
in microstructure are not all reversible. 

[0016] FIG. 3 depicts the deleterious effects of fatigue and 
imprinting on ferroelectric memory read/Write control 
operations. Memory control logic circuits require a mini 
mum polariZation separation WindoW, Which is represented 
by shaded region 300. Region 300 must be large enough to 
produce a suf?cient read-out charge for memory operations, 
e.g., for the operation of memory sense ampli?er circuits. An 
initial 2 Pr separation WindoW 302 declines over the lifetime 
of the ferroelectric memory device along tracks 304 and 306 
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until, after about ten years or so of constant normal use, the 
separation betWeen tracks 304 and 306 is too small for 
conducting memory operations. This lifetime of normal use 
folloWs stress time line 308. Curve 310 is a polariZation 
hysteresis curve from the same material that produced curve 
100, but is measured on decline at a point in time along 
tracks 304 and 306. The remanent polariZation values Rms 
and Rmn correspond to +Pr and —Pr for the fatigued and 
imprinted material. Rms and Rmn are de?ned as remanent 
polariZation at Zero ?eld in the fatigued hysteresis curve 310. 
ArroW 312 shoWs a quantity of positive polariZation reten 
tion loss, Which is primarily due to fatigue. ArroW 314 shoWs 
a quantity of negative polariZation imprint loss, Which is 
primarily caused by imprint shifting of curve 312 relative to 
curve 100. ArroW 316 shoWs a quantity of voltage center 
shifting of curve 312 relative to curve 100. This voltage 
center shifting indicates imprinting of the ferroelectric mate 
rial. 

[0017] There remains a need for ferroelectric thin ?lm 
capacitors that resist fatigue Well, have long memory reten 
tion times, and are substantially free of the imprint problem. 

SOLUTION 

[0018] It has been discovered that the imprint phenom 
enon represented as curve 202 in FIG. 2 is affected by 
surface irregularities on the ferroelectric ?lm, e.g., those 
corresponding to hillocks on the bottom electrode in a thin 
?lm ferroelectric capacitor device or similar surface irregu 
larities on the top of the ferroelectric ?lm. In particular, the 
prior art Pt/Ti bottom electrodes form sharp hillocks that are 
especially prone to increase the amount of imprinting. Thus, 
ferroelectric capacitors having electrodes With sharp irregu 
larities offer inferior electronic performance in integrated 
memories. 

[0019] The present invention overcomes the problems 
outlined above by providing an essentially smooth or hill 
ock-free bottom electrode for use in combination With 
layered superlattice materials. The ferroelectric materials are 
specially processed in deposition to present a similarly 
smooth surface for receipt of a top electrode. The layered 
superlattice materials resist fatigue Well and their conformity 
to the smooth bottom electrode improves their imprint 
performance in integrated ferroelectric memories, such as 
FERAMs. 

[0020] The smooth electrodes also permit the use of 
increasingly thinner ?lms of layered superlattice materials 
Without shorting of the ferroelectric capacitors. The thin 
?lms shoW a surprising improvement in their memory 
retention WindoWs because memory retention WindoWs in 
the thinner materials can have a greater magnitude than 
eXists in comparable thicker materials. One Would eXpect 
just the opposite effect because a greater number of oriented 
ferroelectric domains in the thicker materials should provide 
a greater cumulative polariZation effect, but this greater 
cumulative polariZation effect is not observed in practice. 
Thus, the use of smooth electrodes and thin ?lms permits the 
construction of much better ferroelectric memories. 

[0021] A thin ?lm ferroelectric capacitor according to the 
present invention includes a bottom electrode having a ?rst 
smooth surface, a ferroelectric thin ?lm layered superlattice 
material, and a top electrode having a second smooth 
surface. The most preferred layered superlattice materials 
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are strontium bismuth tantalate and strontium bismuth nio 
bium tantalate. The ferroelectric thin ?lm layered superlat 
tice material contacts the smooth surfaces of the electrodes 
and has a thickness ranging from 500 A to 2300 Asmooth 
surface on one of the electrodes is hereby de?ned as one in 
Which all surface irregularity features protruding toWards the 
thin ?lm ferroelectric layered superlattice material protrude 
a distance less than tWenty percent of the thickness in the 
ferroelectric thin ?lm layered superlattice material thick 
ness. It is also preferred that substantially all of the surface 
irregularities on the smooth electrode are rounded and 
essentially free of acute angles. Another Way of de?ning a 
smooth surface is that the surface is smoother, i.e., having 
surface irregularities that are less sharp, less tall, and less 
numerous, than the surface irregularities of a comparable 
2000 A/200 A thick Pt/Ti stacked electrode deposited on 
silicon Which has been annealed While exposed to oxygen at 
500° C. to 800° C. for one hour. 

[0022] Ferroelectric thin ?lm layered superlattice materi 
als for use in the invention typically have thicknesses 
ranging from 500 A to 2300 Thicknesses above this range 
are also useful, though they are seldom needed. A more 
preferred range of layered superlattice material thickness is 
from 500 A to 1100 This range is even more preferably 
from 500 A to 1000 A, and is most preferably from 500 A 
to 800 A. The prior art does not shoW layered superlattice 
materials having these small thicknesses Which are less than 
about 1300 A. 

[0023] Ferroelectric capacitors of the invention demon 
strate superior electronic performance. For example, the 
ferroelectric thin ?lm layered superlattice material is capable 
of providing a 3 V polariZation or charge separation WindoW 
of at least 7 ptC/cm2 after being fatigued by 1010 cycles of 6 
V square Wave sWitching at 125° C. These 6V sWitching 
pulses are very high, as compared to normal integrated 
circuit operating voltages and, consequently, tend to accel 
erate fatigue. The 7 ptC/cm2 separation WindoW is suf?cient 
for proper interaction With conventional integrated memory 
control logic circuits. The separation WindoW increases as 
?lm thickness decreases doWn to about 500 Layered 
superlattice material ?lms thinner than about 500 A crys 
talliZe differently and shoW porosity along grain or domain 
boundaries, Which makes them unsuitable for use in ferro 
electric capacitors. 

[0024] Another aspect of superior electronic performance 
in the ferroelectric thin ?lm layered superlattice materials 
according to the invention is superior resistance to imprint 
ing. The ferroelectric thin ?lm layered superlattice materials 
are also capable of demonstrating a hysteresis shift of less 
than 0.11 V corresponding to the 3 V polariZation separation 
WindoW after 1010 cycles of 6 V square Wave sWitching, as 
described above. 

[0025] Yet another aspect of superior electronic perfor 
mance is the development of ultra thin ferroelectric layered 
superlattice material ?lms that are essentially fatigue free. 
The use of smooth electrodes permits the use of ferroelectric 
thin ?lms having less than about 2% of 2 Pr degradation 
after being sWitched 1010 cycles using a 1.5 V triangular 
Wave at 10,0000 HZ. This exceptional ferroelectric perfor 
mance comes from ultra thin ?lms, e.g., those ranging from 
500 A to 800 A in thickness. 
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[0026] In a preferred embodiment, the bottom electrode 
includes a platinum layer deposited on a titanium dioxide 
layer. 
[0027] In another preferred embodiment, the bottom elec 
trode includes a platinum layer deposited on a metal nitride, 
e.g., TiN, diffusion barrier layer on a titanium adhesion 
layer. 
[0028] In less preferred embodiments, the bottom elec 
trode includes a platinum layer on a titanium adhesion layer. 
These embodiments are less preferred because additional 
processing is required to provide a bottom electrode that is 
essentially free of sharp hillocks. Copending application Ser. 
Nos. 08/427,897 ?led Apr. 26,1995, and 08/473,432 ?led 
Jun. 7, 1995, shoW methods of making Pt/Ti stacked elec 
trodes having essentially smooth surfaces, and are hereby 
incorporated by reference to the same extent as though fully 
disclosed herein. The ’897 and ’432 applications are com 
monly oWned With the present application. The ’897 appli 
cation teaches an electrode having an intermetallic barrier 
region formed of titanium adhesion metal and platinum. The 
metals are annealed at 600° C. to 800° C. for 30 minutes to 
2 hours under a temporary capping layer of metal oxide, 
Which is subsequently removed by an HF enchant and 
replaced by a second platinum layer. The ’432 application 
teaches the use of a layered superlattice material thermal 
stress buffer layer interposed betWeen the Pt/Ti stacked 
bottom electrode and the underlying substrate, e.g., a silicon 
Wafer. The top electrode is preferably platinum. 

[0029] The process of making the ferroelectric capacitors 
includes careful control of thermal process conditions. A 
smooth bottom electrode is formed Wherein substantially all 
surface irregularity features on a bottom electrode are 
rounded and essentially free of acute angles. This smooth 
ness derives from a proper selection of materials and anneal 
temperatures. For example, the need for smoothness requires 
a platinum on titanium dioxide electrode to be annealed 
under oxygen at a temperature of not more than almost 
exactly 450° C. 

[0030] A liquid precursor is deposited on the bottom 
electrode to provide a precursor ?lm. The precursor ?lm is 
capable of yielding a ferroelectric layered superlattice mate 
rial upon drying and annealing of the precursor ?lm. Drying 
of the precursor ?lm is done at a temperature less than 400° 
C. to provide a dried precursor residue. The dried precursor 
residue is soft baked using rapid thermal processing (“RTP”) 
at an RTP temperature ranging from 525° C. to 725° C. for 
a period of time ranging from thirty seconds to ?ve minutes. 
The RTP temperature more preferably ranges from 625° C. 
to 650° C., and is most preferably 650° C., Which is the 
highest temperature that consistently produces a smooth 
upper surface on the resultant soft baked precursor residue. 
The soft baked precursor residue is annealed in a diffusion 
furnace under oxygen at an anneal temperature ranging from 
500° C. to 650° C. The anneal temperature more preferably 
ranges from 520° C. to 560° C., and is most preferably 550° 
C., Which is just barely suf?cient to crystalliZe the ferro 
electric layered superlattice material from the soft baked 
precursor residue. 

[0031] Other features, objects, and advantages Will 
become apparent to those skilled in the art upon reading the 
detailed description beloW in combination With the accom 
panying draWings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0032] FIG. 1 depicts an idealized conventional ferroelec 
tric polarization hysteresis curve With reference to conven 
tional nomenclature used to describe aspects of the curve; 

[0033] FIG. 2 depicts the idealiZed FIG. 1 curve adjacent 
other curves demonstrating polariZation fatigue and polar 
iZation imprint problems; 

[0034] FIG. 3 depicts a schematic representation of the 
problems that memory control circuitry faces When the 
ferroelectric materials in ferroelectric memories degrades 
due to fatigue and imprint problems; 

[0035] FIG. 4 depicts a ferroelectric capacitor having 
essentially smooth electrodes according to the present inven 
tion; 
[0036] FIG. 5 depicts a circuit diagram of an integrated 
circuit memory Which is a preferred use of the FIG. 4 
ferroelectric capacitor; 

[0037] FIG. 6 depicts a circuit diagram of an individual 
integrated circuit non-volatile memory cell such as may be 
used in the memory of FIG. 5 and utiliZing the FIG. 4 
ferroelectric capacitor; 

[0038] FIG. 7 depicts a layered construction shoWing hoW 
individual memory cells may be implemented in an inte 
grated circuit memory corresponding to FIGS. 5 and 6; 

[0039] FIG. 8 depicts a schematic process diagram for use 
in making a memory cell corresponding to the FIG. 7 
layered construction; 
[0040] FIG. 9 depicts a process for testing ferroelectric 
fatigue and imprint together With memory retention over 
time; 
[0041] FIG. 10 depicts a comparison of an imprint indi 
cator among several ferroelectric capacitors that Were pre 
pared according to different process conditions; 

[0042] FIG. 11 depicts a polariZation hysteresis curve 
obtained from an ultra thin ferroelectric capacitor that Was 
produced according to the present invention; 

[0043] FIG. 12 depicts a polariZation fatigue endurance 
curve that Was obtained from the sample used in the hys 
teresis measurement of FIG. 11; 

[0044] FIG. 13 depicts a scanning electron microscopic 
photograph of a rough bottom electrode that is undesirable 
for use in the present invention; and 

[0045] FIG. 14 depicts a transmission electron micro 
scopic photograph of a thin ?lm ferroelectric layered super 
lattice material on a smooth bottom electrode for use accord 
ing to the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0046] FIG. 4 depicts a preferred ferroelectric capacitor 
400 according to the invention. A conventional Wafer 402 
supports ferroelectric capacitor 400, and is preferably a 
silicon Wafer, but may also be any other conventional 
material including at least indium antimonide, magnesium 
oxide, strontium titanate, sapphire, quartZ ruby, gallium 
arsenide, and combinations of these materials. A ?rst isola 
tion layer 404 of silicon dioXide, e.g., at least about 2000 A 
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thick, is preferably formed atop a silicon Wafer 402. An 
adhesion layer 406 is made of titanium dioXide, Which is 
also preferably about 1000 A thick, folloWed by a 3000 A 
thick platinum layer 410. A diffusion barrier layer 408 of 
about 1500 A thick titanium nitride is optionally formed, 
atop the adhesion layer 406. Where the diffusion barrier 
layer 408 is used, adhesion layer 406 may comprise a 200 A 
thickness of sputtered titanium, and platinum layer 410 may 
be 1500 A thick. 

[0047] Layers 406, 408, and 410 comprise bottom elec 
trode 412, Which presents a ?rst smooth upper surface 414 
having a plurality of surface irregularities, e.g., irregularities 
416 and 418. A surface irregularity is hereby de?ned as a 
structural feature on the surface of an electrode that breaks 
What Would, otherWise, be a smooth and uninterrupted How 
of the electrode according to an intended contour. Examples 
of surface features include sharp or acute hillocks, small 
rounded mounds, and small rounded pits, in What is intended 
to be an essentially planar electrode surface. The thin ?lm 
surface features or irregularities are visible at high magni 
?cation under scanning electron microscopic observation. 
The surface irregularities 416 and 418 are all rounded and 
essentially free of acute angles of the type that may be 
observed in hillocks on conventional Pt/T i electrodes. 

[0048] Alternative smooth electrode structures may be 
substituted for the bottom structures include Pt/Ti and 
Pt/SiO2 stacked electrodes. Pt/Ti electrodes are generally 
undesirable because they are too rough unless they are made 
by the special processes described in copending applications 
Ser. Nos. 08/427,897 and 08/473,432. Any smooth electrode 
may be used as bottom electrode 412, and it Will be 
understood that additional layers or feWer layers may be 
added to the eXample structure shoWn in FIG. 4, as required 
for Whatever reason so long as the bottom electrode remains 
essentially smooth. Smoothness is especially needed for 
preventing spikes on the bottom electrode 412 from causing 
shorts through ferroelectric capacitor 400. Electrode 
smoothness also prevents surface irregularities from causing 
point charge or line defects in the thin ?lm ferroelectric 
layered superlattice material layer 420. 
[0049] A thin ?lm ferroelectric layered superlattice mate 
rial layer 420 contacts ?rst smooth surface 414. Substan 
tially none of the surface irregularities 416 and 418 on ?rst 
smooth surface 414 protrude vertically toWards ferroelectric 
layer 420 a distance greater than tWenty percent of the 
vertical thickness in layer 414. It is even more preferable 
that these surface irregularities protrude less than fourteen 
percent. 
[0050] A2000 A thick platinum top electrode 422 presents 
a second smooth surface 424 having a plurality of associated 
surface irregularities, e.g., irregularity 426. The surface 
irregularities 426 are all rounded and essentially free of 
acute angles of the type that may be observed in the hillocks 
of a conventional Pt/T i stacked electrode. Substantially none 
of the surface features 416 and 418 on ?rst smooth surface 
414 protrude vertically toWards ferroelectric layer 420 a 
distance greater than tWenty percent of the vertical thickness 
in layer 414. Ferroelectric layer 420 conforms to ?rst surface 
414 and second surface 426 at the corresponding contact 
interfaces betWeen ferroelectric layer 420, platinum layer 
410 and top electrode 422. 

[0051] There are tWo main reasons Why the surface irregu 
larities 416, 418, and 426 do not protrude into ferroelectric 
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layer 420 a distance greater than twenty percent of the 
thickness in ferroelectric layer 420. The ?rst reason involves 
breakdown voltage. The layered superlattice materials that 
have been studied thus far have breakdown voltages of about 
one MV/cm, i.e., from 0.9 MV to 1.1 MV. Thus, about 100 
A of layered superlattice material are needed to withstand 1 
V without breakdown. It follows that two irregularities could 
be superposed over one another between the electrodes, e.g., 
as surface irregularity 426 in substantial alignment with 
surface irregularity 416. Complete polariZation of ferroelec 
tric layer 420 cannot happen if breakdown occurs. Thus, at 
least 150 A of layered superlattice material are needed to 
withstand a 1.5 V potential between electrodes 412 and 422. 
A 500 A thick ferroelectric layer 420 that is designed to 
operate at 3 V requires a 300 A thickness. Thus, a hillock can 
protrude only 200 A into ferroelectric layer 420. The 200 A 
equals forty percent (200/500=40%) of the 500 A thickness 
in layer 420. About half of this value, i.e., twenty percent, is 
required for each electrode because the surface irregularities 
may be in vertical alignment across the respective elec 
trodes. 

[0052] The second reason involves a need to avoid 
imprinting ferroelectric layer 420. It has been determined 
from qualitative scanning electron microscopic data that 
surface irregularities of larger height have a greater effect in 
imprinting ferroelectric layers, such as ferroelectric layer 
420, which contact electrodes having these large surface 
irregularities. Thus, the requirement that surface irregulari 
ties on each electrode protrude less than twenty percent into 
ferroelectric layer 420 is more preferably less than fourteen 
percent and even more preferably less than seven percent, 
though it is dif?cult to make seven percent electrodes for use 
with 500 A and 600 A thick ferroelectric layers 420. 

[0053] Ferroelectric capacitor device 400 forms part of an 
integrated memory circuit in the intended environment of 
use. Those skilled in the art understand that ferroelectric 
capacitor devices have additional uses including use as 
ferroelectric transistor gates and logic circuits. 

[0054] FIG. 5 is a block diagram illustrating an exemplary 
integrated circuit memory 500 in which ferroelectric switch 
ing capacitors or high dielectric constant capacitors made 
with the materials of the invention are utiliZed. For simplic 
ity, the embodiment shown is for a 16 kilo bit (“16 K”) 
DRAM; however the material may be utiliZed in a wide 
variety of siZes and types of memories, both volatile and 
non-volatile. In the 16K embodiment shown, there are seven 
address input lines 502 which connect to a row address 
register 504 and a column address register 506. The row 
address register 504 is connected to row decoder 508 via 
seven lines 510, and the column address register 506 is 
connected to a column decoder/data input output multiplexer 
512 via seven lines 514. The row decoder 508 is connected 
to a 128x128 memory cell array 516 via 128 lines 518, and 
the column decoder/data input output multiplexer 512 is 
connected to the sense ampli?ers 520 and memory cell array 
516 via 128 lines 522. A RAS* signal line 524 is connected 
to the row address register 504, row decoder 508, and 
column decoder/data input/output multiplexer 512, while a 
CAS* signal line 526 is connected to the column address 
register 506 and column decoder/data input output multi 
plexer 512. (In the discussion herein, a* indicates the inverse 
of a signal.) An input/output data line 528 is connected to the 
column decoder/data input output multiplexer 512. Memory 
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cell array 516 contains 128x128=16,384 memory cells, 
which is conventionally designated as 16K. These cells are 
ferroelectric switching capacitor-based cells according to the 
present invention. 

[0055] FIG. 6 depicts a ferroelectric capacitor-based 
switching cell 600. Cell 600 includes two electrically inter 
connected electrical devices, namely, a transistor 602 and a 
ferroelectric switching capacitor 400. The gate 606 of tran 
sistor 602 is connected to line 518A, which is one of the 
lines 518 (see FIG. 5) which are generally called “word 
lines”. Source/drain 608 of transistor 602 is connected to 
line 522A, which is one of lines 522 that are generally called 
“bit lines”. The other source/drain 610 of transistor 602 is 
connected to bottom electrode 412 of switching capacitor 
400. The top electrode 422 of switching capacitor 400 is 
connected to line 616 which is connected to a reference 
voltage Vref. 

[0056] Cell 600 may be fabricated as an integrated circuit 
FERAM, as shown in FIG. 7. The individual elements just 
described in connection with FIG. 6 are labeled with the 
same numbers in FIG. 6. As shown in FIG. 7, memory cell 
600 includes a thin ?lm ferroelectric layer 420. Wafer 402 is 
doped to provide source/drain regions 608 and 610. Layer 
706 is an additional isolation layer that is preferably made of 
spin-on glass, or other phosphorous-doped or non-doped 
silicon dioxide. Bottom electrode 412 is constructed as 
described in the discussion of FIG. 4. Bit line 522A is 
preferably made of platinum, or aluminum. 

[0057] The operation of the memory in FIGS. 5 through 
7 is as follows. Row address signalsAO through A6 (see FIG. 
5) and column address signals A7 through A13 placed on 
lines 502 are multiplexed by address registers 524 and 526 
utiliZing the RAS* and CAS* signals, and passed to the row 
decoder 508 and column decoder/data input/output multi 
plexer 512, respectively. The row decoder 508 places a high 
signal on the one of the wordlines 518 that is addressed. The 
column decoder/data input output multiplexer 518 either 
places the data signal which is input on line 528 on the one 
of the bit lines 522 corresponding to the column address, or 
outputs on the data line 528 the signal on the one of the bit 
lines 522 corresponding to the column address, depending 
on whether the function is a write or read function. As is 
known in the art, the read function is triggered when the 
RAS* signal precedes the CAS* signal, and the write 
function is triggered when the CAS* signal comes before the 
RAS* signal. The transistors 602 in the respective cells 600 
connected to the word line that is high turn on, permitting the 
data signal on the bit line 522A to be read into the capacitor 
400 or the signal on the capacitor 400 to be output on the bit 
line 522A, depending on whether the read or write function 
is implemented. As is well-known in the art, the sense 
ampli?ers 520 are located along lines 522 to amplify the 
signals on the lines. Other logic required or useful to carry 
out the functions outlined above as well as other known 
memory functions is also included in the memory 500, but 
is not shown or discussed as it is not directly applicable to 
the invention. 

[0058] As outlined above, the RAS* and CAS* lines 524 
and 526; registers 504 and 506; the decoders 508 and 510; 
and the transistor 602 comprise an information write means 
618 (see FIG. 6) for placing the memory cell 600 in a ?rst 
memory state or a second memory state depending upon 



US 2001/0041373 A1 

information input to the memory on data line 528. The ?rst 
memory cell state corresponds to layer 420 of ferroelectric 
material being in a ?rst polarization state, and the second 
memory cell state corresponds to the layer 420 being in a 
second polariZation state. These components plus sense 
ampli?ers 520 comprise an information read means 620 for 
sensing the state of memory cell 600 and providing an 
electrical signal corresponding to the state. The necessity of 
sensing the polariZation state of thin ?lm ferroelectric layer 
420 causes information read means to subject thin ?lm 
ferroelectric layer 420 to repeat unidirectional voltage 
pulses. 
[0059] Thin ?lm ferroelectric layer 420 is preferably 
formed using a liquid deposition process, such as the process 
described in US. Pat. No. 5,423,285, Which is hereby 
incorporated by reference to the same extent as though fully 
disclosed herein. 

[0060] FIG. 8 depicts a schematic process diagram of 
process P800 for fabricating memory cell 600 of the present 
invention. In step P802, Wafer 402 is made ready by con 
ventional means to receive thin ?lm ferroelectric layer 420. 
Accordingly, a silicon Wafer 402 may be heated in an 
oxygen diffusion furnace to groW oxide layer 404. A contact 
hole 707 may be formed through oxide layer 404 by ion 
etching or other techniques to expose Wafer 402, Which is 
then n or p-doped by conventional means to provide source/ 
drain regions 608 and 610. Transistor gate 606 is formed by 
conventional means. Isolation layer 706 may be deposited as 
spin-on glass or other phosphorous-doped or non-doped 
silicon dioxide by conventional chemical vapor deposition. 

[0061] Bottom electrode 412 is formed in step P804. 
Titanium dioxide is formed by ?rst sputtering titanium to a 
thickness ranging from 500 A to 1500 A folloWed by oxygen 
annealing in a diffusion furnace at 500° C. to 700° C. for a 
minimum of tWo hours including a tWenty tWo minute ramp 
into the furnace and a tWenty tWo minute ramp out of the 

furnace. Platinum is then sputtered to a thickness of 3000 Alternatively, the platinum may be sputtered directly onto 

the Wafer, but platinum electrodes sputtered in this manner 
sometime peel aWay in later process steps When the capaci 
tor area is large. Yet another preferred alternative is to 
sputter respective titanium (200 A), titanium nitride (500 
1500 A), and simultaneously anneal the sputter-eposited 
layers in a diffusion furnace under a nitrogen atmosphere at 
400°0 C. to 450° C. for a minimum of tWo hours including 
a tWenty tWo minute ramp into the furnace and a tWenty tWo 

minute ramp out of the furnace. Platinum (1000 to 2000 is then sputtered and annealed in a substantially identical 

manner to complete the bottom electrode. 

[0062] Step P806 includes the preparation of a liquid 
precursor. It is preferred to use a metal alkoxycarboxylate 
precursor that is prepared according to the reactions: 

[0063] (2) alkoxides- M+n+nR—OH>M(—O—R)n+ 
n/2H2; 

[0064] (3) carboxylates-M+n+n(R—COOH)>M(— 
OOC—R)n+n/2H2; and 
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[0068] Where M is a metal cation having a charge of n; b 
is a number of moles of carboxylic acid ranging from 0 to 
n; R‘ is preferably an alkyl group having from 4 to 15 carbon 
atoms; R is an alkyl group having from 3 to 9 carbon atoms; 
R“ is an alkyl group preferably having from about Zero to 
sixteen carbons; and a, b, and X are integers denoting relative 
quantities of corresponding substituents that satisfy the 
respective valence states of M and M‘. M and M‘ are 
preferably selected from the group consisting of strontium, 
bismuth, niobium and tantalum. The exemplary discussion 
of the reaction process given above is generaliZed and, 
therefore, non-limiting. The speci?c reactions that occur 
depend on the metals, alcohols, and carboxylic acids used, 
as Well as the amount of heat that is applied. A detailed 
example of step P806 is provided beloW as Example 1. 

[0069] Areaction mixture including an alcohol, a carboxy 
lic acid, and the metals, is re?uxed at a temperature ranging 
from about 70° C. to 200° C. for one to tWo days, in order 
to facilitate the reactions. The reaction mixture is then 
distilled at a temperature above 100° C. to eliminate Water 
and short chain esters from solution. The alcohol is prefer 
ably 2-methoxyethanol or 2-methoxypropanol. The car 
boxylic acid is preferably 2-ethylhexanoic acid. The reaction 
is preferably conducted in a xylenes or n-octane solvent. The 
reaction products are diluted to a molarity that Will yield 
from 0.1 to 0.3 moles of the desired layered superlattice 
material per liter of solution. The most preferred solutions 
have a molarity ranging from 0.10 to 0.13. 

[0070] The layered superlattice materials that derive from 
step P806 Work best in their intended environment of use if 
the liquid precursor solutions are mixed to include an excess 
bismuth amount of at least ?ve to ten percent. Some bismuth 
volatiliZation losses occur during the anneal steps P816 and 
P820. Other advantages of excess bismuth include the 
compensation of lattice defects. Thin ?lm ferroelectric lay 
ered superlattice materials for use in ferroelectric layer 420 
have been prepared to include stoichiometric excess bismuth 
amounts of 100 percent and more. These materials are 
ferroelectric, but can shoW reduced polariZation unless the 
excess bismuth amounts are kept Within the range from 
about 5% to 10% of the amount of bismuth that is required 
to satisfy the Smolenskii class A formula Which is shoWn 
above. The solutions yield layered superlattice materials 
having metals in proportion to the metals in the precursor 
solution less volatiliZation losses from the anneal. Accord 
ingly, the precursor solutions may be prepared With more or 
less than a stoichiometric mixture of A-site and B-site 
materials according to the Smolenskii formulae. For 
example, a solution may be prepared With excess bismuth 
and excess tantalum B-site metal. The solutions may also 
include mixtures of multiple A-site and multiple B-site 
metals, e.g., as in strontium bismuth niobium tantalate. 

[0071] In step P808, the precursor solution from step P806 
is applied to the substrate from step P804, Which presents the 
uppermost surface 414 of bottom electrode 412 for receipt of 
thin ?lm ferroelectric layer 420. Application of the liquid 
precursor is preferably conducted by dropping three to ?ve 
ml of the liquid precursor solution at ambient temperature 
and pressure onto the uppermost surface of electrode 412 
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and then spinning Wafer 402 to remove any excess solution 
and leave a thin-?lm liquid residue. For spin-on depositions, 
it is possible to vary the spin rate and the solution molarity 
to adjust the thickness of the liquid precursor solution ?lm 
that resides on the bottom electrode 402. Alternatively, the 
liquid precursor may be applied by a misted deposition 
technique or chemical vapor deposition With metal organic 
source materials. 

[0072] In steps P810, the precursor ?lm from step P808 is 
dried to remove solvent and other volatile organics. The 
precursor is dried on a hot plate in a dry air atmosphere and 
at a temperature of from about 150° C. to 400° C. for a 
sufficient time duration to remove substantially all of the 
organic materials from the liquid thin ?lm and leave a dried 
metal oXide residue. This period of time is preferably from 
about one minute to about thirty minutes. The most preferred 
drying conditions provide a tWo stage drying that is per 
formed ?rst at 150° C. for tWo minutes then at 260° C. for 
four minutes. 

[0073] Step P812 includes soft baking the dried precursor 
residue from step P808 at a greater temperature than Was 
used in step P808. The soft bake preferably includes place 
ment of the Wafer under a conventional RTP lamp at 525° C. 
to 675° C. for a time duration of from thirty seconds to ?ve 
minutes. The most preferred RTP conditions are 6500 C. for 
siXty seconds. These RTP conditions assure that the soft 
baked precursor residue Will have a smooth uppermost 
surface prior to deposition of top electrode 422. In contrast, 
photomicrographs of precursor residue that Was softbaked at 
725° C. shoWs an unacceptably rough upper surface having 
a large proportion of hillock structures and large-scale 
surface irregularities greater than 400 A in height. As an 
alternative to 650° C. RTP, the Wafer may be soft baked in 
a diffusion furnace at 650° C for ten minutes or so including 
four minute ramps into and out of the furnace, but this 
method sometimes produces an unsatisfactory or rough soft 
baked residue. The soft bake step P812 is essential in 
obtaining predictable or repeatable electronic properties in 
the crystalline compositions to be derived from process 
P800. 

[0074] The folloWing Working eXample shoWs the param 
eters that Were used to develop the ideal conditions for 
spin-on deposition. It Was determined that 1300 rpm Was the 
ideal rate for deposition of a 0.12 M precursor solution made 
of metal 2-ethylheXanoates and Xylenes. 

EXAMPLE 1 

MATERIALS THICKNESSES DERIVED FROM 
SPIN-ON PROCESS 

[0075] A 0.2 M solution Was prepared on commercial 
order from Hughes Technical Services of Vienna, Virginia, 
to yield to yield SrBi2_61 (NbO_66Ta1_63)O1O_64, and included 
strontium, bismuth, niobium, and tantalum 2-elthyheX 
anaotes in Xylenes. An eyedropper Was used to place a 2 ml 
aliquot of this solution onto a Wafer spinning at 1300 rpm to 
provide a ?lm of the precursor solution. The resultant ?lm 
Was dried ?rst on a 150° C. hot plate for tWo minutes, then 
on a 260° C. hot plate for four minutes to leave a 2399 A 
thick residue that shrank to a thickness of 1600 A When 
soft-baked under RTP at 650° C. for siXty seconds. Thick 
nesses Were measured using an ellipsometer. The solution 
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Was diluted With n-butyl acetate to 0.12 M and other spin-on 
velocities Were tried. Table 1 beloW includes a summary of 
spin-on conditions for other ?lms together With an indication 
of Whether the ?lms cracked When eXposed to 650° C. RTP 
for siXty seconds. 

TABLE I 

Thickness Thickness 
Solution after drying After RTP Cracked? 

Sample RPM Molarity (Yes/No) 

A 1300 0.2 2399 1600 Yes 
B 1000 0.2 2527 1773 Yes 
C 800 0.2 2590 1969 Yes 
D 700 0.2 2592 2013 Yes 
E 1300 0.16 1633 Not No 

measured 
F 1300 0.14 1452 Not No 

measured 
G 1300 0.12 1314 Not No 

measured 

[0076] In step P814, if the resultant soft baked precursor 
residue from step P812 is not of the desired thickness, then 
steps P808, P810 and P812 are repeated until the desired 
thickness is obtained. A thickness of about 1500 A to 1800 
A typically requires tWo coats of a 0.12 M solution under the 
parameters disclosed herein. 

[0077] In step P816, the dried precursor residue is 
annealed to form ferroelectric thin ?lm layer 420 (see FIG. 
4). This annealing step is referred to as the ?rst anneal to 
distinguish it from a later annealing step. The ?rst anneal is 
preferably performed in oxygen at a temperature of from 
500° C. to 650° C. for a time from 30 minutes to 2 hours. 
Step P816 is more preferably performed at from 520° C. to 
560° C. for 120 minutes, With the most preferred anneal 
temperature being about 550° C. This loW temperature 
anneal is noW made possible because X-ray diffraction 
analysis of thin ?lm layered superlattice materials of the 
Smolenskii class A type crystalliZe from the dried residues 
of the preferred liquid metal 2-ethylheXanoate precursor 
solutions When the dried residues are annealed in oXygen at 
minimum temperatures ranging from 520° C. to 540° C. The 
loW temperature anneal reduces the amount of roughness 
from thermally induced stresses Within thin ?lm ferroelectric 
layered superlattice material layer 420. The ?rst anneal of 
step P816 most preferably occurs in an oXygen atmosphere 
using a 120 minute push/pull process including at least 
tWenty tWo minutes for the “push” into the furnace and an 
identical time for the “pull” out of the furnace. All of these 
indicated anneal times include the time that is used to create 
thermal ramps into and out of the furnace. 

[0078] In step P818, the second electrode 422 is deposited 
by sputtering. The device is then patterned by a conventional 
reactive ion etching process including the application of a 
photoresist folloWed by ion etching, as Will be understood by 
those skilled in the art. This patterning preferably occurs 
before the second annealing step P820 so that the second 
anneal Will serve to remove patterning stresses from 
memory cell 400 and correct any defects that are created by 
the patterning procedure. 

[0079] The second annealing step, P820, is preferably 
performed at from 650° C. to 850° C. for 120 minutes, With 
the most preferred anneal temperature being about 800° C. 



US 2001/0041373 A1 

The second anneal of step P820 most preferably occurs in an 
oxygen atmosphere using a 120 minute push/pull process 
including at least tWenty tWo minutes for the “push” into the 
furnace and an identical time for the “pull” out of the 
furnace. The time for the second anneal is preferably the 
same as for the ?rst anneal P816. 

[0080] Finally, in step P822 the device is completed and 
evaluated. The completion may entail the deposition of 
additional layers, ion etching of contact holes, and other 
conventional procedures, as Will be understood by those 
skilled in the art. Wafer 402 may be saWed into separate 
units to separate a plurality of integrated circuit devices that 
have been simultaneously produced thereon. 

[0081] The folloWing non-limiting examples set forth pre 
ferred materials and methods for practicing the invention 
hereof. 

EXAMPLE 2 

PREPARATION OF FERROELECTRIC 
CAPACITOR DEVICES 

[0082] A plurality of ferroelectric capacitor devices 400 
Were prepared on a single Wafer 402 using a 0.2 M layered 
superlattice material precursor solution that Was purchased 
on commercial order from Hughes Technical Services Cor 
poration of Vienna, Va. Chemical analysis of the solution 
con?rmed that it contained metal hexanoates in xylenes With 
the metals being in proportions corresponding to the metals 
in an empirical formula SrBi2_61(NbO_66Ta1_63)O1O_27. Thus, 
the solution had a stoichiometric excess amount of bismuth 
and a stoichiometric excess amount of Nb and Ta B-site 
metals, as compared to a Class A Smolenskii formula (see 
above) Wherein m=2. The discussion beloWmakes reference 
to FIG. 8. 

[0083] Process step P802 Was commenced by placing a 
commercially available silicon Wafer placing in a diffusion 
furnace to groW oxide layer 404 (see FIG. 4). Titanium 
dioxide Was formed by ?rst sputtering titanium to a thick 
ness of about 1000 A folloWed by oxidation in a diffusion 
furnace under an oxygen atmosphere at 650° C. for a tWo 
hours including a tWenty tWo minute ramp into the furnace 
and a tWenty tWo minute ramp out of the furnace. Platinum 
Was then sputtered to a thickness of 3000 A thick to 
complete step P804. 

[0084] Step P808 Was performed by placing the Wafer in 
a conventional spin-coater machine and spinning the Wafer 
at 1300 rpm While an eyedropper Was used to place 4 ml of 
solution onto the spinning Wafer. 

[0085] In step P810, the Wafer Was placed on a 150°0 C. 
hot plate for tWo minutes in air then removed and immedi 
ately placed on a second hot plate at 260° C. for four minutes 
to dry the liquid precursor. In step P812, the dried liquid 
precursor residue Was exposed in air to a conventional rapid 
thermal processing lamp at 650° C. for sixty seconds to soft 
bake the dried precursor residue. 

[0086] As a consequence of step P814, the steps of apply 
ing the liquid precursor solution, drying, and soft baking 
Were repeated a second time to build layer thickness of the 
soft baked material up to about 2000 

[0087] A ?rst anneal P816 of the soft baked precursor 
residue Was conducted in a diffusion furnace under an 
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oxygen ?oW at 550° C. for tWo hours including a tWenty tWo 
minute ramp into the furnace and a tWenty tWo minute ramp 
out of the furnace. A 2000 A thick platinum top electrode 
Was sputtered into place to begin step P818. The top 
electrode Was covered With a conventional spin-on negative 
photoresist. The Wafer including the resist Was baked in air 
on a hot plate at 100° C. for ?ve minutes, after Which time 
the Wafer Was exposed to ultraviolet radiation under mask to 
pattern the resist. The resist Was developed for 1.5 minutes 
in an n-butyl acetate rinse under nitrogen atmosphere. The 
developed pattern Was hard baked on a hot plate at 140° C. 
for ?ve minutes. The Wafer Was next subjected to ion mill 
etching. The resist Was removed by conventional plasma 
stripping. 
[0088] Step P820 included annealing the top electrode in 
an oxygen diffusion furnace at 800° C. for tWo hours 
including a tWenty tWo minute ramp into the furnace and a 
tWenty tWo minute ramp out of the furnace. 

[0089] As a result of this process, the ?nal Wafer held a 
plurality of square ferroelectric capacitors 400 each having 
a 6940 pm2 surface area. 

EXAMPLE 3 

PREPARATION OF FERROELECTRIC 
CAPACITOR DEVICES 

[0090] A plurality of ferroelectric capacitor devices 400 
Were prepared on a single Wafer 402 using a 0.2M layered 
superlattice material precursor solution that Was purchased 
on commercial order from Kojundo Chemical Corporation 
of Japan. Chemical analysis of the solution con?rmed that it 
contained metal hexanoates in octanes Wherein the metals 
Were in proportions that Were designed to yield 
SrBi2_6(NbO_4Ta1_8)O1O_4 under oxygen anneal conditions. 
Thus, the solution had a stoichiometric excess amount of 
bismuth, as Well as a stoichiometric excess amount of Nb 
and Ta B-site metals, as compared to a Class A Smolenskii 
formula (see above) Wherein m=2. The discussion beloW 
makes reference to FIG. 8. 

[0091] Process step P802 Was commenced by placing a 
commercially available silicon Wafer in a diffusion furnace 
to groW an oxide layer. Titanium dioxide Was formed by ?rst 
sputtering titanium to a thickness of 1000 A folloWed by 
oxidation in a diffusion furnace under an oxygen atmosphere 
at 650° C. for a minimum of tWo hours including a tWenty 
tWo minute ramp into the furnace and a tWenty tWo minute 
ramp out of the furnace. Platinum Was sputtered to a 
thickness of 3000 A, Which completed step P804. Step P808 
Was performed by placing the Wafer in a liquid source misted 
chemical deposition machine (model no. Primaxx 2F), 
Which Was made by Submicron Systems Incorporation of 
AllentoWn, Pa., and depositing the Wafer at approximately 
595 Torr for 10 minutes While precursor solution Was misted 
by an atomiZer and then introduced into deposition chamber 
by carrier gas of nitrogen onto the Wafer rotating at 5 rpm, 
though 10 minutes of deposition time Was adjusted to form 
desirable thick ?lms, especially it Was reduced to build ultra 
thin ?lms less than 1000 

[0092] In step P810, the Wafer Was placed on a 150° C. hot 
plate for tWo minutes in air then removed and immediately 
placed on a second hot plate at 260° C. for four minutes to 
dry the liquid precursor. In step P812, the dried liquid 
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precursor residue Was exposed in air to a rapid thermal 
processing lamp at 650° C. for sixty seconds to soft bake the 
precursor residue. As a consequence of step P814, the steps 
of applying the liquid precursor solution, drying, and soft 
baking Were repeated a second time to build layer thickness 
of the soft baked material up to about 2000 A?rst anneal 
P816 of the soft baked precursor residue Was conducted in 
a diffusion furnace under an oxygen ?oW at 550° C. for tWo 

hours including a tWenty tWo minute ramp into the furnace 
and a tWenty tWo minute ramp out of the furnace. A 2000 A 
thick platinum top electrode Was sputtered into place to 
begin step P818. The top electrode Was covered With a 
conventional spin-on negative photoresist. The Wafer 
including the resist Was baked in air on a hot plate at 100° 
C. for ?ve minutes, after Which time the Wafer Was exposed 
to ultraviolet radiation under mask to pattern the resist. The 
resist Was developed for 1.5 minutes in an n-butyl acetate 
rinse under a nitrogen atmosphere. The developed pattern 
Was hard baked on a hot plate at 140° C. for ?ve minutes. 

The Wafer Was next subjected to ion mill etching. The resist 
Was stripped by conventional plasma etching. 

[0093] Step P820 included annealing the top electrode in 
an oxygen diffusion furnace at 800° C. for tWo hours 

including a tWenty tWo minute ramp into the furnace and a 
tWenty tWo minute ramp out of the furnace. As a result of 
this process, the ?nal Wafer held a plurality of square 
ferroelectric capacitors 400 each having a 6940 pm2 surface 
area. 

EXAMPLE 4 

TEST MEASUREMENTS 

[0094] Arepresentative pair of test capacitors Was selected 
from the Wafer that Was produced in Example 2. A HeWlett 
Packard 8115A function generator and a HeWlett Packard 
54502A digitiZing oscilloscope Were operably connected to 
a 9.91 nF load capacitor for conducting sWitching fatigue 
endurance measurements on a sample having a constant 

temperature maintained at 75° C. Probes Were used to 
contact the capacitors, and endurance measurements Were 
commenced according to process P900 as shoWn in FIG. 9. 
The virgin ferroelectric capacitors Were initially charged 
With a three volt pulse to orient the domains. Step P902 
included fully sWitching the capacitors to provide a com 
plete hysteresis loop like that shoWn in FIG. 1. The 2Pr 
value from this cycle Was 21.0 pC/cmz. AAVcenter value Was 
calculated by adding together the coercive voltages :Vc to 
arrive at a deviation from the ideal norm of Zero. The —Vc 

and Vc values Were measured as the voltages corresponding 
to the coercive ?elds —Ec and Ec for the hysteresis cycle. 
This AV value Was about —0.12 V. 

[0095] In step P904, the dual pulse generator Was con?g 
ured to apply 1010 fatigue cycles as electrical stress to the 
capacitors using alternating square Waves of :6V magnitude 
on a 5 MHZ cycle. SWitching occurred With the same 
polarity as for step P902. 

center 

[0096] At the conclusion of step P904, a ‘Write’ operation 
P906 Was conducted by Writing to the same state as the one 
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?rst Written to in step P902. Step P908 included the reading 
of the post-fatigue separation WindoW folloWed by a Write 
operation, Which brought the polariZation back to the origi 
nal polariZation state. The Wafer including the capacitors in 
this initial state Was placed in an oven and stored under 

thermal stress at 125° C. for tWo hours. At the end of storage, 
a read operation P912 Was performed to read the separation 

WindoW R (“RWindoW;” 2Pr in the 1010 imprinted material) 
from the stored polariZation state, and a Write operation 
P914 Was performed to the opposite polariZation state, i.e., 
the polariZation state other than that ?rst Written to in step 
P902. The RWindoW equaled the value after storage of 
Rms-Rmn, as shoWn in FIG. 3, and had a value of 4.2 
pC/cmz. 

[0097] Step P916 included storing the Wafer and the 
capacitors for another tWo hours under thermal stress in the 
oven at 125 ° C. Finally, the inverse separation WindoW I Was 

read from the stored capacitors. The I WindoW had a value 
or magnitude approximating that of the RWindoW. 

EXAMPLE 5 

SENSITIVITY OF IMPRINT PARAMETERS 
vCEmR AND RWINDOW To SOFT BAKE 

CONDITIONS 

[0098] Aplurality of Wafers Were prepared in an identical 
manner With respect to Example 2, except some departures 
Were made in the soft baking step P812 and the ?rst anneal 
step P816. Table 3 beloW summariZes these departures. In 
the step P812 columns of Table 3, “R” means that the 
process step Was performed by RTP, “F” means that the 
process step Was performed in a diffusion furnace. A thick 
ness shoWn for each deposition cycle, e.g., P812 1st and 
P812 2nd, corresponds to the thickness of the soft baked 
precursor residue at the conclusion of that cycle. Spin-on 
rpm conditions in step P808 Were adjusted to vary the 
thickness in an attempt to combine a total of about 2000 A 
of ferroelectric layered superlattice material in each sample. 
“2Vc” means the voltage corresponding to the distance 
betWeen +Ec and —Ec in FIG. 1 for the virgin materials that 
had not yet been subjected to 1010 hysteresis cycles. “VBD” 
stands for breakdoWn voltage, Which is expressed as a ?eld 
value. “2Pr” and “RWindoW” refer to the respective polar 
iZation WindoWs from —Pr to Pr and Rms to Rmn, respec 
tively, as shoWn in FIG. 3. 

[0099] Table 3 for sample 1 shoWs that the ?rst portion of 
thin ?lm ferroelectric layered superlattice material layer 420 
Was deposited in step P812 1st using a spin-coater at 1300 
rpm and dried With the resultant dried residue subjected to 
RTP at 725° C. for thirty seconds in oxygen to obtain a 1000 
A thickness in the dried precursor residue. Step P812 2nd 
used 3500 rpm and RTP at 725° C. for thirty seconds in 
oxygen to obtain an additional 500 A thickness. Step P812 
3rd used 6000 rpm and RTP at 725° C. to obtain an 
additional 500 A thickness. Step P816 included a 65° C. 
furnace anneal in oxygen to obtain a cumulative thickness of 
2080 A. 










