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1. Introduction

Figure 1. Ferroelectric
capacitor cross
section.

During the last few years, considerable interest has been rekindled in
the application of ferroelectric materials to the fabrication of nonvola-
tile random-access memories (RAM’s) that employ a ferroelectric
capacitor as the basic memory element [1-3]. Ferroelectric memories
would be expected to be superior to memories based on standard
technologies not only because of their nonvolatility, but also because
the ferroelectric capacitor memory element itself is inherently radia-
tion hard. Both these advantages would be of considerable impor-
tance to advanced Army ground and space-based electronics systems.
Thisreport discusses the work done to develop a ferroelectric memory
. element test chip compatible with complementary metal-oxide semi-
" conductor (CMOS) integrated circuit processing; the resulting chip
would be used in electrical and radiation characterization studies for
nonvolatile memory development. The first phase of this effort,
reported herein, has been concerned with determining a CMOS-
compatible process to define the basic ferroelectric capacitor struc-
ture, as shown in figure 1. Etching of the ferroelectric, the deposition
and etching of electrically compatible top and bottom electrodes, and
the choice of suitable compatible etching techniques were the techni-
cal areas that received the major share of attention during this initial
development phase.

Any number of different approaches can be taken to fabricate a
working ferroelectric capacitor as an independent device in itself.
However, when the capacitor is to be incorporated onto an existing
CMOS integrated circuit wafer, a number of constraints are necessar-
ily placed on its fabrication. The effects of high temperatures after
integrated circuit processing, exposure to potentially contaminating
substances, and the removal or chemical attacking of the underlying
circuitry by the process chemicals are all concerns that must be
adequately addressed in producing a CMOS-compatible ferroelectric
memory element. Thus, the compatibility of the ferroelectric capacitor
nrocess with the CMOS circuitry is the critical issue.
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All the work discussed herein is based on processing of lead zirconate
titanate (PZT) ferroelectric films deposited by the sol-gel process
[4-5]. Figure 2 shows a typical sol-gel deposition process used for all
films studied here. The film thicknesses rang.d from approximately
1700 to 6000 A. For this initial effort, platinum-sputtered silicon
substrates with these films already applied were obtained from out-
side sources.

2. Process Development

Figure 2. Typical sol-
gel process flow.

The first process investigation was concerned with the etching of the
sol-gel deposited ferroelectric films in order to define the capacitor
body. Using a recipe obtained from outside sources, we did initial
etching experiments at room temperature with a mixture of buffered
hydrofluoric acid (seven parts ammonium fluoride solution to one
part 48-percent hydrofluoric acid) and hydrochloric acid, followed by
a brief dip in dilute nitric acid to remove the lead oxide film that
remained after the bulk of the ferroelectric film had been removed.
Standard integrated-circuit photoresist masking techniques using
KTI 825 30-centistokes resist, spun on to a thickness of 1.2 um, were
used to define the PZT patterns. However, the ferroelectric films
etched very slowly, resulting in an unacceptable amount of undercut-
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Figure 3. Etched 40 x
40 um and 80 x 80 ym
PZT islands.

ting of the photoresist, and the lead residue remaining was consider-
able. Subsequent experimentation showed that a more uniform and
controlled etching procedure could be obtained using the buffered
hydrofluoric acid by itself, followed by a brief dip in 5-percent nitric
acid to remove the remaining lead-rich residue. Etch rates of approxi-
mately 1100 A per minute at room temperature were obtained. With
this technique, well-defined PZT patterns could be obtained, as shown
in figure 3.

Alsoaddressed in this initial effort were the critical steps of depositing
and defining the platinum top and bottom electrodes of the ferroelec-
tric capacitor. For the top electrode, the platinum is used by itself. For
the bottom electrode, a thin glue layer of titanium or chrome is
required to be sputtered between the silicon dioxide and platinum,
since platinum does not adhere well to the silicon dioxide surface
itself.

Initial experiments were carried out in a multiple-target sputtering
system equipped with a platinum target. However, since a titanium
target was not available for this early work, the titanium was ther-
mally evaporated in one vacuum system, and the substrates then
removed and transferred to the sputtering system for the platinum
deposition. This transfer of the substrates between deposition systems
exposed the titanium layer to the room ambient, apparently causing
oxidationand/or contamination to atleast some extent of the titanium
layers. Although the sputtered platinum had a good visual appear-




Figure 4. Blistered
platinum layer.

ance on these substrates, subsequent heating of the substrates to
temperatures greater than 550 °C in oxygen ambients, as would be
required in the annealing of deposited ferroelectric films, caused the
platinum to bubble and blister, leaving the surfaces unsuitable for the
ferroelectric film deposition (fig. 4). This situation persisted until a
suitable titanium target became available, and we could then sputter
the titanium and platinum films sequentially withoutbreaking vacuum.

After considerable experimentation to determine relative thicknesses
for the glue and platinum layers, a good workable bottom electrode
was obtained with a 300-A glue layer followed by 2000 A of platinum.
These substrates could be heated to temperatures of 625 °C in oxygen
for periods of 30 minutes without the physical appearance of the metal
film being degraded. However, temperatures higher than 625 °C
caused the platinum to form very fine pits and blisters, rendering it
unsuitable for ferroelectric films requiring these higher temperatures.
In our current efforts, we are trying to obtain more stable platinum
films for the bottom electrode by adjusting the sputtering power and
the relative thicknesses of the glue and platinum glue layers, and by
being more meticulous in cleaning the silicon dioxide surface before
sputtering.

For the top electrode, thermally evaporated and sputtered platinum
films deposited through a shadow mask were used. Since these
electrodes were directly on the PZT and because there was no high-
temperature processing beyond this point, no adhesion problems




were experienced between the platinum electrodes and the PZT, so
that working ferroelectric capacitors were obtained.

The other technical area that received madjor attention in this initial
effort was the defining of the top platinum electrode on the PZT.
Because the number of PZT sample wafers was small, early experi-
ments were conducted with platinum deposited on silicon dioxide
test wafers. Two separate problems were encountered during these
experiments. The first problem was to determine an acceptable proce-
dure for imaging the photoresist on the silicon-dioxide/platinum
surface. The second problem was to find an appropriate method for
etching the platinum to form the top electrode.

The results of our first attempts to obtain good photoresist images on
the platinum using a Kasper contact printer were unacceptable.
Although a dyed photoresist that is designed for use on reflective
metals was employed, the platinum caused such strong internal
reflections within the photoresist that standing waves were produced,
preventing the photoresist from exposing properly. As a result, when
the photoresist was developed, the pattern was only partly and very
unevenly developed. To solve this problem, we increased the expo-
sure times for the photoresist from the standard 15stoa full 30 s, and
changed the developing time from 30 s to 1 minute. Finally, a 30-s,
300-W oxygen plasma descum cleaning was employed to remove
any photoresist film that might remain on the surface. It is of parti-
cular importance to remove such films before wet etching operations,
since a photoresist film even a few hundred angstroms thick can block
the etch from attacking the desired surface. This procedure allowed us
to obtain acceptable imaged patterns in the photoresist (fig. 5).

Wet etching of platinum is usually done in aqua regia at elevated
temperatures. Since it was known that hot aqua regia strongly attacks
photoresist, an alternative masking material needed to be used to
define the patterns on platinum during the etching. Because silicon
dioxide is highly resistant to aqua regia, it was decided to employ a
chemical vapor-deposited silicon dioxide as the etch mask and to use
the photoresist to pattern the silicon dioxide. However, because of
severe undercutting, this method did not produce the well-defined
geometries required. Subsequent experiments were conducted with
an aqua-regia-like solution consisting of 1 part nitric acid, 7 parts
hydrochloric acid, and 8 parts water, heated to 70°C for the etching.
This etchant can be used with either the silicon dioxide etch mask or
even photoresist by itself, and acceptably good results were obtained
for platinum deposited on silicon dioxide (fig. 6). However, when this
technique wasemployed to etch platinum on the PZT films, unaccept-
able results were obtained because the wet etch tended to attack the
PZT, causing undercutting of the patterns (fig. 7).




Figure 5. Imaged
photoresist on
platinum surface.

Figure 6. Wet etched
platinum on silicon
dioxide.
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From these experiments, it became evident that wet etches that could
be used with platinum on silicon dioxide were not compatible with
platinum on PZT, and an alternative dry etching procedure was
needed. One method that was available with the existing capabilities
within the laboratory was to use the sputtering system in the etch




Figure 7. Wat etched
platinum on PZT.

Table 1. Sputter etch
rates for process
materials

A . {

mode to sputwcr etch the platinum on the PZT. Before any actual
etching was done, a number of runs were made toestablish the relative
sputtering etch rates of the platinum, PZT, and a number of possible
masking materials. The etch rates at 125 W for all materials evaluated
are shown in table 1. It can be observed that there is excellent etch rate
selectivity between the piatinum and the PZT. Also, a significant etch
rate difference exists between the platinum and a number of other
materials that could be used as etch masks to define the patterns. The
most convenient masking material to use would be photoresist, since
this can be easily applied and imaged to form the pattern. Although
the photoresist has a relatively high sputtering rate, as shown in table
1, the standard applied thickness of about 1.2 pm appeared to be more
than sufficient to mask the 2000 A of platinum during the 4 to 5
minutes required to completely etch the platinum.

Material Etch rate
(A/min.)
Photoresist 1200
Platinum 400
PZT 140
Silicon 420
Silicon dioxide 110

Silicon nitride 175

11




Figure 8. Photoresist/
platinum step after
sputter etching.
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Test samples consisting of approximately 150 nm of sputtered plati-
num on PZT were coated with KTI 829 dyed photoresist spunon toa
thickness of 1150 nm. The photoresist was exposed on the contact
printer and developed using the previously determined procedure.
The sputter etching was done ata power le vel of 125 W with the anode
in its lowest position (approximately 5 cm from the shutter). Based on
the etch rates obtained during the trial runs, a total etching time of 5
minutes was used. Following the etching, a profile ot the photoresist
pattern remaining was taken, as shown in figure 8. Although some of
the step observed in the protile is due to PZT that may have been
removed, it is clear that a sufficient amount of the resist has remained
to protect the underlying platinum. The remaining photoresist was
removed by plasma ashing. Figure 9 shows the platinum electrodes on
the PZT layer.

Several more samples of platinum on PZT were sputier etched so that
we could determine the uniformity of this process. At this time, the
run-to-run variations in the etching rates appear to be too large for
acceptable, consistent results on all samples. During one etching run,
considerable arcing was noticed on the bottom sputter station elec-
trode and on the sample itself. When the sample was removed from
the sputtering system, most of the photoresist patterns and underly-
ing platinum were observed to have been removed. Also, consider-
able residue, consisting of platinum specks and other loose material,
was observed on thebottom sputtering station electrode. Itisapparent
that residue on the sputtering electrode can lead to electrical dis-
charges between the top and bottom sputtering electrodes, and this
can destroy the sample being etched. The arcing was not observed on
the next sample run, after a thorough cleaning of the bottom sputter-
ing station electrode. Further work is needed on the sputter etching
technique for it to yield consistent results.
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Figure 9. Sputter-
etched platinum
electrode on PZT.

3. Conclusions

Considerable progress has been made to date in developing the
techniques and procedures needed to fabricate the ferroelectric ca-
pacitor in a manner that is expected to be fully compatible with CMOS
integrated circuit processing. Specifically, techniques have been de-
veloped to reliably etch the PZT films to form the capacitor body and
to deposit the top platinum electrode. However, it is clear that prob-
lems remain relating to the bottom platinum electrode and the etching
of the top platinum electrode that must be addressed before a full
capacitor fabrication process can be considered to be established. In
addition, the integration of the capacitor process with the CMOS
circuitry remains to be addressed. Most important here is the question
of interconnecting the ferroelectric capacitor with the underlying
CMOS devices. A new mask set has recently been generated that will
permit evaluating a number of integration issues.

Acknowledgements

The author wishes to gratefully acknowledge the assistance of the
following persons during the work discussed herein: J. McCullen for
doing the pattern imaging; J. Terrell of Booz Allen and Hamilton, Inc.,
for performing most of the platinum sputtering and sputter etching;
T. Blomquist for doing the initial platinum evaporation and early
sputtering work; and B. Dobriansky for assistance in doing the die
mounting and bonding.

13

|




References

14

1.

L.H. Parkerand A.F. Tasch, Ferroelectric Materials for 64Mb and 256 Mb
DRAMs, IEEE Circuits and Devices Magazine 6 (January 1990), 17.

F. P. Gnadinger and D. W. Bondurant, Ferroelectrics for Nonvolatile
RAMs, IEEE Spectrum 26 (July 1989), 30.

J. Scott, L. Kammerdiner, M. Parris, S. Traynor, V. Ottenbacher, A.
Shawabkeh, and W. F. Oliver, Switching Kinetics of Lead Zirconate
Titanate Submicron Thin-Film Memories, ]. Appl. Phys. 64 (1988), 787.

K. D. Budd, S. K. Dey, and D. A. Payne, Sol-Gel Processing of PbTiOj3,
PZT, and PLZT Thin Films, Proc. Br. Ceram. Soc. 36 (1985), 107.

S.K. Dey, K. D. Budd, and D. A. Payne, Thin-Film Ferroelectrics of PZT
by Sol-Gel Processing, IEEE Trans. Ultrason. Ferroelec. Freq. Contr. 35
(1988), 80. '




Administrator

Defense Technical Information Center
Attn DTIC-DDA (2 copies)

Cameron Station, Building 5
Alexandria, VA 22304-6145

Commander

CECOM R&D Tech Library
Attn ASQNC-ELC-1S-L-R

Ft Monmouth, NJ 07703-5018

Director

Detense Advanced Research Projects Agency
Attn Dir, Material Sciences

Attn Dir, Strategic Technology Office

Aun Dir, Technology Assessments Office
Attn Tech Info Oftice

1400 Wilson Blvd

Arlington, VA 22290

Director

Defense Nuclear Agency

Atn RAEE, L. Palkuti

Attn RAEE. LCDR L. Cohn
Aun RAEE, LTC A, Constantine
Aun RAEE, MAJ G. Kweder
Attn TITL, Tech Library

6801 Telegraph Road
Alexandria, VA 22310-3398

Ballistic Missile Defense Program
Management Office

Attn Technology Dir

5001 Eisenhower Ave
Alexandria, VA 22333-0001

Director

Night Vision & Electro-Optics Laboratory,
LABCOM

Attn AMSEL-SI, Electronics Team

Attn AMSEL-TMS-I0, Information Ofc

Attn Technical Library

Ft Belvoir, VA 22060

Commander

Office of Missile Electronic Warfare
Attn Tech & Adv Concepts Div

White Sands Missile Range, NM 88002

Distribution

Director

Signals Warfare Lab, VHFS

Attn AMSEL-RD-SW-OPI. Tac Sys Div
Warrenton. VA 22186-5000

Director

US Army Ballistic Research Laboratory
Aun SLCBR

Aun SLCBR-AM

Attn SLCBR-TB-VL

Attn SLCBR-X

Aberdeen Proving Ground, MD 21005-5066

Commander

US Army Communications Command
Attn Tech Lib

Ft Huachuca, AZ 85613

Director

US Army Electronic Warfare Laboratory.
LABCOM

Attn ASQNC-ELC-IS, Information Services Div

Attn SLCET-D, ELectronic Tech & Devices Lab

Ft Monmouth, NJ 07703-5601

Director

US Army Electronics Technology & Devices
Lab, LABCOM

Attn SLCET-ER

Attn SLCET-E

Attn SLCET-ER-S

Attn SLCET-I, Microelectronics

Attn SLCET-IA

FT Monmouth, NJ 07703-5601

Commander

US Ammy Headquarters Armament, Munitions
& Chemical Command

Attn AMSMC-IMF-L/Tech Library

Rock Island, IL 61299-6000

Commander

US Army Materiel Command

Attn AMCDE, Dir for Dev & Engr
Attn AMCDE-R, Sys Eval & Testing
Attn AMCNC, Nuclear-Chemical Ofc
5001 Eisenhower Ave

Alexandria, VA 22333-0001




Distribution (cont’d)

Commander

US Army Missile & Munitions Center & School

Attn ATSK-CTD-F
Redstone Arsenal, AL 35809

US Army Strategic Defense Command
Attn A. Kuehl

Attn D. Stott

Attn Library

Attn CSSD-SD-YA, C. Harper

PO Box 1500

Huntsville, AL 35807

Director

Naval Research Laboratory

Attn Code 2620, Tech Library Br
Washington, DC 20375

Commander

Naval Surface Warfare Center

Attn Code WAS01, Navy Nuc Prgms Ofc
Attn E-43, Technical Library

White Oak, MD 20910

Commander

Naval Surface Warfare Center

Attn Code WR, Research & Technology Dept
Attn DX-21 Library Div

Dahlgren Laboratory

Dahlgren, VA 22448

Director

National Security Agency

Attn TDL

FT George G. Meade, MD 20755

Kaman Tempo

Attn C. Fore

2560 Huntington Ave, Suite 506
Alexandria, VA 22303

Mission Research Corp
Attn E. Enlow

1720 Randolph Rd SE
Albuquerque, NM 87106

Mission Research Corp
Attn R, Pease

1720 Randolph Rd SE
Albuquerque, NM 87106

16

Mitre Corporation
Attn Library
Burlington Road
Bedford, MA 01730

Mitre Corporation
Attn M. Fitzgerald
Burlington Road
Bedford, MA 01730

Teledyne Brown Engineering
Attn A. Fenelly

Cummings Research Park
Huntsville, Al 35807

US Army Laboratory Command
Attn AMSLC-DL, R. Vitali

Installation Support Activity
Attn SLCIS-CC-IP, Legal Office

USAISC
Attn AMSLC-IM-VA, Admin Ser Br
Attn AMSLC-IM-VP, Tech Pub Br (2 copies)

Harry Diamond Laboratories

Attn Laboratory Directors

Attn SLCHD-TL, Library (3 copies)
Attn SLCHD-TL, Library (Woodbridge)
Attn SLCHD-NW, Chief

Attn SLCHD-NW-E, Chief

Attn SLCHD-NW-EH, Chief

Attn SLCHD-NW-EP, Chief

Attn SLCHD-NW-ES, Chief

Attn SLCHD-NW-P, Chief

Attn SLCHD-NW-R, Chief

Attn SLCHD-NW-RF, Chief

Attn SLCHD-NW-RP, Chief

Attn SLCHD-NW-RS, Chief

Attn SLCHD-NW-TN, Chief

Attn SLCHD-NW-TS, Chief

Attn SLCHD-NW, W .Vault

Attn SLCHD-D, R. Gilbert

Attn SLCHD-NW-EP, J. R. Miletta
Attn SLCHD-NW-RP, A.J. Lelis
Attn SLCHD-NW-RP, B. Geil

Attn SLCHD-NW-RP, B. McLean
Attn SLCHD-NW-RP, H. Boesch
Attn SLCHD-NW-RP, J. Benedetto




Distribution (cont’d)

Harry Diamond L.aboratories (cont’d)

Attn SLCHD-NW-RP, J. M. McGarrity
Attn SLCHD-NW-RP, J. McCullen

Attn SLCHD-NW-RP, K. W. Bennett

Attn SLCHD-NW-RP, R. B. Reams (5 copies)
Attn SLCHD-NW-RP, T. Griffin

Attn SLCHD-NW-RP, T. Mermagen

Attn SLCHD-NW-RP, T. Oldham

Attn SLCHD-NW-RP, T. V. Blomquist
Attn SLCHD-NW-RS, H. Brandt

Attn SLCHD-NW-TS, H. Eisen

Attn SLCHD-TA-ES, R. Goodman

Attn SLCHD-NW-P, D. Davis

Attn SLCHD-NW-RP, B. J. Rod (20 copies)

17




