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Traditional Crafts of Okinawa

Shi-sa (Tsuboyayaki ware)

Shi-sa conveyed to Okinawa in 13th century through Chinese Silk Road from the Orient in ancient times.
Root of Shi-sa is the lion, symbol of power, courage, and pride. Craftwork of lion became “Sphinx™ in
Egypt, beast to guard palace in China, and became shi-sa in Okinawa to protect peoples’ houses. Shi-sa is

still loved by Okinawan people as talisman for protecting their houses from disaster and inviting good luck.

Bingata (Dyed Fabrics)

Bingata displays Okinawa's sense of beauty characterized by vivid colors and smooth patterns. Dying
methods consist of katazome dyed with stencils and tsutsuzome dyed with cylinders. Bingata is often
compared to yuzen dye of Kyoto, but the Okinawan fabrics do not incorporate embroidery or tie-dyes.

Bingata is indispensable for Ryukyu dance performances.
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Preface

This “Extended Abstract” book comprises the contributions to the 9th US-JAPAN
SEMINAR ON DIELECTRIC AND PIEZOELECTRIC CERAMICS which will be held in
Rizzan Sea Park Hotel Tancha Bay, Okinawa, Japan from November 3 to 5, 1999. This
Seminar followed eight previous seminars which were held approximately every two years
since 1982. The Seminar covered recent advances in the broad and rapidly progressing field
of dielectrics, piezoelectrics and ferroelectrics including their ceramics, thin films and single
crystals. The Seminar consists five sessions such as “Basic Science”, “Piezoelectric Materials
and Devices”, “Thin Film Dielectrics”, “Multilayer Ceramic Capacitors” and “Advanced
Processing and Packaging”. Each session has two plenary talks from one Japanese side and
one US side and 15-25 contributed papers. All contributed papers will be discussed at 5 poster
sessions followed each oral presentation without discussion within 4 minute for Japanese
speakers or 3 minute for US speakers. This presentation style is the traditional way for our
recent US-Japan Seminar. The attendants will come from mainly Japan and USA and from a
few other countries. We would like to thank all speakers, contributors, session chairs and
paper authors for their effort in making the Okinawa Seminar a hugely successful one.

The Organizing Committee is especially grateful for grants from the Murata Science
Foundation and from Inoue Foundation for Science. We also wish to thank United States Air
Force Asian Office of Aerospace Research and Development for their contribution to the

success of this conference.
September 30, 1999

General chairman for Japanese side
Tadashi Takenaka

Program chairman for Japanese side
Takaaki Tsurumi,




9™ US-JAPAN SEMINAR ON
DIELECTRIC AND PIEZOELECTRIC CERAMICS
November 2-5, 1999
Okinawa, Japan

PROGRAM

TUESDAY, NOVEMBER 2
18:00 Registration and Welcome Reception

WEDNESDAY, NOVEMBER 3

PI-1

PI-2

I-1

I-2

I-4

8:45-9:00

| Session I —Basic Science |

Session Chair: Susan Trolier-McKinstry, The Pennsylvania State University
Takashi Yamamoto, National Defense Academy

9:00-10:00 Plenary Lectures

MLCs Technologies of Today and Future, Yukio Sakabe, Murata
Manufucturing Co., Ltd., Japan

Scientific and Engineering Issues of the State-of-the-Art and Future
Multilayer Capacitors, Clive Randall Y. Tsur and J. Van Tassel, The
Pennsylvania State University, USA.

10:00-10:30 Break
10:30-11:20 Contributed Papers

Phenomenology of the Elasto-Dielectric Response in the Field Forced
Ferroelectric Phases of Lead Zinc Niobate: Lead Titanate (PZN : PT)
Relaxor Ferroelectrics, L._Eric Cross and Petr Hana, The Pennsylvanza State
University, USA.

Domain Structure of PbTiO, Single Crystals by Kelvin Force Microscope,
Takashi Yamamoto, Shmobu Omika, Junichi Sakamoto and Eiji Matsuzaki
National Defense Academy, Japan

SHG Mlcroscope Principle and Its Application to Nondestructive Observation
of 180° Domain Structure and Domain Reversal Process in Ferroelectrics,
Haruyuki Mohri, Sunao Kurimura and Yoshiaki Uesu, Department of Physzcs
Waseda University, Japan

(Ba,Sr)TiO, D1electrlcs Relationship between Bulk and Thin Film Properties,
and Charles B. Parker, Dept. of Materials Science and

Engineering, North Carolina State University; Stephen K. Streiffer, Argonne

National Laboratories,; and Susanne Stemmer, University of lllinois, USA

Opening Remarks: T. Takenaka (Science University of Tokyo, Japan)

Page

15

19

23

27




I-5 Quantum Paraelectricity in Epitaxial Titanate Perovskites, RMV.Rao, 31
K Shimada, M.Lippmaa, M.Kawasaki, Y.Inaguma, M.Itoh, H Munekata and
H. Koinuma, Tokyo Institute of Technology, Japan

I-6 Charge Transport and Fatigue Resistance in SrB12Ta209, A.C. Palanduz, 35

Massachusetts Institute of Technology and Donald M. Smyth, Lehzgh
University, USA.

1-7 Structure and Ferroelectric Properties of Bismuth-Layer-Structured 39
Ferroelectric Single Crystals, Hiroshi Irie, Masaru Miyayama and Tetsuichi
Kudo, The University of Tokyo, Japan

I-8 Commonalities of the Influence of Lower Valent Substitutents on PZT, 43

Dwight Viehland, Naval Sea Command, USA

I-9 Domain Switching and Rotation in Soft and Hard PZT Ceramics, Toshio 47
' QOgawa, Shizuoka Institute of Science and Technology, Japan

I-10 Ferroelectricity-Evoking Mass-Inequality Factor for Perovskite Titanates 51

ATiO,, Tetsuro Nakamura, Yue Jin Shan, Utsunomiya University;, Mitsuru
Itoh and Yoshzyukt Inaguma, Tokyo Institute of Technology, Japan

I-11 Dielectric Properties and Depoling Characteristics of PB(Zr,sTi,5)O; Based 55
Ceramics: Near-Critical Grain Size Behavior, B.A. Tuttle, J.A. Voigt, TW.
Scofield, P. Yang, D.H. Zeuch, and M.A. Rodriguez, Sandia National
Laboratories, USA

I-12  Ferroelectricity in SrTi(**0,,'*0));, Mitsuru Itoh and Ruiping Wang, Tokyo 59
Institute of Technology, Japan

I-13 Diffusion of Oxide Ions in Zinc Oxide Ceramics and Thin Films, Hajime 63
Haneda, Isao Sakaguchi, Akio Watanabe, Manabu Komatsu, , *Tsuyoshi

Ogino ,**Tadashi Takenaka and ***Naoki Ohashi, NIRIM, *Kyushu Univ.
*¥Sci. Univ. of Tokyo, ***Tokyo Institute of T echnology, Japan

11:20-12:30 Poster View

12:30-14:00 Lunch

r Session II —Piezoelectric Materials and Devices

Session Chair: Ahmad Safari, Rutgers University
Akira Ando, Murata Manufacturing Co., Ltd.

14:00-15:00 Plenary Lectures Page

PII-1  Advance Processing Technology for Piezoelectric Ceramics, Kazuo Miyabe, 67
Kazushi Tachimoto, Kenji Horino, Masakazu Hirose, Mahoko Takada, Takeo
Tsukada, Tomohisa Azuma and Junichi Yamazaki, TDK Corporation, Japan

PII-2 Lead Free High Actuation Strain Single Crystal Piezoelectrics and F1bers Yet- 75

GW. Farrey, A.N. Soukhojakk and S.A. Sheets, Massachusetts
Institute of Technology, USA

ii




-1

-2

Io-3

I-4

-6

-7

-9

Im-11

II-12

II-13

15:00-16:30 Contributed Papers

High Piezoelectric Performance of Barium Titanate Single Crystals with
Engineered Domain Configurations, Satoshi Wada, Shingo Suzuki, Tatsuo
Noma, Takeyuki Suzuki, Minoru Osada, Masato Kakihana, Tokyo University
of Agriculture & Technology, Japan; Seung-Eek Park, L. Eric Cross and
Thomas R. Shrout, Penn State University, USA

Crystallographically Engineered Single Crystals for High Performance
Piezoelectrics, Seung-Eek Park, Satoshi Wada*, Paul Rehrig, Shi-Fang Liu, L.
Eric Cross, and Thomas R. Shrout, The Pennsylvania State University, USA;
*Tokyo University of Agriculture and Technology, Japan.

Non-180° Domain Contribution to the Properties of PZN-PT Single Crystals,
Takaaki Tsurumi, Keishiro Okamoto, Naoki Ohashi, Tokyo Institute of
Technology; and Yohachi Yamashita, Toshiba corp., Japan

Effective Material Properties of a Multi-domain Ferroelectric Material, Wenwuy
Cao and JiF i Erhart, The Pennsylvania State University, USA.

Fatigue Anisotropy for Rhombohedral Pb(Zn,;Nb,,;)O,—PbTiO, Single
Crystals, Koichi Takemura* Metin Ozgul, Veronique Bornand, Susan Trolier-
McKinstry, and Clive A. Randall, The Pennsylvania State University, USA;
*NEC Corporation, Japan.

Relaxor-Based Single Crystals by Seeded Polycrystal Conversion, Martin P.
Harmer, Helen M. Chan, Ajmal Khan, Tao Li, Suxing Wu, Adam M. Scotch,
Lehigh University, USA.

The Growth of PMN-PT Single Crystals by the Solid State Method, Hisao
Yamada, Cerone, Inc., USA

Crystal Growth and Characterization of New Langasite-type Compounds for
Piezoelectric Applications, Kivoshi Shimamura, Tomohiko Kato, Jun Sato and
Tsuguo Fukuda, Tohoku University, Japan

Crystalline Structure and Piezoelectric Properties of Bi Layer Structured
Compound SrBi,Nb,0,, dkira Ando, Masahiko Kimura and Yukio Sakabe,
Murata Manufacturing Company Limited, Japan

The Thickness-Extensional and Thickness-Shear Vibration Mode
Characteristics of Bismuth Layer-Structure Compounds, Hitoshi Qka,
Masakazu Hirose, Takeo Tsukada, Keisuke Itakura and Yasuharu Mjiyauchi,
TDK Corporation, Japan

Addmve Effects on P1ezoelectr1c Properties of (Bi,,Na,,)TiO, Ceramics,
Sinichi Morita, Akihiro Itoh and Tadashi Takenaka, Science
University of Tokyo, Japan

Processing and Piezoelectric Properties of Pb(Ni,;Nb,;)O;-PbTiO,-PbZrO,
Solid Solutions from PbO-excess Compositions, Keiji Kusumoto and Tadashi
Sekiya, National Industrial Research Institute of Nagoya, Japan

Properties of PMN and PZT in Compression, Lynn Ewart, Elizabeth A.
McLaughlin, and Kim Gittings, Naval Undersea Warfare Center, USA

83

87

91

95

99

103

107

111

115

119

123

127

131




II-16

II-18

I-19

Ir-20

II-21

m-22

II-23

II-24

High Frequency Piezoelectric Properties of Lead Titanate, Koichi Hayashi,
Akira Ando and Yukio Sakabe, Murata Manufacturing Company Limited,
Japan

Composites and Medical Imaging Arrays for Frequencies Above 20 MHz, T 4.
Ritter, K K. Shung, R.L. Tutwiler, and T.R. Shrout, The Pennsylvania State
University, USA

Single Crystal Transducers for Medical Imaging Applications, R.K. Panda,
J.Chen, H. Beck, and T.R. Gururaja, Imaging Systems, HewlettPackard Co.,
USA.

Piezoelectric Ultrasonic Motor using Flextensional Amplification of a Disc
Radial Mode with Elastic Fin Drive, Philip J Rayner and Roger W.
Whatmore, TDK Nanotechnology Centre, Cranfield University, UK

Travelling Wave Ultrasonic Motor using the By, Flexural Mode of a Circular

Membrane, Philip J. Rayner and Roger W. Whatmore, TDK Nanotechnology
Centre, Cranfield University, UK

Piezoelectric Actuators and Dampers Using Interdigital Electrodes, Shoko.
Yoshikawa, Michael Farrell David Warkentin, Robert Jacques, and Erik
Saarmaa, ACX, Inc., USA.

Dielectric Studies of K(TaNb,,)O, and Pb(Fe,,W,,) for Use as Ferroic
Materials at Cryogenic Temperatures, C.B. Didntonio and S.M. Pilgrim, New
York State College of Ceramics at Alfred University, USA

The Development of Piezoelectric Ceramic Torsional Actuators Based on
Shear Piezoelectric Response and Their Potential Applications, Chulho Kim,
Naval Research Laboratory, USA; Aglexandre Glazounov, Universitit
Karlsruhe, Germany; and Qiming Zhang, The Pennsylvania State University,
USA.

Development of Pb(Zr,Ti)O;-based Ceramics for Photostrictors, Kazuhiro
Nonaka, Morito Akiyama, Tsuyoshi Hagio and Akira Takase, Kyushu National
Industrial Research Institute, Japan

The Dynamic Analysis of Kyser-type Ink-Jet Head, Yujiro Kitaide, Fuji
Electric corporate R&D, Ltd, Japan

Study of Electric-Field-Induced Strain in PLZT, Yoshikazu Akivama, Ricoh
Co., Ltd. R & D Center, Japan

16:30-18:00  Poster View, Discussion and Break

135

139

143

147

151

155

159

163

167

171

175




THURSDAY, NOVEMBER 4

PII-1

PII-2

Im-2

Im-3

-4

-5

Im-6

m-8

l Session IIIl —Thin Film Dielectrics I

Session Chair:  Angus Kingon, North Carolina State University
Tadashi Shiosaki, Nara Institute of Science and Technology

8:30-9:30 Plenary Lectures Page

The Electrical Properties of Thin Barium Strontium Titanate Films and their
Impact on the Performance of Capacitors for DRAM Memories, Thomas
Shaw* J.D. Baniecki’, R.B. Lazbowztz* E. Liniger* Z. Suo, M Huang’,
D.E. Kotecki** J. Lian" H Shen”: *IBM Research Division, **IBM
Mzcroelectronzcs Division, 'Columbia University, "Princeton University,
"Siemens Microelectronics Inc., USA.

The Ferroelectric Memory Technology and Its Application, Hidemi Takasu,
Rohm Co.Ltd, Japan

9:30-11:00 Contributed papers

Orientation Mechanism and Electrical Properties of Low-Temperature

Processed Sol-Gel Derived PZT Thin Film, Hisao Suzuki, Yasuhiro Kondo,
Shoji Kaneko, Shizuoka University; and T akashi Hayashi, Shonan Institute of
Technology, Japan

A Wet-Oxidation Process for Sputter-deposited Pb(Zr, Ti)O, Films, ,Sszg_Mm
Nam, Hiroyuki Kimura, Naoki Ohashi and Takaaki Tsurumi, T okyo Institute
of Technology, Japan

Electric Conduction Characteristics of Pb(Zr, Ti)O, Thin Films Measured with
Interdigitated Electrodes, Hirotake Qkino, Toshihisa Horiuchi, Hzrofumz
Yamada and Kazumi Matsushzge Kyoto University, Japan

Microstructures of Sol-Gel Derived PZT Thin Films, Kazunari Maki,
Nobuyuki Soyama, Satoru Mori, Kensuke Kageyama, Masaya Matsuura and
Katsumi Ogi, Mitsubishi Materials Corporation, Japan

Effects of Stacking Structure on Crystallization and Electrical Properties of
Pb(Zr, 5;Tiy47)O; Thin Films from Stable Precursor Sol, Hisao Suzuki and
Takahiro Koizumi, Shizuoka University, Japan

Effects of B-site Substitution in Ferroelectric PbTiO, Thin Films on Crystal
Structure and Electrical Properties, Masato Mivake, Akihisa Inoue, Ryo
Teraura, Takashi Nishida, Soichiro Okamura and Tadashi Shiosaki, Nara
Institute of Science and Technology, Japan

Texture Control of Sol-Gel Derived PZT Thin Films, Takashi lijima,
Toshihiko Abe and Norio Sanada, Tohoku National Industrial Research
Institute, Japan

Optimization of Buffer Layers and Device Structures in Ferroelectric-Gate
FETs, Hiroshi Ishiwara, Eisuke Tokumitsu and Gen Fujii, Tokyo Institute of
T echnology, Japan

179

185

191

195

199

203

207

211

215

219




m-9

m-11

m-13

m-14

Im-16

m-17

m-19

m-20

Pb(Mg, ;Nb,;)O,—PbTiO, Thin Films Synthesized by Metalorganic Chemical
Vapor Deposition, Stephen K. Streiffer,G.R. Bai, O. Auciello, P.K. Bauman,
K. Ghosh, and A. Mukholm, Argonne National Laboratory; C. Thompson,
Northern llinois University and Argonne National Laboratory; S. Stemmer,
University of Illinois at Chicago; and R.A. Rao and C.—B. Eom, Duke
University; USA

Dielectric Behavior of Multllayered Pb(Mg,;Nb,;)O,-PbTiO; Thin Film by
Chemical Solution Deposition, Hisao Suzuki, Hirovuki Kamei, Shizuoka
University;, Masami Kishi, Hokkaido Institute of Technology, Junichi
Takahashi and Kohei Kodaira, Hokkaido University, Japan

Piezoelectric Measurement of Thin Film Ferroelectric using AFM with an
RT6000, Kenji Shibata, Yasunori Yamaguchi,Yarman Ltd.; Joe T. Evans Jr.,
Radiant Technologies Inc.; Seigen Otani , Fujitsu Laboratories Lid.; and
Masatoshi Yasutake, Seiko Instruments Inc. Japan

Measurement and Calculation of PZT Thin Film Longitudinal Piezoelectric
Coefficients, Hiroshi Maiwa, Jon-Paul Maria* James A. Christman®*,
Seung-Hyun Kim* Stephen K Streiffer** and Angus I Kingon* Shonan
Institute of Technology, Japan, *North Carolina State University, USA,
**4rgonne National Laboratory, USA

Application of Piezoelectric MEMS in Biomedical Engineering, Dennis L.
Polla, William P. Robbins, University of Minnesota, USA

Growth of Epitaxial Bi-layered Ferroelectric Thin Films by MOCVD and
Their Electrical Properties, Hiroshi Funakubo, Katsuyuki Ishikawa, Takayuki
Watanabe and Norimasa Nukaga, Tokyo Institute of Technology, Japan

Low-Temperature Processing Using Complex Alkoxides for Ferroelectric
SrBi,Ta,0, Thin Films, Kazumi Kato, National Industrial Research Institute
of Nagoya, Japan

Ferroelectric Properties of Bismuth Layer-Structured Sr,, ;.. Bi,,Ti, . Ta0;,.;

(m=2, x=1-2; m=3, x=0-2), Tadashi Takenaka, Hajime Nagata, Naohifo
Chikushi and Takeshi Takahashi, Science University of Tokyo, Japan

Structural Analyses of Ferroelectric SrBi,Ta,0, Thin Films Prepared by Sol-
Gel Method, Ichiro Koiwa, Hiroyo Kobayashi, Keiji Tatani, Oki Electric
Industry Co., Ltd. Japan;, Kazuya Sano, The Japan Stee; Works, Ltd.; Akira
Hashimoto, Yoshihiro Sawada, Tokyo Ohka Kogyo Co., Ltd.; and Tetsuya
Osaka, Waseda University, Japan

Orientation Control of Bi,Ti;O,, Thin Films by MOCVD, Takeshi Kijima,
Yutaka Nagawasa and Kaoru Suzuki, SHARP Corporation , Japan

Bismuth Pyrochlore Films for Dielectric Applications, W. Ren, R. Thayer, C.A.
Randall, and S._ILQLLLMQKmsay, The Pennsylvania State University, USA

Microwave Properties of High-Tc Superconducting Thick Films on
Ba(Sn,Mg,Ta)O, Dielectric Resonator and Silver Plate, Hiroshi Tamura,
Tsutomu Tatekawa, Yuji Kintaka, Murata Manufacturing Company Limited, ;
and Akio Oota, Toyohashi University of Technology, Japan

223

227

231

235

239

243

247

251

255

259

263

269




II-21  Synthesis of New Pyrochlore Compounds for Transparent Conductor 273
Applications, Ravindran Mohanavelu, Alan P. Constant, and David P. Cann,
Iowa State University, USA

I-22  Ferroelectric Domain Pinning in PZT Thin Film Deposited on Pt and Oxide 277
Buffer Electrodes, Yoichiro Masuda, Shigetaka Fujita, Hachinohe Institute of

Technology; ,and Takashi Nishida, Nara Institue of Science and T. echnology,
Japan

11:00-12:30 Poster View, Discussion and Break

12:30-14:00 Lunch .

Session IV —Multilayer Ceramic Capacitors ]

Session Chair: Donald M. Smyth, Lehigh University
Hirosi Kishi, Taiyo Yuden Co., Ltd.

14:00-15:00 Plenary Lectures Page

PIV-1  Advances in “Low-Fire” Dielectric Technology for the Manufacture of MLCC 281
and Comparison with Base Metal Electrode Technology, LA4. Mann Kemet
Electronics Corp., USA

PIvV-2  Research Trends of Relaxor Ferroelecric Materials in Japan, Noboru Ichinose, 289
Waseda University, Japan ~ ;

15:00-16:30 Contributed papers

IV-1  Binder Burn-out Process for Highly Reliable MLCCs with Ni Electrodes, 295
Takeshi Nomura, Tamami Kato and Yukie Nakano, TDK Corp., Japan ‘

IV-2  Ni Compatible X7R and Y5V Dielectrics: The Evolution in Technology, . 299
Burn, D. Lee, D. Spang, and D. Swanson, Degussa Hiils, USA; W, Derks, J.
Roelofsma, and S. Santoro, Degussa-Hiils, The Netherlands.

V-3 Influence of the Microstructure on the Redox Behavior in BTZ Based 303
Material, Hirokazu Chazono, Yasuyuki Inomata, Noriyuki Kohzu, and Hiroshi
Kishi, Taiyo Yuden Co., Ltd., Japan

IV-4 A New BaTiO; for Low Fire Y5V and BME Y5V Dielectrics, S. Butcher, M. 307
Chu, V. Ganine, D. Rose, and T. Stone, TAM Ceramics, Inc., USA.

V-5 Occupational Sites of Rare-Earth Elements in BaTiO,, Hiroshi Kishi, Noriyuki 311
Kohzu, Yoshiaki Iguchi, Taiyo Yuden Co., Ltd.; Junichi Sugino, Hitoshi
Ohsato and Takashi Okuda, Nagoya Institute of Technology, Japan

IV-6  Effect of Rare-Earth Doping on the Temperature-Capacitance Characteristics 315
for MLCCs with Ni Electrodes, Shigeki Sato, Yoshinori Fujikawa, Akiko
Nagai, Yoshihiro Terada, and Takeshi Nomura, TDK Corp. Japan




Iv-7

V-9

V-14

IvV-15

IV-20

Aqueous-Based, Ni-Electrode Compatible Dielectrics for Advanced MLCC
Applications, &id]_ggr_Ze_mgglL& David V. Miller, Jefferey A. Kerchner,
Kathleen A. Thrush, and Stephen A. Costantino, Cabot Corp., USA.

Effect of Multiplication on Residual Stress and Reliability of MLCCs with Ni-
electrode, Yukie Nakano, Takeshi Masuda and Takeshi Nomura TDK Corp.

Japan

A Low Dielectric Aging X7R BaTiO, Ceramic for BME MLC, Yohachi
Yamashita, Toshiba Corp.; Nakano, H. Shoji, K. Handa and H. Ogawa,
Nippon-Chemi-Con Co., Ltd., Japan

Use of Chemically Prepared BaTiO3 in the Manufacturing of Multilayer
Ceramic Capacitors, S.P. Gupta, Tom Poole and Jeff Franklin, Kemet
Electronics Corp., USA.

Development of Nanosize Particles for Thin Layer Dielectrics, D.O. Yener, N.
Ogata,C.A. Randall, and J H. Adair, Penn State University, USA.

Nanostructured Barium Titanate Prepared in Microemulsions, Herbert
Geische, New York State College of Ceramics at Alfred University, USA.

Development of Ultra-Low Fire COG and X7R Dielectric Compositions for

Integrated Passive Component Applications, Brian C. Foster, Waiter J. Symes,
Everette A. Davis, and Matthew J. Creedon, Ferro Corporation, USA

Dielectric Property of BaTiO;-BaZrO, Solid Solution under High Electric
Field, Takaaki Tsurumi, Yuichi Yamamoto, Naoki Ohashi, Tokyo Institute of
Technology; Hirokazu Chazono, Yasuyuki Inomata and Hiroshi Kishi, Taiyo
Yuden Co.,Ltd., Japan

Dielectric Development for High Voltage Filter Capacitor Applications, 1.
Jessen, M. Chase, L. Kurihara, and M. Kahn, Naval Research Laboratory,
USA

Dielectric Properties of MnO-Doped BaTiO3 for Ni Electrode MLCCs,
ngc;s_hLMgmdg Akira Yamamoto and Takeshi Nomura, TDK Corp., Japan

Highly Accelerated Life Testing (HALT) of K-4500 Low Fired X7R
Dielectric, Galeb H. Maher, MRA Laboratories, Inc., USA.

Crystal Structure and Dielectric Properties of Perovskite Oxides
A(Sc,,M,,)0; ( A =Ca, Sr, M =Nb, Ta ), Avuko QOzeki, Yue Jin Shan, Tetsuro
Nakamura Utsunomiya University; and Mitsuru Itoh, Tokyo Institute of
Technology, Japan

The Quality Factor of the Bag;,R,,,, T1;30s5, (R = Rare Earth) Solid Solutions
Depended on the Ionic Size Difference Between Ba and R, Hitoshi Ohsato,
Masaki Imaeda, *Hideyasu Sakashita and Susumu Nishigaki, Nagoya Institute
of Technology, *Daiken Chemical Co., Ltd., Japan

Effects of Alkali Metal Oxide Addition on the Microwave Dielectric
Properties of the BaO-Sm,0,-TiO, Ceramics, Motohiko Sato, Jun Otsuka,
Hitoshi Yokoi and Kazushige Ohbayashi, NGK Spark Plug Co., Ltd., Japan

319

323

327

331

335

339

341

345

349

353

357

363

367

371




IV-21 Microwave Dielectric Properties of Ceramics with Nominal Composition 375
(4,, A" )XBB"O, (4, A’ = Ba, Sr, Ca), Hiroyuki Ikawa and Minoru Takemoto,
Kanagawa Institute of T echnology, Japan

IV-22  Influence of Rare Earth-Ions on Microwave Dielectric Property of R,BaCuO, 379
(R=Gd, Dy, Ho, Er, Tm, Yb) Solid Solutions, 4dkinori Kan, Hirotaka Ogawa,

Meijo University; Hitoshi Ohsato, Nagoya Institute of Technology, Japan

16:30-18:00 Poster View, Discussion and Break

19:00-21:00 Banquet

FRIDAY, NOVEMBER 5

Session V —Advanced Processing and Packaging

Session Chair: Robert Pohanka, Office of Naval Research
Tadashi Takenaka, Science University of Tokyo

8:30-9:30 Plenary Lectures Page

PV-1  The Rapid Progress of Organic Package for Semiconductor Integrated Circuit, 383
Masami Terasawa and Takuji Seri, Kyocera, Japan

PV-2  Development of Novel Piezoelectric Actuators by Solid Freeform Fabrication 389
Methods, dhmad Safari, Rutgers University, USA

9:30-10:40 Contributed papers

V-1 Preparation and Semiconductive Properties of La-doped BaTiO; Films 397
Fabricated by RF Magnetron Sputtering, Kazuo Shinozaki, Chih-Hsiu Yeh,
Naoki Wakiya, Hirosi Funakubo and Nobuyasu Mizutani, Tokyo Institute of
Technology, Japan

V-2 Processing and characterization of fully embedded foil-based (Pb,La)ZrTiO; 401
thin films with base metal electrodes for printed wiring board applications,
Jon-Paul Maria, K. Cheek, S-H. Kim, and A.I Kingon, North Carolina State
University; G Dunn, J.Sovic, and M. Zhang, Motorola Materials research
Laboratory; S. Streiffer, Argonne National Laboratory; USA '

V-3 Preparation and Multifunction of Highly Oriented AIN Thin Films -Ceramic 405
Skin-, Morito Akivama, Chao-Nan Xu, Kazuhiro Nonaka, and Tadahiko
Watanabe, Kyushu National Industrial Research Institute, Japan

V-4 Preparation of C-axis Oriented Zinc Oxide Polycrystalline and its 409
Piezoelectric Application, Satoru Fujitsu, Haruo Sekiguchi and Takashi
Kondoh, Shonan Institute of Technology, Japan




V-5

V-7

V-10

V-11

V-12

V-13

V-14

V-15

Sol Gel Growth and Properties of Lead Scandiﬁm Tantalate Thin Films for
Dielectric Bolometer Applications, Taku Takeishi, Arnoud de Kroon and
Roger W.Whatmore, TDK Nanotechnology Centre, Cranfield University, UK

Fabrication and Characterization of PZT Thick Films by a New Sol-Gel
Process Using an Interfacial Polymerlzatlon Shuichi Qzawa, Naoki Ohashi,
Masayuki Yamane and Takaaki Tsurumi, Tokyo Institute of Technology, Japan

Chemical Preparation and Properties of La-doped K, ,(Pb,¢Ba, ;), sNb,O¢ Thin
Films, Wataru Sakamoto, Kana Kosugi, Toshinobu Yogo and Shin-ichi
Hirano, Nagoya University, Japan ‘

Preparation of Submicron Barium Titanate by Oxalate Process, Isufomu
Kajita, Morihito Nishido, Fuji Titanium Ind. Co.,Ltd, Japan

Low-Temperature Sintering of PZT Powders with Sintering Aids Using
Chemical Process, Takashi Hayashi, Takayuki Inoue, Tetsuo Shibusawa,
Shonan Institute of Technology, and Yoshikazu Akiyama, RICOH Co., Ltd.,

Japan

Low-Temperature Processing of Pb(Zt,s;, Tiy4;)O; Thin Film by Sol-Gel-
Casting, Hisao Suzuki and Masahumi Kunieda, Shizuoka University, Japan

Structural and Electrical Characterization of Bi;Ti;Fe, , Mn,O,; Solid
Solutions, Sung-lak Ahn, Yuji Noguchi, Masaru Miyayama, and Tetsuichi
Kudo, University of Tokyo, Japan

Piezoresistance in Thin BaTiO, Ceramic Bars and Their Applications, Kouichi
Hamamoto, Hirohumi Matsuda, Kunichi Miyazawa and Makoto Kuwabara,
The University of Tokyo, Japan

Growth of Potassium Lithium Niobate (KLN) Crystals by the Continue-

Charged Czochralski Method, Masatoshi Adachi, Mayumi Nakatsuji and
Tomoaki Karaki, Toyama Prefectural University, Japan

A Low Loss, Temperature Stable (T) LTCC RF Material System for

Consumer Wireless Applications, Rong-Fong Huang, Steve X. Dai, and David
Wilcox, Sr., Motorola Labs, USA

NPO capacitors based on Bl-pyrochlore dielectric materials, J.C. Nino, T.
Sogabe, M.T. Lanagan, T.R. Shrout and C.A. Randall, The Pennsylvania State

University, USA
10:40-12:00 Poster View, Discussion and Break
12:00-13:30 Farewell Party (Lunch)

13:30  Optional Excursion (NOT free of charge)

413

417

421

425

429

433

437

441

445

449

453




PI-1

PI-2

I-1

I-2

I3

I-4

I-6

Session I —Basic Science

Plenary Lectures

MLCs Technologies of Today and Future Yukio Sakabe, Murata
Manufucturing Co., Ltd., Japan

Scientific and Engineering Issues of the State-of-the-Art and Future
Multilayer Capacitors, Clive Randall, Y. Tsur and J. Van Tassel, The
Pennsylvania State University, USA.

Contributed Papers

Phenomenology of the Elasto-Dielectric Response in the Field Forced
Ferroelectric Phases of Lead Zinc Niobate: Lead Titanate (PZN : PT)
Relaxor Ferroelectrics, L._Eric Cross and Petr Hana, The Pennsylvania State
University, USA.

Domain Structure of PbTiO; Single Crystals by Kelvin Force Microscope,
Takashi Yamamoto, Shinobu Omika, Junichi Sakamoto and Eiji Matsuzaki
National Defense Academy, Japan

SHG Microscope: Principle and Its Application to Nondestructive
Observation of 180° Domain Structure and Domain Reversal Process in
Ferroelectrics, Haruyuki Mohri, Sunao Kurimura and Yoshiaki Uesu,
Department of Physics, Waseda University, Japan

(Ba,Sr)TiO, Dielectrics: Relationship between Bulk and Thin Film Properties,
Angus I Kingon and Charles B. Parker, Dept. of Materials Science and
Engineering, North Carolina State University; Stephen K. Streiffer, Argonne
National Laboratories,; and Susanne Stemmer, University of lllinois, USA

Quantum Paraelectricity in Epitaxial Titanate Perovskites, R.MV.Rao,
K.Shimada, M Lippmaa, M Kawasaki, Y.Inaguma, M Itoh, H Munekata and
H. Koinuma, Tokyo Institute of Technology, Japan

Charge Transport and Fatigue Resistance in SrBi,Ta,0,, 4.C. Palanduz,

Massachusetts Institute of Technology and Donald M. Smyth, Lehigh
University, USA.

Structure and Ferroelectric Properties of Bismuth-Layer-Structured
Ferroelectric Single Crystals, Hiroshi Irie, Masaru Miyayama and Tetsuichi
Kudo, The University of Tokyo, Japan

Commonalities of the Influence of Lower Valent Substitutents on PZT,

Dwight Viehland, Naval Sea Command, USA
Domain Switching and Rotation in Soft and Hard PZT Ceramics, Toshio

Page

15

19

23

27

31

35

39

43

47




I-10

I-11

I-12

I-13

Ferroelectricity-Evoking Mass-Inequality Factor for Perovskite Titanates

ATiO,, Tetsuro Nakamura, Yue Jin Shan, Utsunomiya University; Mitsuru
Itoh and Yoshiyuki Inaguma, Tokyo Institute of Technology, Japan

Dielectric Properties and Depoling Characteristics of PB(Zr, sTiy5)O; Based
Ceramics: Near-Critical Grain Size Behavior, B.4. Tuttle, J.A. Voigt, TW.
Scofield P. Yang, D.H Zeuch, and M.A. Rodriguez, Sandia National
Laboratories, USA . :

Ferroelectricity in SrTi(**0,,"*0,);, Mitsuru Itoh and Ruiping Wang, Tokyo
Institute of Technology, Japan :

Diffusion of Oxide Ions in Zinc Oxide Ceramics and Thin Films, Hajime
Haneda, Isao Sakaguchi, Akio Watanabe, Manabu Komatsu, , *Tsuyoshi
Ogino ,**Tadashi Takenaka and ***Naoki Ohashi, NIRIM, *Kyushu Univ.
**Sei. Univ.of Tokyo, ***Tokyo Institute of Technology, Japan

51

55

59

63




MLCs Technologies of Today and Future

Yukio Sakabe

Murata Manufacturing Co., Ltd.
Yasu Yasu-gun Shiga 520-2393 Japan

Fax: +81-77-587-1923, e-mail: sakabe@murata.co.jp

Abstract: Development of BaTiO;-based dielectric materials for nickel electrode MLCs has significantly
progressed due to the steep increase of Pd market price and expanding the needs for capacitors of large
capacitance. Ultra-fine BaTiO; powder was synthesized and evaluated its dielectric behavior with particle
size. Hydrolysis methods provide a suitable BaTiO; powder for preparing a smooth and defect free ultra- thin
layer of few micron meters. BaTiO, ceramics composed of grains of 150nm in diameter has still ferroelectric
characteristics and provided MLC with high dielectric constant of 1560. Performance of the MLCs changed
severely with thickness of dielectrics and electrode layer due to the increase of voltage and mechanical stress.

The maximum capacitance of MLC has reached to 100uF that has been in the territory of Tantalum and
Aluminum electrolytic capacitors. MOCVD was applied to form the thinner layer than that by conventional
slurry coating method. ( Ba, Sr,)TiO, dielectrics of 200nm thick were multi-stacked with Pt electrode on
MgO substrate to prepare the MLC of high volumetric efficiency. This feasibility study showed one direction
of the developments for future styles of the ceramic capacitors.

1. INTRODUCTION

With the advent of advanced electronic devices such
as handy-phone and personal computer, the demand for
surface mountable chip components continues to increase.
Under these circumstances, the principal developments in
the multilayer ceramic capacitors (MLCs) industry are
miniaturization, improvement of volumetric efficiency,
cost reduction, improvement in reliability and the design
of new products with high performance.

In Japan, the MLC production unit has grown by
22.4% in fast quarter of this year. The MLC of large
capacitance has become comparable performance to
tantalum electrolytic capacitors. Aluminum electrolytic
capacitor has lost 6.5% in the same time period. Today,
the production unit volume difference between these two
capacitors has expanding. This trend will continue from
now on, because the MLC has higher volumetric
efficiency, lower ESR and lower ESL at high frequency.
These advantages meet the all needs from today’s
telecommunication equipment and personal computer.

The other hand, the price of MLCs is steadily
decreasing at a rate of more than 10% a year. Since
dramatic increase of palladium price in 1996, significant
advances have been achieved in reduction of dielectric
thickness to increase the volumetric efficiency and reduce
the material cost of MLCs. Advanced technologies for
ultra-fine powder synthesis, thin green sheet preparation,
and stacking of high layer count (>350) have let to MLCs
of large capacitance comparable to tantalum electrolytic
capacitors.

Base metal electrode MLCs expanded the product line
up utilizing the nickel compatible X7R dielectrics, fine
Ni and Cu electrode powder. In this report, the recent
developments of MLC technologies and a new challenge
for future are overviewed.

2. BaTiO, FOR ULTRA-THIN DIELECTRIC LAYER
Miniaturization is one of the key technologies in the
capacitors industry. By incorporating thinner dielectric
layers with nickel compatible dielectrics and nickel
electrode, large capacitance MLCs comparable to

tantalum- electrolytic capacitors has been developed. To
reduce the dielectric thickness less than 3um, further
development of ultra-fine grain BaTiO, of high dielectric
constant has been required.

Extensive works on the particle size effects of BaTiO,
have been made, and several models for critical size of
ferroelectricity have been proposed [1-14]. Arlt et al.
reported that there was an optimal value of grain size at
about 0.8um for the maximum dielectric constant [4].
Results from our reliability study claimed that dielectric
layer should be pore-free ceramics with grain of smaller
in sized, and at least 5 grains are required for the ceramic
layer. To design the capacitor of large capacitance par
unit volume, the dielectrics is expected to have large
dielectric constant with smaller grain in size. To realize
the ideal BaTiO; powder of fine and good crystallinity,
we synthesized the BaTiO; powder of 70nm in size by
hydrolysis method [15,16]. Dense dielectric ceramics of
grain size ranging from 150nm to 900nm were prepared
with calcined BaTiO,; powder doping the grain growth’
inhibitors and glass powder as sintering agent. MLC
test samples were prepared with 1.6um thick green sheet
and Ni paste for inner electrode. The chip capacitors of
size¢ 2.0mm x 1.25 mm were fired in a reducing
atmosphere at various temperature ranging from 1000°C
to 1250°C for 2 h. Ferroelectric domain structure was
still observed in these 0.15 um sized grains as shown in
Fig. 1. Grain boundary layer of 1 nm thick was
recognized for the doped BaTiO; ceramics. It was
confirmed by TEM analysis that Si, Mg, Ti and Ba ions
located in the boundary layer and triple point of the
grains.

Grain size dependence of dielectric constant is shown
in Fig2. Dielectric constant at room temperature
decreased with grain size at a region smaller than 0.8um.
The doped BaTiO, has smaller dielectric constant than
the pure BaTiO;, because of the formation of the
heterogeneous grain boundary layer. The doped BaTiO,,
however, provided relatively high dielectric constant of
1000 even with small grain of 100nm.
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Fig.1. TEM image of the doped BaTiO; ceramics of grain
size 150nm.
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Fig.2. Grain size dependence of dielectric constant.

Temperature dependence of dielectric constant is
shown in Fig. 3. Dielectric constant of doped specimens
decreased with grain size, resulting in stable temperature
dependence. Curie temperature was plotted against the
reciprocal of the grain size in Fig.4. Curie temperature
was linearly related to the reciprocal of the grain size,
accordingly, Curie temperature decreased with grain size.
D-E hysteresis curve of the pure and doped BaTiO,
ceramics was measured. Non-linear D-E curve was still
observed at doped BaTiO; ceramics with grain size of
150nm.
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Electrical properties of the MLC with dielectric layer of
Ipm thick are shown in Table I . High dielectric constant
ceramics with stable characteristics under high AC and
DC voltage stress are indispensable for designing the
MLC with thinner layers. The ultra-fine BaTiO, was
rather stable under voltage stress than conventional
dielectrics. This is a big advantage for high volumetric
capacitors designing with thinner layer. It was supposed
that the high surface tension in the ultra-fine grain
provided the small voltage dependence.

Table I Electrical properties of MLC with ultra-fine
grain BaTiO; ceramics (average grain size of 150nm)

Chip size (mm) 2.0x1.25x0.4
Dielectric thickness (nm) . 1.0
Active layer’s number 5

Inner electrode Ni
Firing temperature ("C) 1150
Capacitance (nF) at 1kHz/1Vrms 89
Dielectric constant 1560
Dissipation factor (%) 2.1
Resistivity (Q- cm) logR at 10V 12.5
Break down voltage(kV/mm) . 115

One of the most critical processing parameter is the
degree of homogeneous mixing of additives and binder in
the slurry. High density and defect fre¢ layer is realized
by preparing the homogeneous slurry for sheet casting.
The surface roughness is becoming more serious problem
with thinning the dielectric sheet. The roughness-of 3um
thick sheet must be controlled to less than 0.3um to
insure a smooth surface contact with the inner nickel
electrode. This is also very important factor to avoid the
concentration of electric field at aspirates, where the
charge emission from the inner electrode is accelerated,
resulting in short failure.

For the same reason, the nickel metal powder for the
electrode paste must also be very fine, typically less than
0.5um, and well dispersed in the paste. Very fine Ni
powder (<0.4um) prepared by CVD and/or chemical
synthesis has been supplied. The powder provides MLCs
with higher capacitance because of the higher coverage of
the electrode at the ceramic interface. Fig.5 shows that Ni
electrode with 0.2um powder has higher coverage than
that with 0.5pm powder.
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Fig.5. SEM photographs of inner-electrode of MLCs with
fine Ni powder. Percentage shows coverage rate.

3. PERFORMANCE CHANGE WITH THINNING
LAYER

Voltage stress increases with thinning the dielectric
layer, resulting in the serious changes in capacitance and
dissipation factor of BaTiO; ceramics. This tendency is
remarkable for the dielectrics having higher dielectric
constant. Fig.6 shows temperature dependence of
dielectric constant of X7R material of various thickness
[17]. Applied AC voltage was 0.5Vrms at 1kHz.
Dielectric constant of ferroelectric phase increase with
decreasing thickness of the layer, resulting in the
clockwise rotation in the TC curve. New dielectric
materials, which provide high dielectric constant and
stable characteristics under high voltage stress, are
required to realize the large capacitance MLCs with
thinner layer and higher layer count.

The thickness of the inner electrode also effects on the
temperature dependence of dielectric constant as shown
in Fig.7. Dielectric constant increases due to an increase
of horizontal compression from the thick metal electrode
layer.

4, DEVELOPMENT OF BME-MLCs TECHNOLOGIES

Since 1996, the market price of palladium has steeply
increased from $140/0z in 1996 to $178/0z in 1997,
$284/0z in 1998 and $350/0z in this year. The MLC
manufactures had extreme pressure to reduce the
electrode cost, and accelerated the expansion of MLCs
production to substitute palladium with base metal such
as nickel and copper. Further miniaturization with
thinner dielectric layer and electrode laydown also
affected the cost reduction of the MLCs. We estimate the
fabrication of nickel paste reached 80% in weigh of inner
electrode paste consumption in Japan. Worldwide
statistics shows the consumption of palladium in
electronics sector fell by 480k oz to 2070k oz in 1998.
Over the next few years, the usage in electronics is likely
to fall as nickel electrode MLC technology has so much
improved to be adopted for higher specific products of
large capacitance with X7R materials. Till 3 years ago,
NPO materials have been used only to design the MLCs
of relatively small capacitance capacitors, because the
electrode cost of the large capacitance NPO capacitors
with Pd were too high to compete with other capacitors.
Highly reliable nickel compatible NPO dielectrics were
developed for large capacitance MLCs that can replace
film capacitors of capacitance less than 0.01pF.
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Fig.6 Thickness dependence of dielectric constant at
0.5Vrms 1kHz.
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Fig.7 Dielectric constant changes with thickness of the
electrode. Dielectric thickness was 2.9mm. Applied
voltage was 0.5Vrms 1kHz.

Copper is an another ideal electrode material of MLCs
because of its high conductivity and low price. High-Q
MLC with low-fire and reduction-resistant dielectrics was
developed for microwave applications. Copper electrode
yielded lower ESR than conventional Pd electrode at high
frequency as shown in Fig. 8.

Foster reported an alternative to the BME [18]. The
system use pure Ag and/or high silver Ag/Pd electrode
with low-fire dielectrics which densify at temperature
less than 1000°C. The high dielectric constant materials
of NPO and X7R, which were comparable to the
conventional formulations, were developed. Advantage
of this system is that the process equipment for
conventional MLCs can be used.
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5. PERFORMANCE OF MLCs of X5R-100pF

Ceramic chip capacitor of 100uF was developed with
nickel electrode system to meet the condition of
decouping capacitors for VLSI and switching mode
power supply. The fundamental characteristics of the
newly developed X5R 100puF MLC are shown in TableII.
Large volumetric efficiency of 1.17uF/mm® was achieved
by chip size of 5.7X5.0X3.0 mm and 3.3um thick
dielectrics of 525 layers. Used X5R dielectrics had

Table II. Characteristics of MLC of X5R-100uF - 6.3V

Chip size 5.7X5.0X 3.0 (mm)
Dielectric thickness, 3.3um

Inner electrode Ni

Active layer number 525
Capacitance (1kHz 0.5Vrms) 108pF
Dissipation factor (1kHz 0.5Vrms) 3.3%

TCC X5R
Insulation resistance 1.0X 10°Q
BDV 197V

dielectric constant of 3900. Frequency response of the
MLC was excellent for the applications due to the low
ESR and low ESL characteristics as shown in Fig.9.

The large capacitance MLCs have been realized by
reliable Ni compatible dielectrics and established
technologies of manufacturing process, handling the
thinner sheets and firing in a low P(O,) atmosphere.

The capacitors have large potential to replace Ta and
Al electrolytic capacitors in the range from 10 to 100pF.
The major technical advantages over Ta and Al capacitors
are higher breakdown voltage, higher reliability and
lower ESR at high frequency.
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.Fig.9. Frequency dependence of impedance of the
several capacitors of 100pF

6. MLCs WITH MOCVD METHOD

Thinner dielectric layer of MLC less than few micron
meters is formed by sheet casting machines such as
reverse roll coater, lip coater and die coater with
homogeneous mixture of fine ceramic powder, additives
and binder. We believe that these conventional sheet
methods have technical limits of the dielectric thickness
of around 1um. Therefore, new techniques are required to
prepared the dielectric layer of sub-micron thick for
higher volumetric efficiency. We have investigated the
microstructure and dielectric properties of (BaSr)TiO,
thin films prepared by metalorganic chemical vapor
deposition (MOCVD), and designed the MLCs to
demonstrate the new technologies for next generation of
capacitor manufacturing [19,20].

A schematic diagram of the MOCVD system used to
deposit the BST layers is shown in Fig.10.
(Ba(C,;H,50,),(CgHyN),), (Sr(Cy H,50,),(CsHpsNi),) or
(Sr(C, H,,0,),(CcHsN,),), and (Ti(i-OC;H,),) were used
as Ba, Sr, and Ti sources respectively. Oxygen was used
as an oxidant, and argon as a carrier gas. The deposition
conditions for the BST layers are summarized in Table
If. The structure of the MLC with BST thin layers is
schematically shown in Fig. 11. MgO single crystal was
used as a substrates and Pt as the electrode of the MLC
with BST thin layers. RF magnetron sputtering formed
the Pt electrode at temperature lower than 100°C.

SEM image of the cross sectional view of the MLC
with (Bag,,Sr,5)TiO; thin layers is shown in Fig.12.
The capacitor was constructed with fifteen BST dielectric
layers and sixteen Pt electrode layers. The average
thickness of dielectric and electrode were 0.22 and 0.23
wm respectively, giving a total thickness of 7.0 um.  The
MLC of 0.4X 0.4mm in size yielded capacitance of 34 nF
and dissipation factor (tan8) of 2.6% at 1 kHz and 100
mV. Capacitance per unit volume was 30 pF/mm?® that
was 10 times larger than MLCs of today.
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Table 1. Deposition conditions of BST layers

Source temperature

Ba source 130-158°C

Sr source 107-128°C

Ti source 40°C
Substrate temperature 650°C
Chamber pressure 13.3kPa
Deposition time 65-120min

Fig.12.
capacitor with fifteen (Ba, ,,Sr, ;)TiO; dielectric layers.

Cross sectional SEM image of multilayer

The dielectric constant was evaluated about 350 that was
comparable to that of the other worker’s [21]. Figure 13
shows the temperature dependence of the single-layer and
multilayer capacitor with (Bay,,Sr,,)TiO, dielectrics.
The maximum capacitance value was obtained at -10°C
and -30°C, respectively.
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Fig.13. Capacitance change of MLC with (Ba,,,Sr, ;)TiO,
dielectric layer by MOCVD.

The capacitance of this capacitor changes considerably
with DC biasing field. It decreased 27% and 34% under
DC biasing voltage of 1.5 V and 2.0 V, respectively. This
is one of the important subjects in future works. The
leakage current at 1V was about 0.2nA, and the
breakdown voltage was about 6V. The acceptable CR
product of 121IMQ-uF was obtained. But short failure
rate was still high, around 50%, which may due to the
inhomogeneity of the deposited ceramic layer. As show
in Fig.14, surface of the single BST film was
homogenous and smooth. With increasing the layer count,
however, the surface morphology had change to the
rather poor structure. Further development on multi-
stacking technologies of the homogenous dielectrics of
nano meters thick with base metal electrode is expected
for next century.

L]
lpym
Fig.14. SEM images of the surface and fractured face of

the single BST film.

7. SUMMARY

1. Significant progress has been done in the BME-MLCs
study and manufacturing since 1996 because of the
dramatic increase of the palladium price. Reliability of
nickel compatible X7R dielectrics was so much
improved by employing the rare-earth elements. To




form the thinner dielectric layer, ultra-fine BaTiO,
powder was studied and applied to the MLCs of
dielectric layers few micron meters thick. With this
technology, large capacitance MLCs comparable to Ta
and Al electrolytic capacitors was realized. MLC of
100uF has superior frequency performance than
electrolytic capacitors.

2. The technologies of BME have been developed to the
NPO materials, and realized the large capacitance
NPO capacitors which can replace the film capacitors.
Copper electrode provided high frequency capacitors
with low ESR and high-Q value.

3. MLCs on MgO substrate with MOCVD was prepared
to demonstrate the feasibility of a new manufacturing
process of the capacitors. Fifteen dielectric layer of
(BaSr)TiO, 200nm in thick yielded 30uF/mm’ that was
10 times higher volumetric efficiency than
conventional ceramic capacitors.
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ABSTRACT

BaTiO,-based multilayer capacitors are rich with the science of crystal chemistry, defect chemistry, phase
transition theory, ferroelectricity, and processing. State-of-the-art multilayer capacitors are fabricated with base
metals, submicron grains and have thickness of layers approaching one micron. There are, however, needs to
keep improving the volumetric efficiency of capacitance, improve reliability in thin layers, and increase the
number of active layers. This paper summarizes and reviews some of the studies our group is performing to
scientifically aid progress in this fast moving field. Specifically, we will review size effect issues, the role of
rare-earth doping in improving degradation resistance, and the potential of electrophoretic deposition to produce

multilayer structures with nanopowders.

I. FUNDAMENTAL SIZE LIMITATIONS OF

FERROELECTRIC BASED CAPACITORS
In a traditional multilayer capacitor (MLC) made from
BaTiO,, there are a number of factors in which to consider
the influence of size and the ultimate dilution of high
dielectric permittivity characteristics. In the grain size
range of 0.7 ym, the room temperature permittivities are
maximized through the internal stress that develops via the
spontaneous strain at the cubic-tetragonal phase transition.
This stress then raises the permittivity of the Curie-Weiss
tetragonal-orthorhombic phase transition. This interplay
of stress and dielectric permittivity through electrostrictive
coupling is accounted for semi-quantitatively in the
'Phenomenological Devonshire theory, Buessem et al.®”
More recently, Frey and Payne demonstrated that for much
smaller grain sizes 80 nm to 0.1 pm, the dielectric
permittivity is systematically diluted by a thin grain
boundary phase that increases its relative volume fraction
as grain size decreases.®

At crystallite sizes below 40 nm, the ferroelectric
phase transition shows evidence of a size effect instability.
In a systematic glass—ceramic study, Randall et al. and
Tanaka et al. have both demonstrated that the BaTiO,
ferroelectric transition temperature begins to drop with
crystallite size.® This is very difficult to show in bulk
materials, where there is the competition between
densification and grain growth.

Various annealing studies were performed and
produced samples with different size distributions in a
BaTiO, glass ceramic. Dielectric characterization

demonstrated size effects consistent with the theoretical
predictions of Binder for finite sized ferroelectrics,
namely:

(i) A shift to lower temperatures of the phase

transition temperature. .

(ii) Broadening of the thermodynamic anomalies

at the phase transition region.

(iii) Reduction of the magnitude of the dielectric

permittivity at the phase transition.® .
These trends are compared to the Binder scaling laws in
Figure 1.

A phenomenological model by Zeks and Tilley was
applied to the phase transition temperature data and
crystallite statistical median.” This demonstrated that the
critical size effect under this boundary condition ~ 13 nm,
with no significant shifting of the Curie temperature with
crystal sizes down to 40 nm. The theoretical model is also
compared to other authors’ data and demonstrates good
agreement with the trend, Figure 2.%%9 The governing
phenomenological equation is given by:

1
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where {X(T) = — x/o. (T-Tp, and T = [1— < ],
TC°°

and L is the crystallite size, T, is bulk temperature phase
transition temperature, T, is the transition at a finite crystal




size, x is the Ginsburg coefficient, o, is the Landau inverse
Curie constant, {(T) is coherence length at any
temperature, and § is the polarization gradient region = 5
nm (this is the only adjustable variable). The sizes
predicted in this study are close to the typical correlation
lengths expected for displacive ferroelectric phase
transitions in bulk crystals. In addition, the ratio of the
Curie constant and Ginsburg coefficient are in excellent
agreement with earlier data.

The size data in BaTiO, has often been estimated to be
= 100 nm. Frequently, x-ray techniques were used, and
where unable to deconvolute the tetragonal spontaneous
strain, over the line broadening and residual strain in
powders. The spontaneous strain is more effectively
resolved with accurate line broadening x-ray studies as a
function of temperature. This then shows ferroelectric
behavior in crystallites much smaller than 100 nm.

In the case of thin film ferroelectrics, the dielectric
properties are not only influenced by the dimensions of the
active layer, or the grain size, but also the coherent crystal
size. This has been very nicely demonstrated in epitaxial
films by both Ahn et al. and Maria et al.""'® In a PMN:PT
epitaxial films, large shifts of the phase transition
temperature were noted with coherent x-ray size of 30 nm,
whereas 100 nm crystal coherency showed approximately
bulk transition temperature. Likewise, very thin 10 nm
films with almost perfect coherency in all 3-D
demonstrate bulk transition temperatures. These important
results illustrate size effect phenomena is dependent on the
dimensionality of a coherent ferroelectric crystal.

In multilayer capacitors with materials as BaTiO,, the
doping is important to control the temperature coefficient

of capacitance. In 100 nm grain size X7R materials the

dielectric permittivity approaches =1500, with tand =
0.02."% Between 0.2 um (present X7R grain size) and
0.04 pm there is very little problem with the intrinsic size
effect as discussed above. However, there is a
consideration with the dilution of the dielectric constant
with low K grain boundaries. Assuming the dilution of
dielectric permittivity with a low grain boundary phase,
similar to Frey et al., there will be a continued advantage
in miniaturization in the capacitance volumetric efficiency
figure of merit in the foreseeable future. A more
significant problem is the control of the temperature
coefficient of capacitance for X7R applications and the
ability to miniaturize both the grain structure and the
dielectric layer thickness. Utilizing chemical coating of
powders gives some advantages to the formation of the
required core-shell structures for X7R. Figure 3(a) shows
the development of an X7R dielectric characteristics with
sintering temperature, and (b) the corresponding chemical

variations determined from EDS studies in a transmission
electron microscope, (c¢) the core-shell
microstructure.">'> This may not be so controllable on a
production scale for grain sizes approaching 0.05 um
without better understanding of core-shell formation,
particle size control, and the role of each dopant.
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Figure 1. Evidence for fundamental size effect behavior in
BaTiO; glass-ceramics: (a) shifting of transition
temperature, (b) broadening or rounding of phase
transition behavior, (c) peak dielectric constant versus
crystal size L, or N (no. of formula unit cells).
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Figure 2. Transition temperature versus crystallite size
from a number of recent studies, Zeks-Tilley
phenomenological model is fitted to the data.

II. BASE-METAL—RARE EARTH OCCUPANCY

One of the most important advances in multilayer
capacitor materials is the development of X7R and Y5V
capacitors cofired with nickel electrodes."™ 2" The success
of the development of such capacitors hinges on the use of
rare earth and Y-based doping to enhanég the degradation
resistance of the material. This is particularly important as
the degradation process is controlled by the electro-
migration of oxygen vacancies. Sintering at low partial
pressures of oxygen (=107'° atm) creates additional
oxygen vacancies, and therefore both their concentration
and effective mobilities have to be reduced to render high
degradation resistant dielectrics.

The basic mechanism by which this is obtained is not
well understood at this time. We have recently extended
the defect chemistry of BaTiO, to demonstrate the
interplay of Ba-stoichiometry, partial pressure of oxygen
and rare-earth dopants site occupancy at the sintering
temperature.

We have demonstrated that the following equation (2)
is general for both single and two phase regions of BaTiO,
phase field. - '
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Figure 3. (a) Dielectric temperature dependence of
ceramics fired at different conditions to obtain high
densities, X7R behavior, and 0.15 pm grains, (b) dopant
spatial variation for these materials towards the
development of X7R behavior, (c) core-shell structure in

submicron BaTiO,.




The symbols are consistent with the classical Kroger-Vink
notation.!"® This equation can be re-expressed as its
corresponding mass-action relation:

©)]

w~

Ti

These equations only hold at high temperatures, where all
. these species are mobile, from previous diffusion studies
we anticipate T>1100°C. From equation (3), it shows that
a Ba-rich phase drives the ratio towards B-site and vice
versa for Ti-rich. This equation is only a concentration
proportionality, and the relative concentrations depend on
the constant K for each dopant species to be considered.

Further, at high temperatures, the Schottky reaction is
important, and therefore we need to consider its mass
action relation, namely:

[V[;'ﬂ][v;"i'ﬁv‘;]3 =K. @)

For both Ba and Ti-rich stoichiometries, the chemical
potential are fixed from the adjacent phases, it can be
readily shown that- the concentrations of the metal
vacancies are proportional to the oxygen vacancy
concentrations, viz

1o v:] ®

o

Ve

So we can generalize at high temperatures; (T1 100°C):
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Recently, precise x-ray studies have verified this
interrelationship. - Figure 4 shows the influence of lattice
parameter on idealized 1% rare earth doped barium
titanate, with Ba —rich samples made with Ba/Ti=1.01 and
Ti-rich Ba/Ti=0.99, with samples fired in reducing
atmosphere, PO, ~ 10'° atm. The ionic radius is the
octahedral coordinated radii, in accordance to the revised
tables of Shannon.?® We can identify three regimes of
behavior in Figure 4:

a[V;] ©)

—io—

Regime (T):  Small cations, such as Yb and Lu,
occupy the B —site and are compensated via
oxygen vacancies.

Regime (II):  This jonic radii range of rare-earth
dopants and Y are amphoteric, since they are
either acceptors or donors. For the Ba rich
case all the dopants expand the lattice owing to
the B-site occupancy, as acceptors. The Ti-
rich samples have less probability of
occupancy on the B-site and therefore has a
smaller unit cell volume.

Regime (IIT): Large cations, La, Nd, occupy the
A-site. The compensation mechanism is
dependent on Ba-rich or Ti-rich
stoichiometery, consistent with earlier studies
of Chan et al.™

Note that all the “magic” dopants used by the BME
capacitor manufacturers that aid degradation resistance
are amphoteric!‘¢"®

In the case of the site occupancy dependence on
oxygen partial pressure, we considered the difference
of sintering in air versus 10" atm for Ba-rich and Ti-
rich compositions with Er-doping. Table I shows the
volumes in cubic angstroms with the errors (as
determined by maximum likelihood method).®®
Higher partial pressure causes a lower concentration of
oxygen vacancies during the firing. This alters the
metal vacancy ratio towards more Ti-vacancies and

the site occupancy toward more [R’:ﬁ], so the air fired

samples have larger volumes. So a question that has
still to be answered is: “What is the atomistic
advantage of amphoteric B-site occupancy in BME
dielectrics?” We earlier have hypothesized that the
jonic radii = 0.90A is an optimum in degradation
resistance, as it balances maximum solubiilty on B-site
with maximum local strain. The B-site occupancy
developed a local pinning site that limits the oxygen
vacancy mobility.?® The above results in Figure 4 are
consistent with this picture, in that the average lattice
is expanded for the Ba-rich case. However, we have
recently become aware of work in the ionic conductor
literature, where 2-phase segregation leads to higher
mobility of defect species.®® If this is appropriate for
the BaTiO, BME materials, the amphoteric dopants
can buffer or expand the single phase region at
low P(O,) firings, and thereby limit the mobility of the
oxygen vacancy in a more homogeneous phase. We
are further investigating the atomistic mechanism that
provides high degradation resistance.
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Figure 4. (a) Room temperature unit cell volume for rare-earth doped BaTiO, with Ba and Ti excess, fired at low PO,’s, (b) unit
cell volume difference between Ba- and Ti-excess compositions fired at low PO,’s.




Table 1.  Er-doped BaTiO ;unit cell volume under

various firing conditions, volumes in cubic Angstroms.
Fired at Ba-rich Ti-rich Difference
10" atm. | 64.453(12) |64.4533(11) | 0.67(33)
air 64.556(15)  |64.523(12) 0.033(37)

In terms of the miniaturization of BME multilayers, it is
not only the compositional development that is important, but
also the control of reoxidation step. In BME materials, the
sintering is at a P(0)’s = 10-!% atm and above and
temperatures 1130 to 1350°C. The reoxidation annealing steps
is typically at higher PO, = 107 atm for times = 2 hours and
temperatures ~ 900°C. There are two electrode-ceramic
interfacial reactions that have to be limited: first, the oxidation
of the nickel electrodes, and second, the interdiffusion of
nickel into the dielectrics. As the active layer dimensions
reduce in future BME-MLCs, the control of the reoxidation
anneal process becomes more critical, and more complex
annealing profiles may be required.

III. HOW TO FABRICATE FUTURE SUBMICRON

MULTILAYER CAPACITORS?

The advancement of colloidal science, enabling optimum
dispersions and controlling of incongruent dissolution and the
mass-product ion of submicron powders by a variety of
chemical methods has evolved tape casting and similar
technologies to produce fired tapes ~ 1.0 um. ‘A number of
leading capacitor companies have suggested that 1.0 um may
be the limit of traditional tape casting or similar techniques.
There have been some preliminary investigations for
alternative methods to fabricate multilayer capacitors with
electrochemical-hydrothermal synthesis, metal-organic
chemical vapor deposition, sol-gel, and electrophoretic
deposition.

Traditional and state-of-the-art production processes use
mechanical devices to manipulate particulate slurries or inks; a
doctor blade in tape casting or a squeegee and patterned screen
in screen printing. In contrast, electrophoretic deposition
(EPD) uses electric fields to act directly on particles, moving
them to the desired location independent of the suspending
solution. EPD has been the focus of our efforts in
miniaturization of electroceramic devices with particulate
materials. We believe that for off—chip surface mount passive
devices, there are advantages in processing with EPD in terms
of high density packing, applicable to nanosized powders,
self-regulation of thickness in deposition, and relatively rapid
deposition rates.

To fabricate multilayer structures, we are developing a
hybrid technology combining EPD with traditional tape
casting and a lamination process. For those unfamiliar with
EPD, there are two excellent reviews to consider published by
Sarkar and Nicholson, and Gani.***® In principle, there are
two basic steps to the powder consolidation by EPD. First, the
development of a charged-stable-non-aqueous suspension of
particles. Particles have to be primary particles to optimize
the particle packing field. In the second step, an electric field
is applied across the suspension, causing charged particles to
migrate to the electrode of opposite charge. The particles
accumulate at the electrode, and a voltage gradient has to
overcome the interparticle repulsion. Once in contact, strong,
short-range Van der Waals forces hold the particles in a solid
deposit. Co

With present day state-of-the-art MLCs the tape casting
technology has out-paced the scaling down of the electrode
materials. In the modern MLC devices, the thickness of
electrodes approaches the dielectric layer thickness. This
leads to a number of problems with cosintering stresses
between the dielectric material and the electrode. There is,
therefore, a need to reduce the electrode thickness before
reducing the active layer thickness to below one micron.

Given this short-term need to reduce the electrode
thickness, our EPD studies have focused on electrode
materials in multilayer structures. As a model demonstration,
we have used silver-palladium powders, 0.3 um diameter.
The silver-palladium powder was deposited onto film with a
sputtered platinum layer on the deposition side. To deposit the
particles in an acetic acid suspension, an electric field of 300
V/cm was applied. For the thinnest depositions, the field was
pulsed on and off to allow electro-convective circulation to
dissipate. This was done to maximize the thickness
uniformity. The current density is approximately 30 pA/cm?
and remains constant through the deposition period.®”

The BaTiO, layers were laminated in a heated uniaxial
press at 40 MPa and 70°C. The silver-palladium deposition
was placed face down onto the BaTiO, layer and pressed.
Under these conditions, there was enough binder diffusion to
adhere the two layers, and the metal powder transfer printed
completely to the stack. This process was continued to
produce alternative layers of dielectric and electrode. Figure 5
(a) shows a fractured green cross-section of the Ag-Pd powder
layer and the dielectric layers, (b) shows a sintered cross-
section with 1.2 pm thick electrodes, and (c) 0.6 pm thick
electrodes. The continuity and the thickness control is
excellent compared to rival processing technologies.

The concept of combining EPD tape formation and
lamination has a lot of potential for future generation
multilayer devices. We are working on techniques to develop
multicomponent tapes as shown in Figure 6. If this




technology is to be developed, further advances have to be
made in dispersion of nanoparticles and impregnation of
binder molecules into nanopowder compacts.

IV. SUMMARY AND CONCLUSIONS

In this paper we touched upon some of the basic science
that underpins the modern and future base-metal multilayer
capacitors. We first considered the size limitations and
indicated that there is no major intrinsic influence of the phase
transition until grain sizes reduce below 40 nm in ferroelectric
dielectrics. There is, however, a systematic dilution of the
dielectric permittivity owing to a low dielectric constant grain
boundary region. The volume efficiency is still improved for
high K dielectrics into submicron layers. The ability to
control core-shell microstructure and X7R properties will
continue to be a challenge if grain sizes reduce to 0.05 um in
0.3 um active layers, for example.

Nakano, et al., have demonstrated that the ability to
control the degradation resistance to thinner layers requires
better control of processing.”'*? In attempting to understand
the role of Y and rare earths, we have developed a
proportionality concentration that is valid at high
temperatures. In model compositional systems, these trends
have all proven to be consistent with: ’

(] o [l 4y
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This concentration ratio demonstrates the relative trends on
Ba-stoichiometry and PO, in controlling the site occupancy.
The so-called magic dopants Dy, Ho, and Y are strongly
amphoteric, able to change between the twelve-fold coordinate
site and the octahedral site, to become a donor or acceptor
respectively. The role of these amphoteric dopants is still not
solved in terms of the control of degradation resistance. As
size continues to reduce the ability to control degradation and
electrode-ceramic interface effects becomes more vital.

The continued miniaturization of multilayer capacitors
may require new methods to control ultra-thin tapes.
Electrophoretic deposition methods are being explored to
fabricate such submicron layers. To address the immediate
short-term needs, we are fabricating thin electrodes and
laminating them into multilayer stacks. Future studies will
involve both metal and dielectric layer tapes.
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Figure 5. Multilayer structure developed from EPD-tape
technology (a) fractured green body (large particles are Ag-
Pd), (b) fired multilayers with 1.2 um electrodes, and (c) 0.6
pm thick electrodes.
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Phenomenology of the Elasto-Dielectric Response in the
Field Forced Ferroelectric Phases of
Lead Zinc Niobate : Lead Titanate (PZN:PT) Relaxor Ferroelectrics

L. Eric Cross and Petr Hana
Materials Research Laboratory, The Pennsylvania State University, University Park, PA 16802
Fax: (814) 863-7846, email: lec3@psu.edu

In the relaxor ferroelectric phases of the perovskite structure dielectrics it is clearly not possible to
apply simple Landau:Ginsburg:Devonshire phenomenology as below the Vogel:Fulcher freezing temperature
the system is in a metastable frozen state. In single crystals of PZN:PT solid solution at compositions close to
the morphotropic boundary (MPB) however, the most interesting and useful properties occur in the field forced
ferroelectric phase, where the dielectric response is not dispersive at low frequency. For the 001 oriented
electric field poled rhombohedral state which exhibits the most exciting piezoelectric properties it is shown that
the high field deformation can be described by a field forced monoclinic phase and that the intrinsic shape
change calculated for the single domain states is more than adequate to account for the exceptionally high strain
behavior. The capability to field force a strongly monoclinic phase was unexpected, however very recent
precise x-ray studies using the synchrotron source at Brookhaven appear to confirm a stable monoclinic phase
in PZT at compositions close to the morphotropic phase boundary.

From the induced spontaneous electric polarization as a function of temperature in the 111 field poled
single crystal it appears that the PZN:4.5% PT composition in the rhombohedral ferroelectric phase is very
close to tricritical behavior, as may be expected from the close approach in free energy of rhombohedral and

tetragonal states. These and aspects of the proposed phenomenology will be briefly discussed.

1. INTRODUCTION

Earlier studies’* have suggested that the high initial
anhysteritic strain of 001 oriented electric fields in
rhombohedral phase PZN:PT with. compositions which
are not too close to the morphotropic phase boundary
(MPB) may be associated with a field driven phase
change from rhombohedral to monoclinic (3m = m)
symmetry. Since the 3m = m ferroelectric phase change
in the perovskite can be second order (continuous) even
large intrinsic domain shape changes could be reversible
and anhysteritic. For field forced phase changes in the
relaxor, dispersion is very largely lost and the properties
are stabel with time, so that it is not outrageous to expect
that reversible thermodynamics may be applied to derive
estimates of the elasto-dielectric responses. In this brief
report Landau:Ginsburgh:Devonshire phenomenology is
applied to demonstrate for 95.5 PZN:4.5 PT:

(a) That the intrinsic shape change of the
rhombohedral domain induced in the 3m = m phase
change which is consistent with the observed polarization
change is more than adequate to account for the observed
quasi-linear strain induced by the 001 oriented field.

(b) The observed Pvs T dependence of the
polarization in the ferroelectric rhombohedral phase
suggests a tricritical behavior which may be expected in a
system derived from the m3m prototype where the
orthorhombohic phase is suppressed.

(c) The dielectric behavior below, and well above
the relaxation range is consistent with the proposed
simple phenomenology.

2. THERMODYNAMIC PHENOMENOLOGY

For the perovskite ferroelectrics stemming from the
prototype m3m symmetry the Gibbs Free Frequence AG
takes the form.

The coefficienta o, oj, oy are the dielectric
stiffness and higher order stiffness at constant and zero
stress, s;; the elastic compliances at constant polarization
and Qjj the electrostrictive coupling constants in
polarization notation. The function contains all permitted
stiffness coefficients up to sixth order, but only first order
elastic and electrostrictive constants.
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From equation (1) relations may be simply derived
for the polarization states, the relative free energies and
the dielectric stiffness from which the susceptibility
(permittivity) may also be derived.

Since the deformation of the prototype is purely
electrostrictive the shape change for any ferroelectric
phase including monoclinic and triclinic can be derived
from equation (1). These relations are given in Table L It
is also interesting to note that the volume change sy into
each phase is of the same form, Table II and depends
only on the total polarization.

3.  APPLICATION TO 95.5 PZN:4/5 PT

For 001 poling field rhombohedral PZN:PT may be
driven to single domain tetragonal state where
measurements of longitudinal strain change As3 and
transverse strain change Asj, between 50 kV/cm and
65 kV/cm compared to total polarization P3 yield values
of Q = +0.094m*c? and Q2 = -0.047 m*c.
Measurements of AV over the field range up to
40 kV/cm suggest AV is small and that Pt does not
change much. Assuming Pt is constant Py and P can be
calculated over the field range 0 to 40 kV/cm and the tilt
angle from 001 direction evaluated from the induced
monoclinic phase (Table III)

Table I

Possible Electrostrictive Spontaneous Deformation

Cubic
Prototype
Tetragonal

Orthorhombic

Rhombohedral

in Perovskite Ferroelectrics
P1=P,=pP3=0
si=s2=53=0 s4=s5=s6=0
P1=P2=0 P§=0

2 - 2

s1=52=Q)pP3  s3=QP3
s4=s5=s6=0
P1=0 P%:})%:O
Sl=2Q12P§
- = 2 _ 2
52_53—(Q11+Q12)P3 s4=Q44P3

s5=s6=0

SI=S2=83= (Qu + 2Q12)P§

- 2
s4=85=56=QqaP3

Monoclinic (1)

Monoclinic (2)

Triclinic

p{=p3#0 p3=0 p{*p}
s1 (Qn + Q12)P% +Q2P3
sz=(Q11+Q12)P%+Q12P§
s3=QuP3+(Qur + Q)P

- 54=QuP1P3

ss=QqaP1P3

SG=Q44P%

pf#0 p3#0 pj#pi Pi=0
s1=Q11(P12+Q12P%)
Sz=Q12P%+QuP%
53=Q12(P12+P§)

54=0 s5=0 s6=QyPi1P2
pi=0 p}=0 p3=0
p{=P}=p}
51=Q11P%+Q12(P%+P§)
52=Q11P%+Q12(P%+P§)

v 53=QuP§+Q12(P%+P%)
s4=QqP2P3  s5=Qu4P1P3
s6= QqqP1P2




Table I
Volume Strain sy as a Function of
Total Polarization PT in All Possible Phases

Volume Change

Cubic sy=0

Tetragonal s\,=(Q“+ 2Q, 2)P§

Orthorhombic ~ sv= Z(Ql 1 * zsz)Pg
=(Q1 1+2012)P'2rota1
_ 2

Rhombohedral  sv=3(Qq+2Q))P3

=(Q11+ZQI2)P'21"otal

Monoclinic (1) sv=2(Qu+2Quz)P}+(Q11+2Q1)P3

=(Qll+2Q12)P'2fotal
Monoclinic () sv=(Qu+2Qu2)Pi+{Qi1+2Qu2)Pd
=(Qi1+2Q12)Phoat
Triclinic sv=(Qu* lez)(Pl2 +p} +P§)
= (Qx 1*+2Q5) Pt
Table I1I

Calculated Polarization and Tilt Angle for PZN:PT
‘ 95.5/4.5 Under High DC E; Field

Field Polarization P3 Polarization P
kV/cm p,c/cm2 Angle 8 uc/cm2
5 27.8 50.1 2347
10 29.8 46.5 22.21
15 314 43.4 21.04
20 33 40.34 19.82
25 343 375 18.64
30 35.6 34.6 17.42
35 36.75 319 16.19
40 37.85 29.1 14.87

From P3 and Py in Table III, s; and s3 can be
determined and shown to be larger than the measured
values (figure 1). Thus the calculated intrinsic change is
more than adequate to describe the total shape change in
this field region.
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Electric Field (kV/cm)
Fig. 1 Field Induced Strain s; and s for 001 E-field

on 95.5 PZN:4.5PT.
Measured Values.
---- Intrinsic Calculated Strains.

Examination of P3 vs T shows a behavior close to
PaT suggesting tricritical behavior and very small
values of ¢j; and ot12. In this case the sixth order terms
will dictate phase stability and it is easy to see why the
orthorhombic phase may be suppressed.

Measurements of the dielectric permittivity for the
<111> poled single domain state give linear relations for
1/e vs T with Curie constant C ~ 3.10° similar to the
value measured in the paraelectric phase above 220°C
where C ~2.8.10°.

In connection with the propesed monoclinic phase in
PZN:PT it is interesting to note that recent studies at
Brookhaven® have confirmed a stable monoclinic phase
in PZT at lower temperature in compositions close to the
MPB, and the induction of a monoclinic phase at room
temperature on poling the ceramics.

4.  FUTURE DEVELOPMENTS

Work is in progress to determine the magnitude and
temperature dependence of the aj; for a sequence of
composition in the PZN:PT family including both
rhombohedral 3m and tegragonal 4mm ferroelectric
phases.
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Domain Structure of PbTiO, Single Crystals
by Kelvin Force Microscope

Takashi Yamamoto, Shinobu Omika, Junichi Sakamoto and Eiji Matuzaki
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Abstract— 90 ° a-c, 90 ° a-a, 180 ° a-a,
180 ° c-c domain and these connected
domain structures of PbTiO, single crystals
have been investigated by Kelvin force
microscope. A new discrimination method for
classifying these domain structures was
proposed by combining among surface
gradient, surface electrical potential and
etching rate. Two kinds of ¢ domain, where +c
domain and — domain was called, could be
measured separately.

1. Introduction

Ferroelectric (FE) integrated devices have
received much attention for their potential
applications in non-volatile FE random access
memory (FRAM) and micro-actuator/sensor
devices. However, fatigue of polarization still
remains as a serious problem for such usage,
which domain structure closely relates to the
polarization arrangement and domain switching
was the domain reversal phenomena by
electrical field. Over the past year, numerous
observation techniques such as polarizing light
microscopy (birefringence)”, scanning electron
microscopy (SEM) with etching? and
decoration”, and transmission electron
microscopy (TEM)" have been developed to
study the domain structure in FE materials.
Using these methods, four kinds of domain ; i.e.
9 ° awc,90° aa 180° a-a, 180 ° ¢
domain in tetragonal FE crystal structure have
been reported in FT materials such as BaTiO,,”
PbTiO; and Pb(Zr, Ti)O, (x > 0.465).
Compared with these traditional methods for
domain structure observation, atomic force
microscopy (AFM) has several merits, which
the surface roughness can be measured in a
wide range of the X-Y direction, a high
measurement resolution of the Z-direction.
Moreover, Kelvin force microscopy (KFM)
could be simultaneously measured on surface
electric potential and surface roughness with a

high resolution in the same measurement area
as by the AFM.

In this paper, pure PbTiO,, 0.5 and 1
mole % Mn-doped PbTiO; single crystals were
prepared by the flux method with excess PbO.
Morphologies on grown surface of single
crystal were measured by KFM.

2. Experimental Procedure

Pure and Mn-doped PbTiO, single crystals
were grown by the flux technique in air. 99.9%-
pure TiO,, 99.99%-pure PbO and 99.6% pure
MnCO, were mixed at a mole ratio of
0.3(PbTiO,;) - 0.7(PbO) for pure-PT and
0.3(PbTiO; + 0.5mole % or  1.0mol%MnO)
—(0.7)PbO for Mn-doped PT. The single crystal
was synthesized in platinum (Pt) crucible. The
temperature increases at a rate of 200°C/h up to
1200°C. The soaking time for melting the pure-
PT and Mn-doped PT was 3 h at 1200°C. It is
then cooled slowly at the rate of 2°C/h, to a
temperature between 1200°C and 800°C where
pure-PT, Mn-doped PT single crystal were
grown in the excess PbO flux. The crystals are
then cooled to room temperature at the rate of
the rate of 100°C/h. The plate-shape single

b 12z m

Fig.1 Optical micro-graph of 90 ° a-(+c) domain and
90 °  a-(-c) domain and 180 +¢ - -c domain of 1.0

mole % Mn-doped PT.




Fig. 2(b) Bird’s-eye view image of surface roughness and its cross section of 90 °

crystals are grown at the center and on the sides
of the crucible. After that, excess PbO was
removed in a hot thin HNO,; water solution.
Surface roughness with a high resolution of 0.1
am in the Z-direction and 30 nm in the X-Y
direction and surface electrical potential with a
high resolution of 3mV and a space resolution
of 0.1 u m have been measured by the tapping
mode by Kelvin force microscopy (KFM) using
a commercially available apparatus (Seiko
Electronics Co., SPI 3700).

3. Results and Discussion

3.190° a-c domain (surface gradient)

Figure 1 shows the optical micro-graph of
as-grown (001) surface in 1.0 mol% Mn-doped
PT. Straight dark stripe is a-domain and
surrounding area are +c domain and —c domain.
Figure 2(a) shows the bird’s-eye view image of
surface roughness and its cross section in the
area (10 p m x 10 z m) shown by arrow (a) in
Fig.1. The angles of the gradient are 3.41 ° to
340° where the measured value is 176.59 °
and 176.60 ° . Also, Figure 2(b) shows the
bird’s-eye view image of surface roughness and
its cross section in the area (10 p m x 10 z m)
shown by arrow (b) in Fig.1. The angles of the

. domain

/ =
~'176.59" +c domain

.s' K
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a — (<) domain shown by arrow (b) in Fig.1

gradient are 3.21 ° t03.48 " . The angles of
surface gradient were the same w1th1n the error.
As well known, the surface gradient of 90 °

a-c domain was controlled by the following
equation, 6 (deg.) = 2tan’'(c/a) — 90, where c/a
is crystal tetragonality®. These values coincided
with experimental values”. g

3.290° a-c domain (etching rate)

As-grown crystal in this experiment was
washed in the thin hot HNO, water solution for
removing the crucible after growing. During
this process, each surfaces were etched by the
different speed depended on each surface. Right
portions in Figs 2(a) and 2(b) show the
different etching rate in the same ¢ domain. The
surface of ¢ domain (called -c domain) in
Fig.2(b) was largely etched than that (called +c
domain) in Fig.2(a). Such difference caused by
the difference of etching rate between +c
domain and —c domain, which H' ion in thin
hot HNO, water solution was drown to the
negative electrical potential in the surface of —
domain than +c¢ domdin and attacked the
surface of —c domain.
3.390° a-c domain (surface electrical

potential)

Figures 3(a) and 3(b) show the bird’s-eye




Fig. 3(b) Bird’s-eye view image of surface roughness and its electrical potential of 90 ° a - (-c) domain shown by arrow (b) in Fig.1

view images of surface roughness and surface
electrical potential in the area shown by arrows
(a) and (b) of Figs. 1. As discussed in 3.1 and
3.2 sections, this area is typical 90 ° a-c
domain, where ¢ domain/a domain/c domain.
Considering +¢ and —¢ domains in the same ¢
domain and a domain as the standard level of
electrical potential, the relative level in
electrical potential of +c¢ domain, a domain, -¢
domain were higher in turn of +¢ domain>a
domain >-c domain. From these considerations,
the area shown by arrow (a) was recognized as
90 ° +c domain/a domain/ +c domain
boundary. Similarly, the area shown by arrow
(b) was recognized as 90 ° — domain/a
domain/ -c domain boundary.
3.4180° c-c domain

In general, 180 ° c¢-c domain boundary
could not be observed by optical micro-graph
and transmission electron micro-graph, because
crystal anisotropy along c-axis between +c¢ and
-c domain was zero. However, 180 ° c-c
domain boundary becomes possible to visualize
when that boundary was etched. Curved line
shown by arrow (c) in Fig. 1 is 180 ° c-c
domain boundary. Figure 4(a) shows the bird’s-
eye view image of surface roughness and its

cross. The surface was very smooth and the
step between top and bottom flat area was 0.1
« m, where this height depend on etching time.
Figure 4(b) shows the bird’s-eye view image of
surface roughness and its cross. The electrical
potential of top was higher than that of bottom.
The difference of such a height was caused by
the difference of etching in +c¢ domain and —
domain. Moreover, the boundary of 180 ° c-c
domain was freely curved for lack of structure
anisotropy in crystal. On the other hand, 90 °
a-c domain boundary was rigidly straight for
satisfying lattice anisotropy of c-axis and a-axis
in crystal. '
3.4 New determination method of domain

structure using KFM

KFM method with a simultaneous
measurement of surface roughness and surface
electrical potential was powerful tool to study
the domain structure of FE material. As well
known, types of domain structure with a
tetragonal crystal structure were 90 ° a-c
domain, 90 ° a-a domain, 180 ° c¢-c domain
and 180 ° a-a domain. Firstly, the angle of
surface gradient in 90 ° a-c domain boundary
was strictly determined and could be classified
either 90 °  a-c domain or the other domain by




measuring the angle at the boundary. Secondly,

if the absolute values of surface electrical
potential on surfaces of domain could be
measured, all domain structures should be
readily determined. However, the measured
electrical potential in this experiment was
relative because the domain structure was not
uniform from the surface to the bottom.
Therefore, the domain structure between +c
domain/ a domain / -c domain and a domain/ -c
domain/ a domain as one example could not be
classified. Thirdly, the etching rate among +c
domain, -¢ domain and a domain was different
and the steps caused by etching was precisely
measured by KFM (including AFM). Therefore,
comparing with the steps made by etching in
the same sample, above-mentioned domain
structure between +c domain/ a domain / -c
domain and a domain/ -c domain/ a domain
could be classified. From these results, a new
determination method for domain structure was
proposed using Kelvin force microscope.

4. Conclusion

The relations among 90 a-c, domain, 90 °
a-a domain, 180 ~ c-c, domain, 180 a-a
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Fig. 4(b) Bird’s-eye view image of surface electrical potential and its cross section of 180" +¢~ () domain shown by arrow (c) in Fig.1

domain structures have been investigated in
pure, Mn-doped PT using a Kelvin force
microscope. By classifying +¢ and —c domain,
all domain structures could be determined.
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SHG Microscope: Principle and Its Application to Nondestructive
Observation of 180° Domain Structure and Domain Reversal Process in

Ferroelectrics
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The SHG microscope is a kind of the interference microscope, where the 2D images are constructed by the second
harmonic(SH) waves produced in a specimen. In particular, the interference between the SH waves from the specimen
and the standard plate enables us to observe the ferroelectric 180° domain structures nondestructively. The observation

principle and its application to the domain reversal process in MgO:LiNbO, under the electric field are described.

1. INTRODUCTION produce the intensity contrast but if the SH waves

Several methods have been proposed for
observing ferroelectric 180° domain structures.
However some methods exploit special material
properties of the specimen{1,2], and others require
extremely thin sample[3], or provide only
knowledge of the surface state[4]. Usual optical
microscopes cannot be applied to this problem, as
the optical propertics are same for up and down

polarization states. Our motivation of the study was

to invent a simple and general method for observing
180° domain structure of bulk sample as well as of
thin film and we finally reached an idea of utilizing
the properties’ of the polar 3%-rank tensof of
ferroelectrics: The 3™-rank tensor has an opposite
sign for up and down polarization state. In nonlinear
optics, the second harmonic(SH) waves are
produced via the SHG ténsor which is the third rank
and the phase difference between SH waves from up
and down domains are x. This phenomenon cannot

from both domains interfere with those produced in
a homogeneous standard plate, up and down domain
states can be distinguished by the intensity contrast.
Based upon the idea, we constructed 8 nonlinear
optical microscope, which is termed SHG
microscope[5], and successfully applied it to the
observation of domain structures of BaTiO,, and
periodically inverted domain structures of LiTaO,
quasi-phase matching devices[6]. In this paper, the
further improvement of the SHG microscope in
order to obtain high intensity contrast and the
observatioﬁ of the domain reversal process in

MgO:LiNbO, are reported.

2. PRINCIPLE OF OBSERVATION AND OPTICAL

SYSTEM

The highest intensity can be obtained when the
amplitudes and the phases of SH wave from one of
the domains and the standard plate are same as




shown in Fig.1, The amplitude of the standard plate

can be varied by rotating it to change the effective
path length.”

Resultant SHG
amplitude

Interference of
SH waves

Specimen with 180°
domain structure

i ) NN

Standard SHG
plate

Fig | The interference of SH waves from the sample

O, I,
VB i i

and the standard plate which produces the intensity

contrast.

The phase is adjusted by rotating a glasé plate located
between the standard plate and the sample. The optical
system of the SHG microscope is illustrated in Fig.2.
A pulse N&YAG laser with the wavelength of
1.064um, the repetition frequency of 10kHz, power
300mW is used as a light source. The fundamental
wave passes through a half-wave plate, a polarizer, a
lens, the standard plate which is made of MgO doped
LiNbO,(MgO:LN), a glass phase plate and a specimen.
The fundamental wave is eliminated by a filter located
in front of an objective and the SH wave passing
through a 532 filter is finally detected by a CCD
camera which is synchronized with the Iaser
oscillation. Prior to the observation of real domain
structures, we checked the fimction of the microscope
using a ‘sample made of onc up and one down
domains; A monodomain Y-cut Mg:LN was cut into
" two part which were placed making tixe polarization

direction opposite as shown in Fig.3(a). By adjusting
the amplitude and the phase, we obtained the intensity
contrast as shown in (b) and the conirast was reversed
by rotating the phase plate(c).

[ ]

=
532 filters=

plate

.Fig.2 Optical system of SHG microscope

(a)

(b)

- (¢}

Fig.3 The SHG images of the sample consisting of one

up and one down polarization domains. (a) shows

sample illustration, (b} an image with maximum
contrast, (c) same image as {b) but with reversed

contrast.
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(b)
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Fig.4 SHG microscopic observations of the domain reversal process in MgO:LiNbO; under pulsed electric field.
(a) denotes sample orientation and dimensions, (b) SHG image taken after 5 shots of pulsed electric field of 8kv/mm,

(c)after further 5 shots of pulsed electric field of 4kv/mm, (d)afier further 10 shots of 4kv/mm, (e)afier further 10 shots
of 4kv/mm, (fafter further 10 shots of 4kV/mm.




The Rotation angle agrees well with the calculated
value. The fact means that ferroelectric 180° domain

structure can be observed by our microscope.

3.OBSERVATION OF DOMAIN REVERSAL
PROCESS IN MgO:LiNbO,

Using the SHG microscope, we observed the
domain reversal process in MgO:LN under the
pulsed electric field. The domain reversal of this
crystal has been first reported by the etching
technique[7]. As this method is destructive, several
samples have been prepared and the domain
reversal process was observed at each pulse shot

. with different samples. The SHG microscope
enables us to observe the process using one sample.

A sample was cut from a Y-cut MgO:LN
cfystal. The dimension and orientation of the
sample is illustrated in Fig.4(a). Electrodes were
prepared with Ag paste on the z surfaces. The pulse
electric field between 4 and 8 kV/mm was applied
to the sample immersed in silicon oil:  All
experiments were performed at room temperature.

The results are shown in Fig4(b)-(f). The
observation starts with monodomain sample which
provides a dark image by adjusting the phase plate.
Then 5 shots of pulsed electric field of 8kv/mm are
applied to the sample. Several spike-like regions
with the reversed polarization (white region in the
figure) develop from the + electrode((b)). 5 pulses

of 4 kV/mm induce nucleation of spike-like

domains as well as domain growth to the front

direction.(c). Nucleation and growth in both front
and side directions are observed by further
applications of pulsed electric field of same
amplitude and same shot ( (d) to (f) ) and almost
single domain state with opposite polarity to the

initial state is obtained ((f)). In this procedure, the
domain motion stopped at each stage of the pulse-
application.

The spatial resolution of the SHGM is limited
to a few pum due to optical noises, which will be
reduced if we choose carefully the optical elements.
In principle, the spatial resolution of the SHG image
is expected to be better than the ordinary
microscope, as the SH amplitude is proportional to
the square of the incident electric field. It should be
also pointed out that the characterization of polar
thin films such as ferroelectric thin film is easily
achieved by our SHGM[8]. We have also
successfully applied the microscopy to the
observation of monolayer molecules at the air-water
interface[9]. The maximum time resolution is now
sub-second, which is mainly limited by the transfer

velocity of the image to the computer.
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Thin films of complex perovskites have a number of potentially important applications. Of major
scientific and practical concern is the scaling of properties as film dimensions are reduced. This paper
describes a satisfactory relationship between bulk and thin film dielectric properties of (Ba,Sr)TiO3.

Relative contributions of strain, AB cation stoichiometry, and interface are separated to explain

temperature dependent dielectric behavior.
1. INTRODUCTION

(Ba,Sr)TiO3 (BST) thin films represent an

important dielectric system for application in high
density DRAMs, as well as for backend capacitors
integrated onto the Si chip. There has been significant
development over the past six years, such that
incorporation into 4Gb DRAM appears likely.'
. One of the disappointments regarding BST
films has been the very substantial lowering of the
dielectric constants of thin films relative to their bulk
analogues. An example of experimental thin film
dielectric permittivity versus temperature data, in
comparison with polycrystalline bulk data of the same
Ba/Sr ratio is shown in Fig. 1. This behavior is of
concern, as it may limit the extendability of BST
through future generations. There has been scattered
speculation regarding the origin of the lowered dielectric
constant. The effect has been linked to film strain,
intrinsic ferroelectric size effects through grain size or
film thickness scaling, and extrinsic interface effects.
No satisfactory description of the dielectric behavior of
the perovskite films has been presented, nor have
relative contributions of different phenomena to the
dielectric function been discerned.

As aresult, we have investigated the dielectric
response of a series of ({100} fiber-textured
(BaySr1.x)Ti]+yO34z samples deposited by liquid-
source metal-organic chemical vapor deposition onto
Pt/SiO,/Si, as a function of the two most commonly
varied microstructural parameters, viz film thickness
and Ti nonstoichiometry (y). The thickness dependent
data allows us to extrapolate to obtain the thickness
independent dielectric susceptibility, and thus examine

directly the effect of composition ( ie y, the Ti non-
stoichiometry) on the “bulk” film properties.
Thereafter, we discuss the effect of .biaxial strain
originating from the thermal mismatch with the silicon
substrate on the temperature-dependent dielectric
susceptibility. The approach allows us to examine the
relative contributions to the lowering of the dielectric
permittivity.

Er
(Bap.7,Sr0.3)TiO3
Ferroelectric Paraelectric
Bulk
Thin Film~_,
e
T, T
Figure 1: Typical permittivity versus temperature

dependence for a BST thin film* compared to a bulk
ceramic sample with the same Ba/Sr ratio’.

2. EXPERIMENTAL

All films were BST with Ba/Sr=70/30
deposited by liquid source MOCVD under the auspices of
the US DRAM Consortium. Experimental procedures
have been described previously*’.

3. RESULTS AND DISCUSSION
3.1 Empirical Description of the Dielectric Data

It has been shown in earlier work that the field
dependence of the dielectric response of these BST thin




films is well described by the familiar free energy
expansion®:

Egpp = 2033 + 4oc33P§’ ¢))

where Eqpp is the apparent field applied to the dielectric

in the thickness direction, the o’s are the empirical
dielectric stiffnesses, and P refers to the polarization. It
has also been demonstrated® that the dielectric stiffness
o', in the first order term carries almost all the

temperature and thickness dependence. This term can
therefore be decomposed into:

on'3 = % +Y(T) @

where P is the thickness dependent and 7y the thickness
independent portions of the dielectric stiffness.

The experimental dielectric data for several
thicknesses and compositions have also been examined
in Curie - Weiss form, with typical data for y=0.04 (ie
51%Ti) shown in Fig 2. Besides the thickness
dependence, it can be seen that the films fit Curie-Weiss
behavior above a temperature of about 380K. Below this
temperature, for all film thicknesses and compositions,
there is a deviation from the classical behavior. By
utilizing only the data above this temperature, an
effective Curie-Weiss constant (C’) and extrapolated
Curie temperature can be obtained. The Curie constant is
almost  thickness  independent, but  strongly
stoichiometry dependent. The composition closest to
stoichiometry is closest to the bulk value. The apparent
thickness dependence of the Curie-Weiss temperature
(see Fig 2) can be described as a shift of the curves along
the temperature axis. This is possibly best deduced by

rearranging  equations (1), (2) and the Curie-Weiss
expression, to yield”:

2eqC’
BOH= 9__0_t_E ©)

where T3 is an extrapolated intercept (effective Curie
temperature) for a given thickness.

Thickness Dependence: Ti

3.2 Removing the
Stoichiometry

The dielectric properties can be stripped of
their thickness dependence by fitting the data to
Equation (2), for all temperatures. This yields the
dielectric stiffness or the susceptibility of the bulk of

— 28 —_

the films as a function of temperature, as well as the
parameter B of Eqn 2. The data is plotted in Fig 3, for
two different compositions. Notice again the deviation
from Curie-Weiss behavior at about 380K, as well as the
strong dependence upon the Ti content. Fig 4 shows the
data plotted as relative dielectric constant for the “bulk”
of the films at 300K as a function of Ti stoichiometry.
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Fig 2: Inverse susceptibility versus temperature for BST
films of different thickness, and one Ti stoichiometry.
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Fig 3: Inverse susceptibility versus temperature,
stripped of film thickness dependence, ie described by
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Fig 4: Effective relative permittivity values calculated
from the experimental data, as a function of the Ti
stoichiometry (y).

There is an important difference between the
thin films and bulk BST which should be noted. The




solid solubility limit for Ti over-stoichiometry of bulk
BST is known to be small, ie less than y=0.001". In
contrast, the solubility limit for excess Ti in these thin
films is dramatically larger, around y=0.1% Excess Ti is
accomodated in the grain interiors. At Ti excesses as
large as y=0.15 (Ba+Sr/Ti=46.5/53.5), Ti can be
observed at the grain boundaries, probably in the form
of amorphous TiOx®. Other properties such as dielectric
loss and degradation correlate strongly with the excess
titanium.’

3.3 Temperature and Stress Dependent Landau-Ginzberg-
Devonshire Description

We have recently undertaken an analysis of the
effect of biaxial stress, due to the thermal mismatch of
the BST film and silicon substrate, on the dielectric
properties™’. The approach extends the thermodynamic
analysis undertaken by Pertsev and coworkers'® and Desu
et al"'. The symmetry-breaking imposed by the biaxial
strain implies that one must consider different
orientations of the spontaneous polarization with
respect to the plane as separate “phases”. The strain
modifies the thermodynamic stability and thus the
Curie-Weiss temperatures of these phases®. We have
added the temperature dependence of the mismatch
strain, allowing us to calculate the temperatures
corresponding to the transition from the prototype
phase to the phases with the polarization in the plane
0,, and normal to the plane 0,, respectively. The
apparent modifications to the bulk Curie constants can
also be calculated. It is clear from the analysis
(consistent with intuition) that the biaxial strain in this
case increases the stability of the phase with in-plane
polarization, and decreases the stability of the phase
with polarization normal to the plane. In addition, as
long as one includes the appropriate coupling terms
between the in-plane and out-of-plane polarization, one
can calculate the full temperature dependence of the
dielectric stiffness (inverse susceptibility), over the
entire temperature range. Similarly, the temperature-
dependent values of the spontaneous polarizations can
be calculated. The solid lines in Fig 3 are the calculated
values of dielectric susceptibility (with the thickness
dependence stripped out). The values of strain which
were utilized were those experimentally measured by x-
ray diffraction. The agreement to the experimental data
is excellent although the presence of several adjustable
parameters must be noted. The agreement has been
shown to extend to far lower temperatures”,

The analysis has  several important
implications, which are worth emphasizing. Firstly, it
provides strong evidence for the role of stress in
modifying the temperature dependent permittivity. The
calculated results also emulate the shape or rounding of
the inverse susceptibility versus temperature curve. In

addition, the analysis is consistent with a phase
transition from the prototype phase to a ferroelectric
phase with in-plane polarization at 8, of 390K, yielding
an explanation for the measured deviation from Curie-
Weiss behavior observed in all samples. It should be
noted that no hysteresis was observed in the P-E loops
at temperatures between 6, and 6,. However, this is
expected, as the polarization is confined to the film
plane, and would therefore not be observable in the
capacitor configuration utilized.

3.4 Origins of the Thickness Dependence

The thickness dependence is treated
empirically in this work. It has several possible origins
which could yield the observed series or interfacial
capacitance. These include:
¢ extrinsic interface effects, particularly atmospheric

contamination

e compositional changes in the BST adjacent to the

interface, driven by film nucleation effects or by
segregation under thermodynamic equilibrium
¢ microstructural changes adjacent to the growth
interface

e incomplete polarization screening by the metal
electrodes, or built-in fields due to Fermi level
pinning and charge transfer

e suppression of the soft mode near the interface, ie
the so-called "dead layer" theory"

We have recently presented a discussion of these
various possibilities’, concluding that the last
mechanism has attractive features for description of the
available data. Other mechanisms are not excluded,
however. This topic will be discussed in greater detail at
the Workshop.

4. CONCLUSIONS AND IMPLICATIONS

We find that the overall behavior of these samples
is adequately described by mean-field, Landau-Ginzburg-
Devonshire theory as for bulk ferroelectrics. We have
quantified the impact of three separable factors for these
films that greatly alter the permittivity as a function of
temperature, compared to that found for bulk ceramic
samples at the same Ba/Sr ratio of 70/30: i) Ti
nonstoichiometry; ii) the apparent "interface" effect
which results in a reduction of the dielectric constant
with decreasing thickness; and iii) plane equibiaxial
stress resulting from thermal expansion mismatch with
the Si substrate. When properly considered, these three
factors yield a satisfactory description of the
relationship  between the  temperature-dependent
dielectric properties of the thin films and the bulk. The
results form a strong basis for making decisions
regarding BST capacitor development.
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Thin films of La,,Na,,TiO; (LNTO) fabricated by pulsed laser deposition show interesting
dielectric properties exhibiting temperature-insensitive dielectric constant below 50 K. This onset
temperature is significantly higher than those observed in known quantum paraelectric materials like
SrTiO; which shows the onset temperature below 10 K. Also, unlike STO the dielectric properties of
LNTO do not vary when electric field is applied. The dielectric constant of LNTO is very stable under
electric bias. The dissimilar nature of these materials are explored and discussed.

INTRODUCTION

Quantum paraelectric materials pertain to a
special group of ferroelectric materials that exhibit
increase in dielectric constant as the temperature
decreases. At low temperatures, the quantum
fluctuations dominate the ferroelectric displacement
fluctuations, thereby stabilizing the paraelectric
_phase and resulting in temperature-invariable
dielectric constant below a certain temperature.

SrTiO; (STO) and KTaO; are well-known quantum-

paraelectric materials which show such behavior
below 10K [1-3]. These are also known to switch to
ferroelectric state under applied bias voltage or
pressure. These features are quite advantageous for
the tunable microwave devices [4-6].

Thin films of STO are known to exhibit
ferroelectric-type  dielectric  maxima at  low
temperatures. Also, the values of dielectric constant
obtained in thin films are much lower than those of
single crystals [7, 8]. This poses a limitation while
seeking applications in microwave and capacitor
devices. However, recently it was shown that the
step-flow growth during pulsed laser deposition
(PLD) of STO dramatically improved the dielectric
properties. The dielectric constant of these films was
very high exceeding 10™ [9].

La,»Na,»TiO; (LNTO) is relatively newer
member of this group of quantum paraelectric
materials. LNTO and related materials have been
identified to be prospective materials for microwave
device applications owing to their good high
frcquency dielectric properties [10, 11]. Recently,
Inaguma et al have reported high temperature

quantum paraelectricity in LNTO ceramics [12]. In
this material, dielectric constant was seen to increase
as the temperature is lowered, but saturated at around
50 K and remained constant below 50 K. Also the
study of series of compositions in the system,
Ln,Na,,TiO;, with many rare earth cations
substituting for La has been reported. Many of these
compositions show similar behavior with dielectric
constant becoming temperature-invariable at as high
temperatures as 70 K [13].

Materials having dielectric properties that
do not vary much with temperature are very useful
for many applications. LNTO is particularly
attractive as intrinsically its dielectric constant can be
maintained temperature-insensitive over a wide
temperature range. Also, it could be easily coupled
with high temperature superconductors for various
applications of operation temperature set at 60 K,
cooled by a refrigerator.

In this work, we report the fabrication of
epitaxial perovskite titanate (STO and LNTO) thin
films by pulsed laser deposition and characterization
of their dielectric properties to discuss the phase
stability between ferroelectricity and quantum
paraelectricity.

EXPERIMENTAL

The ceramic LNTO targets were prepared
by solid state reaction of the starting materials,
La,0;, Na,CO; and TiO,, all of analytical grade
reagents. Stoichiometric (La:Na:Ti=1:1:2) and Na-
rich  compositions (1:1.5:2 and 1:1.75:2) to




compensate for sodium volatility were prepared.
LNTO films were deposited on (001) LaAlO;,
sapphire (0001) and conducting 0.5 wt% Nb-doped
SrTiO; (001) substrates by pulsed laser deposition
(PLD). A 248 nm KrF excimer laser with laser
fluence of 5 J/cm?® and a repetition rate of 5 Hz was
used. The substrate temperature was varied from 470
to 650°C and was measured using an infrared
pyrometer. The target-to-substrate distance was 3
cm. The ablation was carried out in oxygen
atmosphere of 0.001 torr. The films were then
annealed at a temperature of 800°C for 12 hours in
flowing oxygen atmosphere.

Step-flow growth of STO was fabricated in
a special ultrahigh vacuum PLD chamber [14]. The
substrate was heated to typically 1200°C in 10" Torr
of oxygen. KrF excimer laser pulses were focussed
on a rotating single crystal of STO target with a
fluence of 5 Jem?® The reflection high energy
electron diffraction (RHEED) specular spot intensity
was monitored in situ to check the growth process.
At temperatures below 900°C, the STO film growth
proceeded in a layer-by-layer mode and at 1200°C,
film growth was found to proceed in step-flow mode.

RESULTS AND DISCUSSION

The composition of the LNTO films was
determined by electron probe microanalysis
(EPMA). The ratio of Na/(La+Ti+Na) estimated for
the films deposited at various substrate temperatures
is shown in Fig. 1. Due to sodium evaporation, its
content decreased as the deposition temperature was
elevated. Ideal stoichiometry could not be obtained
using stoichiometric targets even at low substrate
temperatures (400-550°C). The film composition
could be stoichiometric at around 500°C and 600°C
for Na/La=1.5 and 1.75 targets respectively. Since
the latter case showed better crystallinity, the
characterization results hereafter are focussed on the
films deposited at 600°C from Na/La=1.75 target.
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Fig. | Na-content in LNTO films represented by
Na/(La+Na+Ti) ratio obtained by EPMA as a
function of substrate temperature. The triangle
symbols indicate films fabricated by stoichiometric
target, the square La:Na:Ti=1:1.5:2 and the circle by
La:Na:Ti=1:1.75:2 targets.

Fig. 2 (a) and (b) shows the XRD patterns
of as deposited and annealed films deposited on the
LaAlO; substrate. The Na-content did not vary after
annealing. The films are epitaxial in nature with c-
axis orientation. The increase in the intensity of (002)
peak after annealing indicates the improved

.crystallinity of the film during annealing. This can be

clearly seen in Fig. 2(c) which compares the (002)
peaks for the substrate and the film.

The LNTO and STO films on conducting
SrTiO; (Nb-doped) substrates were used for the
dielectric measurements. The top contact electrodes
of 0.5-1 mm diameter were formed using a stencil
mask by metal deposition of aluminum or platinum.
The capacitance and the loss tangent, tand were
measured by employing HP4284A precision LCR
meter. The dielectric constant was calculated
assuming parallel plate configuration.

A 320 nm STO film grown at 800°C in the
layer-by-layer mode showed a relatively modest
dielectric constant as shown in Fig. 3(a). The
variation in the dielectric constant value was less
than 10% during a bias scan in the 1V range. A 380
nm STO film grown at 1200°C in step-flow mode
showed a very different behavior as shown in Fig.
3(b) and (c). A bias scan performed at 4.2 K (Fig. 3,
inset) indicated that the maximum value of
capacitance was attained at bias of +0.8 V.
Corresponding dielectric constant values are similar
to those of unstrained single crystals.
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Fig. 2 X-ray diffraction patterns of (a) as-deposited
and (b) annealed LNTO/LaAlO; films. The
improvement in crystallinity after annealing is shown
in (¢) which shows a slow scan of (002) reflection of
LNTO.
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Fig. 3 Temperature dependence of the dielectric
constant,g, of a film grown at 800°C in the layer-by-
layer mode, (a). Dielectric constant of a step-flow
film grown at 1200°C, measured during cooling (b)
and during heating at a +0.8 V dc bias (c). The bias
dependence of dielectric constant at 4.2 K is shown
in the inset. The measurement frequency was 500
kHz.
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Fig. 4 Temperature dependence of dielectric constant
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tand of LNTO films at 7 K at a measuring frequency
of 200 kHz.

Very high values of dielectric constant of
STO films grown by step-flow mode especially at
low temperatures could be the result of stabilization
of quantum paraelectric phase. If the crystal quality
is low, local distortions can easily stabilize the
ferroelectric state. Also, the large voltage tunability
of dielectric constant observed could be attributed to
the competition between the para- and ferroelectric
states at low temperatures.

The variation of dielectric constant with
temperature for ceramic LNTO as well as for the
LNTO films as deposited and annealed at 800°C are
shown in Fig. 4. The thickness of LNTO films was of
the order of 300 nm. Though the ceramics show a flat
region below 50 K, the as-deposited thin films do not
exhibit such behavior. However, the temperature
variation of dielectric constant for annealed LNTO
films is similar to that of the ceramic LNTO.
Therefore, the improvement of crystallinity is critical
to stabilize quantum paraelectric nature of LNTO as
well. The annealed films show an increase in
dielectric constant as the temperature is lowered till
about 50 K, below which it remains constant.
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Fig. 6 Schematic of effect of bias voltage (dashed
line) on potential energy wells of quantum
paraelectric and ferroelectric states for (a) STO and
(b) LNTO.

The  phase control from quantum
paraelectricity to ferroelectricity can be done by the
application of electric field in case of STO as shown
in Fig. 3. The dielectric properties were measured for
the LNTO thin films under application of dc bias
field. No dependence of bias voltage on dielectric
constant of LNTO was observed at any temperature.
Fig. 5 shows that the dielectric constant of LNTO
films are very stable even under electric field in
contrast to other known quantum paraelectric
materials.

This fact indicates that the quantum
paraelectric state in LNTO is very stabilized. Fig. 6




schematically illustrates the difference in the stability
of paraelectric and ferroelectric states for STO and
LNTO materials. A small lattice distortion and/or
application of electric field destabilizes the
ferroelectric state in STO. Whereas in the case of
LNTO, the application of electric filed in the range
of + 4 x 10*Vem™ has no effect in destabilizing the
deep potential well of paraelectric state. In order to
switch LNTO to a ferroelectric state, much large bias
should be applied, which however, exceeds the
breakdown voltage.

Inaguma et al have explained the
appearance of ferroelectricity and quantum
paraelectricity in perovskite titanates in terms of Ti-
O bond length, electron configuration of . certain
cations and mass inequality [15]. For larger
perovskites which are ferroelectrics like BaTiO;, the
increase in the volume of the [TiOg)- octahedra
results in reducing the repulsive forces. In case of
smaller perovskites, for example, Li;,Na;;,TiO; (Ln
=lanthanides), the repulsive forces increase resulting
in the rotation of the [TiO4]- octahedra to
compensate this force. This prevents ferroelectricity
resulting in quantum paraelectricity at low
temperatures. SrTiO; has an ideal perovskite size
without any [TiOg)- octahedra tilting and thus its
dielectric properties can be manipulated by applying
electric field or pressure.

CONCLUSIONS

Highly stable quantum paraelectric
La;;Na,,TiO; and highly tunable SrTiO; films were
fabricated. The SrTiO; films grown by step-flow
mode exhibit very high dielectric constant especially
at low temperature which can be tuned to
ferroelectric, resulting in a large tunability of
dielectric constant. The La;;Na;;,TiO; films exhibit,
on the other hand, voltage-independent and
temperature-independent dielectric constant at low
temperatures. The contrasting nature of these two
quantum paraelectric materials is brought into
picture.
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Charge Transport and Fatigue Resistance in S1Bi,yTa,0q
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SiBi,Ta,0q is a ferroelectric oxide that is highly resistant to polarization fatigue. It is proposed
that this results from self-doping due to extensive cation place exchange between the Sr*2 and Bit>
cations. Rather than being completely self-compensating, this results in separate defect chemistries
and transport properties in the two distinctly different structural layers of the compound. The
Bi202"'2 layers are acceptor-doped by replacement of Bit3 by Sr*“ and exhibit a high level of
oxygen ion transport. However, this ionic transport is isolated from the major ferroelectric response
that resides in the SrTa207'2 perovskite-like layers. The latter layers are donor-doped by
replacement of Srt2 by Bi*3." The compensating defects are most likely cation vacancies that are
immobile. Electrons are also present at smaller concentrations but have extremely low mobilities.
Thus in the region of ferroelectric response there are no mobile charges that could migrate to

domain walls and pin their motion.

INTRODUCTION

There is increasing interest in the use of
ferroelectric thin films as nonvolatile memory elements
in Si-based microcircuitry. The physical dimensions,
switching voltages, switching times, and amount of
switchable charge are all highly compatible with existing
technology. However, the original ferroelectric of
choice, Pb(Zr;_,Ti,)O5 (PZT) suffers from polarization
fatigue, i.e. after having been switched of the order of
108 times, the amount of switchable charge gradually
decays until the distinction between a switching event
and a nonswitching event is lost. While this problem has
been somewhat reduced by the use of donor-doping and
conducting oxide electrodes, a more stable material is
desirable. It has since been determined that the remanent
polarization of the Bi-layer ferroelectrics, particularly
SrBizTaz()'9 (SBT), remains stable for at least 1012
cycles. Even though its initial polarization is less than

that of PZT, the long-term stability is a desirable feature.

PROPOSED MODEL FOR FATIGUE RESISTANCE
It is of obvious interest to determine the reasons for
the resistance of SBT to polarization fatigue. For that

purpose, we have undertaken an investigation of the

defect chemistry and charge transport properties of
SBT and related materials. We propose that the
stability of SBT is directly related to its layered
structure. SBT consists of fluorite-like Bi202+2
layers alternating with perovskite-like SrTa207'2
layers. Careful structural analyses of both SBT (1)
and the isostructural SBN (2), its niobium-
containing analog, indicate that there is substantial
place exchange between the Sr*2 and Bi*3 ions.
This helps to reduce the charge imbalance between
the two layers. The amount of exchange was found
to vary from a few percent to more than ten percent.
In a non-layered structure such place exchange
would be expected to be self-compensating, i. e.
there would be equal numbers of acceptor and donor
centers and no other compensating defects would be
necessary. However, in the layered structures of
SBT and its relatives, it appears that self-
compensation is imperfect, and that there is some
local compensation within the layers by lattice
and/or electronic defects. Our studies indicate that
this results in defect concentrations of the order of
1% in both layers. Thus the Bi202+2 layer behaves

as a 1% acceptor-doped material, with the excess




SrBi/ compensated by oxygen vacancies that support a
substantial ionic conductivity. The perovskite-like layer
acts as a 1% donor-doped material with the excess Big,
compensated by strontium vacancies at high oxygen
activities and by electrons under reducing conditions. In
undoped SBT, the conductivity under equilibrium
conditions (550-750°C) is dominated by the ionic
conductivity in the Bi-layers, while in undoped SBN n-
type conductivity prevails.

It would be expected that a high oxygen vacancy
conductivity would be extremely detrimental to
polarization fatigue. ~However, in SBT the ionic
conductivity is confined to the Bi-layers, while most of
the ferroelectric response lies in the perovskite-like
layers.  The oxygen vacancies cannot enter the
perovskite-like layers because they contain an excess of
donor centers. The electronic conductivity in the
perovskite-like layers is very temperature dependent, with
an activation energy near 2 eV, consistent with é highly
activated electron mobility.  Polarization fatigue is
attributed to the migration of charged species, e.g.
electrons, holes, or oxygen vacancies, to domain
boundaries where they hinder polarization reversal by
pinning the domain walls. In SBT it appears that there
are no mobile charged species in the perovskite-like
layers where most of the ferroelectric polarization occurs.
The following section summarizes the experimental
evidence that supports the above model. The

experimental data are depicted in (3) and (4).

THE EXPERIMENTAL EVIDENCE

Tantalum and niobium have very similar chemical
behavior. They have the same dominant oxidation state,
+5, and due to the Lanthanide Contraction have virtually
identical ionic radii. The major difference is that Tatd
is more difficult to reduce than Nb*> as is expected for
the heavier member of the pair. Thus we expect the
properties of the isostructural SBT and SBN to be very
similar. However, their equilibrium electrical
conductivities, measured as a function of oxygen activity

.at temperatures between 550 and 750°C, are very

different. For undoped SBT there is a broad plateau
where the conductivity is independent of oxygen
activity, with s]'ight up-turns at both ends. This is
typical of acceptor-doped oxides with predominantly
oxygen ion conductivity with some contributions at
each end due to holes created by oxidation and
electrons due to reduction, e.g. Y-doped ZrO, or
Ca-doped CeO,. Transport number measurements
confirm that the broad plateau is due to ionic
conduction. On the other hand, in SBN the
conductivity rises with reduction from pure oxygen
with a log-log slope of -1/4, indicative of an
increase in the electron concentration due to
reduction in a region where excess donors are
compensated by ionic defects, most likely strontium
vacancies. At lower oxygen activities the
conductivity becomes independent of oxygen
activity indicating that electrons have taken over the
task of charge compensation.  Thermopower
measurements confirm that the conduction is n-type.

The addition of 1% acceptors to SBT enhances
its acceptor-doped behavior, while the addition of
1% donors substantially reduces it, without changing
the general shape of the conductivity profiles. This
indicates that the addition of 1% donors is
insufficient to overpower the acceptor-doped
behavior of SBT. Similarly, the addition of 1%
acceptors and donors to SBN changes the levels of
the conductivity profiles without changing their
shape. But when 3% donors are added to ’SBT, the
conductivity profile becomes similar to that of
undoped SBN, while the addition of 3% acceptors to
SBN changes its conductivity profile to the shape
seen for undoped SBT. The intrinsic doping levels
in the undoped oxides appear to be about 1.5%
excess acceptors in SBT, and 1.5% excess donors in
SBN. This is far in excess of any reasonable level
of accidental impurities, or of compositional error.
Thus the apparent dopant concentrations in the
nominally undoped oxides are attributed to the

misplaced cations not being entirely self-




compensating. The two oxides actually have very similar
behaviors but are displaced laterally along the doping
line. In undoped SBT the ionic conductivity in the Bi-
layers is dominant, while in undoped SBN the n-type
electronic conductivity in the perovskite-like layers
prevails. This is not entirely unexpected. Since Ta*s is
less easily reduced than Nb+5, Ta compounds are
expected to have larger band gaps than Nb compounds,
and trapping levels are thus expected to be deeper in Ta
compounds. This is seen to be the case in Ta,05 as
compared to Nb,Os.

If there were little temperature dependence to the
electron mobility then the conductivity in the region of
compensation of donors by electrons should be
independent of temperature. However, it is observed that
the conductivity is highly thermally activated in this
region with an activation energy of near 2 eV in SBN.
This seems most likely to reflect a very low, thermally
activated electron mobility. Extrapolation down to
device application temperatures leads to incredibly low
levels of n-type conductivity. With the ionic
conductivity confined to the Bi-layers, and the electrons
being extremely immobile in the perovskite-like layers
where most of the ferroelectric response resides, there are
no mobile species that can migrate to domain walls and
trap their motion, which would lead to polarization

fatigue.
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Ferroelectric properties along the a(b)-axis and the c-axis in single crystals of various bismuth-
layer-structured ferroelectrics (BLSFs) were investigated. By measuring P-E hysteresis curves of
BLSFs, values of the saturated remanent polarization and the coercive electric field were found to
be related with the Curie temperature and the number of ROs octahedra (m) between bismuth
layers, respectively. The saturated remanent polarization was larger in the BLSF with a high Curie
temperature. This is attributed to a large atomic displacement with a high Curie temperature. In
contrast, the saturated coercive electric field was smaller in the BLSF with a large number of m.
This phenomenon is assumed to be caused by the decrease in the strain energy of the octahedra
from the bismuth layer, which leads to easy movement of the octahedral cations in the direction of

an applied external electric field.

1. INTRODUCTION

Bismuth-layer-structured ferroelectrics (BLSFs) have a
crystal structure in which bismuth oxide layers ((Bi,0)*
layers) are interleaved with pseudo-perovskite blocks
along the c-axis, as shown in Fig.1. The pseudo-perovskite
blocks have a formula of (Mem1RmOsm+1)*, where Me is
mono-, di-, or trivalent ions; R is tetra-, penta-, or
hexavalent ions, such as Ti**, Nb**, and Ta**; and m is the
number of ROs octahedra in the pseudo-perovskite block
(m=1,2,3,4,and5).

Single crystals of PbBi;Nb,Os (PBN), BisTi3012 (BIT),
PbBi;TisO1s (PBT), BaBisTisO1s (BBT), Pb:BisTisOis
(P2BT) were grown and their electrical properties
measured by Newnham et.al>®, Kim et.al®®, and Yi
et.al.>'?. Their electrical anisotropy originating from the
two-dimensional layer structure have likewise been
reported. According to these reports, ferroelectricity in the
BLSF arises from the ROs octahedra in the perovskite
block, and spontaneous polarization takes place mainly in
the direction parallel to the bismuth layer (the a- or b-
axis).

The authors measured the polarization reversal velocity
as a function of electric field along the a(b)-axis in the
BLSF single crystals, such as PBN, BIT, PBT, BBT,
P2BT, and B2BT, and reported'” that the polarization
reversal velocity decreased with increasing the number of
ROs octahedra (m) in the BLSFs because of the decrease
in the strain energy of the RO octahedra from the bismuth
layer. The polarization reversal velocity is the index of an
easiness of the polarization reversal, that is, the index of a
coercive field, which is one of the most important

properties in the ferroclectrics. Therefore, in the present
study, the saturated P-E hysteresis curves were measured
along the a(b)-axis and the c-axis separately in various
BLSF single crystals, as mentioned above, and the
relationship between their ferroclectric properties (the
coercive field and the remanent polarization) and their
structures or Curie temperatures was investigated.
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Fig. 1 Schematic illustration showing the
crystal structure of BLSF (m=4). One
half of the pseudo-tetragonal unit cell.




2. EXPERIMENTAL
2.1 Single-crystal growth

Various single crystals of BLSF as listed in Table I
were chosen as samples. Among them, only the BIT single
crystal was grown by a flux growth method using Bi;Os as
a flux; as it has an incongruent melting point at 1220°C.
The other crystals, namely PBN, PBT, BBT, P2BT and
B2BT, were grown by a melting-slow cooling method, as
these have congruent melting points at 1195, 1200, 1170,
1190 and 1150°C, respectively. Reagent-grade (purity >
99.9%) oxides of component atoms except BaCOs as
starting materials were ball-milled for 16 h with ZrO,
balls as a milling medium in a polyethylene bottle, and
packed into a double platinum crucible to prevent
volatilization of Bi;O3; and PbO components. In order to
obtain a vertical temperature gradient as suggested by
Morrison'?, the crucible was set in a vertical tube furnace,
the temperature of which was monitored with two
thermocouples positioned at the upper and lower parts of
the crucible. The samples were heated to 1250°C at
approximately 300°C/h, maintained at that temperature for
4 h, and cooled at a rate of 4°C/h to 950°C, kecping the
vertical temperature gradient of 2-3°C/mm. Single crystals
obtained by these methods were plate like thin sheets (~
0.2 mm).>'?

Table]  BLSF samples used in the present study

m Compound  Abbreviation Curie
temperature/'C

PbBi:Nb:0s PBN 560
BisTi3012 BIT 676
4 PbBi4TisO:s PBT 570
BaBisTisO15 BBT 395
5 Pb;BisTisO1e P2BT 310
Ba,BisTisOss B2BT 325

2.2 Characterization of single crystal

Phase identification of the single crystals was
performed using an X-ray diffractometer (Model PW-
1729, Philips) after pulverizing the single crystals.
Characterization of single crystals was performed by a
Laue camera.

2.3 P-E hysteresis curve measurement

Samples for measuring P-E hysteresis curves were
obtained by the following processes. The desired segment
was cut from the obtained plate-like single crystals by
scribing and breaking or by means of an abrasive wire saw.
Ag conductive resin was applied to the segment on the
a(b)-c plane when measuring the P-E hysteresis curve
along the a(b)-axis or on the a-b plane along the c-axis.

The P-E hysteresis curves were measured by an
RT6000HVS (Radiant Technologies, Inc.) in a silicone oil
bath at room temperature and 110°C.

3. RESULTS
3.1 Characterization of single crystal

Each powders prepared by pulverizing of as-grown
single crystals was identified to have a single phase using
an X-ray diffractometer. A back-reflection Laue pattern,
the symmetry and the spread of diffraction spots, taken by
the incident beam perpendicular to the plate surface

revealed that the plate surface corresponded to the c-axis®
10)

3.2 P-E hysteresis curve measurements

Figures 2(a), 2(b), 2(c), and 2(d) show the saturated
hysteresis curves along the a(b)-axis at room temperature
for the BIT, BBT, B2BT, and P2BT single crystals,
respectively. However, the saturated ones in the PBN and
PBT single crystals were failed to measure because of the
structural matter discussed later or of the deficiencies
caused by Pb volatilization during crystal growth. Figure
3(a) shows the saturated hysteresis curves along the c-axis
at room temperature for the BIT, B2BT, and P2BT single
crystals. Compared with the a(b)-axis, these remanent
polarizations and coercive fields are smaller. Figure 3(b)
shows the hysteresis curves along the c-axis at room
temperature for the PBN, PBT, and BBT single crystals.
The P-E relations showed linearity, which means there are
no polarizations along the c-axis in these compounds.
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Fig. 2 P-E hysteresis curves for (a) BIT, (b) BBT,
(©) B2BT, and (d) P2BT single crystals at
room temperature along the a(b)-axis.
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4. DISCUSSION v

According to Cummins etal', the spontancous
polarization vector in BIT lies in the orthorhombic a-c
plane at an angle of less than 5° from the a-b plane.
Therefore, the remanent polarization and the coercive field
along the c-axis are smaller than those along the a(b)-axis
because polarization reversal takes place by ‘rocking” up
to approximately 10 ° of the spontaneous polarization
vector. This theory can be applied to the other BLSFs.
Therefore, in BLSFs, the remanent polarizations and the
coercive fields along the c-axis were smaller than those
along the a(b)-axis.

According to Newnham et. al?, there is no
spontaneous polarization in the direction perpendicular to
the bismuth layer (the c-axis) in compounds having the
perovskite block with an even number of ROs octahedra,
due to mirror symmetry; however, a small degree of
spontaneous polarization could be observed in compounds
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Fig. 3 P-E hysteresis curves for (a) BIT, B2BT,
and P2BT, and (b) PBN, BBT, and PBT
single crystals at room temperature along
the c-axis.

having the perovskite block with an odd number of ROs
octahedra below the Curie temperature. Results in Figs.
3(a) and 3(b) coincided with this theory, that is, there were
small degree of the remanent polarizations in the BIT,
B2BT, and P2BT single crystals, whereas, there were no
remanent polarizations in the PBN, BBT, and PBT single
crystals.

Figures 4(a) and 4(b) show the relationship between the
ferroclectric properties and the temperature difference
between the Curie temperature and the measuring
temperature along the a(b)-axis, where Pm, Pr, Em, and Ec
are given in Fig. 5. A plot in Fig. 5 is an example of a
saturated hysteresis curve. Pr and Pm were larger in
BLSFs with a high Curie temperature, as shown in Fig.
4(a). It is assumed to be caused by that ferroelectrics with
a high Curie temperature have a large atomic displacement
which leads to a large spontaneous polarization.
According to Fig. 4(b), Em and Ec were larger in BLSFs
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and (b) between Em, Ec and Tc-T along the
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with a high Curie temperaturc, however, this relationship
holds true in the BLSFs, for which the saturated hysteresis
curves could be measured, such as BIT, BBT, B2BT, and
P2BT single crystals. The plots of PBN single crystal, for
example, were not on the broken lincs in Fig. 4(b). The
PBN, whose Curic temperature is 560°C, has more than
80 kV/cm of Em, and the saturated hysteresis curve could
not be measured at room temperature. Figure 6 shows
the relationship between the electric ficld (Em and Ec) and
the number of ROs octahedra (m) along the a(b)-axis at
the room temperature. Em and Ec were smaller in BLSFs
with the large number of ROg octahedra. This would be
attributed to that the strain energy of the ROs octahedra
from the bismuth layer decreases with increasing m and

the octahedral cations, which are considered to be the

origin of ferroelectricity, can easily move toward the
direction of the applied electric field. Consequently, it was
found that the number of m contributed to the saturated
coercive field.

As mentioned above, it was unable to measure the
saturated hysteresis curve along the a(b)-axis for PBN and
PBT. This may be due to Pb volatilization during crystal
growth or a small number of m (m=2 for PBN). The
remanent polarization and the coercive field at room
temperature along the a(b)-axis in the PBT (m=4) single
crystals were 4 p C/em” and 50 kV/em, respectively,
under applied electric field of 70 kV/cm, while those in the
PBN (m=2) single crystals were 1.1 p C/em’ and 3.5
kV/cm under 70 kV/cm. The Em of the PBN single crystal
was more than 80 kV/cm. These results approximately
agreed with the tendency observed in Fig. 6.

Along the c-axis, the BLSFs with an odd number of
ROs octahedra have the same relationships, that is, Pr and
Pm were larger in BLSFs with the high Curie temperature,
and Em and Ec were smaller with the large number of m.

5. CONCLUSIONS
By measuring the P-E hysteresis curves in various
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Fig. 6 Relationship between Em, Ec and m along
the a(b)-axis.

BLSFs, it is concluded that the saturated remanent
polarizations was larger in BLSFs with a high Curie
temperature because of a large atomic displacement in
BLSFs with a high Curie temperature. It is also concluded
that the saturated coercive electric field was smaller in
BLSFs with a large number of m. This phenomenon is
assumed to be caused by the decrease in the strain energy
of the ROg octahedra from the bismuth layer, which leads
to easy movement of the octahedral cations in the direction
of an applied external electric field.
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Abstract .

Studies of the structure-property
relations of lead zirconate titanate (PZT) modified
with lower valent substitutions on the A- and B-
sites have been performed as a function of
dopant concentration. These investigations have
yielded common changes induced by these
substitutions on ferroelectric phases. The
commonalities are the presence of fine domains
and polarization pinning effects.

I. Introduction

Piezoelectric resonators and
transducers are one of the most important
applications of lead zirconate titanate (PZT)
ceramics. One of the unique physical
characteristics which makes PZT an excellent
material for these applications is that it can be
made electrically "hard" to polarization switching
by appropriate compositional modifications. In
addition, "hard" PZTs have high mechanical
quality factors. An interaction between impurities
and domain boundaries is believed to be the
origin of the "hard" switching characteristics.

The effect of various impurities on the
mechanical quality factor have previously been

studied!4. It is believed that variations of
domain mobility due to impurity correlated
vacancies are the cause of “hard” PZT behavior.
Domain boundary pinning effects have been

studied by Postnikov et al® using internal friction

methods and by Carl and Hardti® using dielectric
methods. Furthermore, in recent years, multilayer
devices based on morphotropic phase boundary
(MPB) compositions of “"hard" PZT ceramics
have received special attention because of their

excellent electromechanical behavior’9. For
these multilayer structures, the configuration and
interaction of domains with impurities and
internal stresses have been reported to
significantly influence their electromechanical
performance. All of these previous investigations
have demonstrated that an interaction between
impurities and/or associated vacancies required
for charge neutrality with domains is important to
the development of "hard" PZT characteristics.
However, only limited information concemning the
influence of impurites and defects on the
structure-property relationships of hard PZT
ceramics has been published.

Il. Experimental

The PZT compositions studied in this
investigation were the rhombohedral-ferroelectric
Pb(Zrg.65Tin.35)03. The substitution of A-site

Pb2* jons by K1* and Cs'* and B-site

Z*Ti4* ions by Fe3* were made according to
the formulae Pb1.y/2Ky(Zr0 65Ti0.35)1-y/403

and Pb(Zro_esTio.35)1.yFeyO3, respectively.

e-mail: ViehlandD@Npt. NUWC.Navy.Mil

The abbreviations of the modified PZT
specimens which will be used .in this paper are
PMZT 100y/100x/100(1-x), where M represents
K, Cs, Fe, La respectively. All starting materials
were powders of greater than 99.9% purity.
Details of powder processing can be found in a

previous publication13. Dense ceramic pellets
were formed by hot pressing at 1100~1150°C for
2 hours at a pressure of 60 MPa, which was
followed by an annealing at 1300°C for 2 hours
in a PbO excess environment.

Transmission electron microscopy (TEM)
specimens were prepared by ultrasonically
drilling 3-mm discs which were mechanically
polished to ~100 pm. The center portions of
these discs were then further ground by a
dimpler to ~10 pm, and argon ion-milled to
perforation using a liquid nitrogen cooling stage
to minimize induced damage. TEM studies were
done on a Phillips EM-420 microscope operating
at an accelerating voltage of 120 kV. The P-E
behavior was characterized with a computer-
controlled, modified Sawyer-Tower circuit using a
measurement frequency of 50 Hz.

lil. Results
n.1 Dependence of P-E curves on lower
valent A-site modification

Figure 1(a) shows the P-E loops for PZT

compostions with K1* concentrations of 1 at.%
and with various Zr/Ti ratios. Data are shown for
PKZT compositions of 1/40/60, 1/52/48, 1/65/35,
and 1/95/5. Double-loop-like characteristics are
evident in Figures 1(a)-(c) for the tetragonal- and
rhombohedral-structured ferroelectric
compositions. Double-loop-like characteristics
have previously been reported in aged

ferroelectric ceramics10'12. which suggests that
the defects required for charge compensation

upon K1+ modification may pin domain walls and
prevent nucleation and growth of domains in the
direction favored by an applied electric field.
Comparisons of the data in these two figures
demonstrates that the coercive field decreases
with increasing Zr/Ti ratio. The trends in the
double-loop-like characteristics of the P-E data
shown in Figure 1(a) suggest that significant
changes in domain stability occur in PKZT with
changing Zr/Ti ratio.

.2 Dependence of ferroelectric domain
morphology upon lower valent A-site
modification

Typical domain morphologies of the
rhombohedral-structure  PKZT  compositional
sequence 100y/65/35 are given in Figure 1(b)-
(d). Figures 1(b)-(d) show the room temperature
bright-field images for the PKZT compositions
0/65/35, 1/65/35 and 4/65/35, respectively.
Significant changes in the domain structures can
be seen with increasing K-content. For 0/65/35




(Figure 1(b)), normal micron-sized 180° domains
can readily be seen, which are typical of a long-
range ordered ferroelectric state. The domains
are several microns in length and ~0.5 m in
width. However, with the addition of only 1 at.%

K1*, significant changes in the domain
morphology were observed. In Figure 1(c), the
size of the domain structures can be seen to be
decreased dramatically for 1/65/35, relative to
that for 0/65/35. The length of the domains was
less than 1 um and their widths were less than
0.1 pm. In addition, the domain boundaries can
be seen to be significantly more "wavy", relative
to the nearly straight boundaries found for the
lower K-content specimen. With increment in the
K-content, the changes in the domain patterns
were found to become more pronounced. For
4/65/35, a further decrease in the domain size
was observed, as can be seen in Figure 1(d).
The lengths of the domains were less than 0.5
pm and their widths were approximately several
hundred angstroms. In addition, the degree of
*wavy" character in the domain patterns was

significantly increased with increasing K1+,
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Figure 1
bright-field image for 8/65/35.

In fact, the waviness was the dominant
morphological characteristic of the patterns for
4/65/35. However, it should also be noticed that
the domains maintained a significant degree of
preferred orientaton along a family of
crystallographically equivalent polar directions.
The waviness in the morphology was due to
continuous bending of the domain orientation
between various equivalent directions on a
length scale of ~0. m. The pinning and bending
of domain boundaries can be taken as the
reason for the enhancement of electrical
switching and the decrease of mechanical

loss13.
The influence of lower valent A-site
modifications is further illustrated in Figure 2.

This figure demonstrates the influence of cs1*
on the domain structure and P-E behavior. For
PCZT 3/65/35, the domain structure can be seen
to be highly irregular. The morphologies were
"wavy" in character. However, they were larger in
size than those for the PKZT composition
4/65/35. large fragmented (indicated by an F)
and "wavy" (indicated by a W) domains can be

Room-temperature P-E curves and bright-field TEM images for various PKZT compositions. (a
E curve for 1/65/35, (b) bright-field image for 0/65/35, (c) bright-field image for 1

) P-

165/35, and (d)




(b) 20 T T T I T T T I T T T T T J
c | z
8 10 5
> ]
s O ]
©
N -

S 910 N
S I PCZT 8/65/35 ]
L PCZT 3/65/35 ]
-20 VIRSTE S S ST N NS R N S TR B
-40  -20 0 20 40
Electric Field (kV/cm)
Figure 2 Structure-property relations for cesium modified PZT 65/35 containing 3 at% Cs. (a) Bright-field
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seen to coexist, as shown in Figure 2(a). The
domain size and morphology was similar to that
observed for PKZT 1/65/35 (see Figure 1(c)). P-
E curves for PCZT 3/65/35 and 8/65/35 are
shown in Figure 2(b). Double-loop-like
characteristics are present, indicating
polarization pinning. The degree of double-loop-
like characteristics and the coercive field for
polarization switching were both increased with

increasing Cs'* concentration, however the
switchable polarization was decreased. These
results indicate that the influence of lower valent
A-site modifications is similar for various types of
dopants.

.3 Dependence of ferroelectric domain
morphology wupon lower valent B-site
modification

' The effect of lower valent substitutions
on the B-site were investigated as a function of

Fe3* concentration for PFZT y/65/35. Figures
3(a) and (b) shows bright field images of the
domain structures for PFZT 3/65/35 and 8/65/35.
Similar "wavy" morphologies can be seen in the
domain structures, as for PKZT. However, the
decrease in the size of the domains and the
increase of the degree of "wavy" character was

slower with increasing Fed+ concentration,

relative to increasing K1+, Similar double-loop-
like P-E curves were also observed, as shown in
Figure 3(c) for PFZT 8/65/35.

The changes induced in the domain
patterns and P-E behavior with increasing
concentrations of lower valent substitutions are
similar for substitutions which occur on the A-
sites and B-sites. This indicates that generic
structure-property changes result in hard PZT
behavior. The .physical mechanism for this
generic behavior is associated with the mobility
of oxygen vacancies, which can diffuse to
domain boundaries, resulting in polarization

pinning.13'14

IV. Conclusion

The stability of domains and the
polarization behavior have been studied for lower
valent modified PZT ceramics as a function of
dopant concentration by TEM and modified
Sawyer-Tower polarization methods. The

modifications investigated were K1* on the A-
site, Cs1* on the A-site, and Fe3* on the B-site.
Common changes were observed in "hard" PZTs
including: (i) the presence of fine domains, and
(ii) double-loop like P-E characteristics.
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Domain Switching and Rotation
in Soft and Hard PZT Ceramics
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Domain switching and rotation in soft lead zirconate titanate (PZT) ceramics were investigated
in comparison with those in hard PZT ceramics by measuring the poling field dependence of
the dielectric and piezoelectric properties. The minimum dielectric constant (1) and
maximum frequency constant (fcp) were observed at the coercive fields, which correspond to
the poling fields required to obtain the minimum planar coupling factor. These phenomena
were due to the 180° domain clamping at these fields. The fields of 90° (71° or 109° ) domain
rotation were estimated using the relationships between the maximum ¢ r and minimum fcp.
While minimum ¢r and maximum fcp due to domain clamping were observed in the
compositions of tetragonal and rhombohedral soft PZT ceramics, domain rotations which
caused maximum ¢ r and minimum fcp were mainly observed in rhombohedral hard PZT
ceramics. It was thought that the reason why domain rotations which caused maximum ¢ r
and minimum fcp were not obtained in soft PZT was the mechanical softness of the ceramics.

1. INTRODUCTION

The degradation of lead zirconate titanate (PZT)
thin films due to domain switching and rotation needs
to be reduced for their application to ferroelectric
random access memory (FRAM) devices. Through the
processes employed to develop the materials for
FRAM devices, the evaluation and control of domain
structures were recognized to be significant. Previously,
we had reported on how to evaluate and control the
domain structures of PZT ceramics [1-7]. Subsequent
to this, we proposed a new- concept for domain-
controlled ferroelectric ceramics and their devices [8,9].
Jt was thought that PZT ceramics with different
domain structures could be fabricated even when the
ceramics had identical compositions. Domain switching
and rotation in PZT ceramics can be caused by both
mechanical stress and an electric field, because the
ceramics possess ferroelastic and ferroelectric
properties. Since an electric field affects the dielectric
and piezoelectric properties of PZT ceramics by
switching and rotating domains, we measured the
dependence of these properties on the poling field. In
this pursuit, we confirmed, for the first time, that
domain clamping affected the dielectric constant and
frequency constant in the entire range of compositions
of soft PZT ceramics studied. Furthermore, we discuss
the difference in the effect of domain switching and
rotation on the dielectric and piezoelectric properties
between soft and hard PZT ceramics.

2. EXPERIMENTAL

We prepared two kinds of ferroelectric ceramics,
namely, soft and hard PZT ceramics. The soft PZT
ceramics were composed of 0.05Pb(Sni1/28b1/2)03-
yPbTiO3-zPbZrOs, where y=0.62, 2z=0.33; y=0.50,
z=0.45; y=0.47, z=0.48; y=29, z=0.66 and y=0.20,
2=0.75. The hard PZT ceramics consisted of the soft
PZT ceramics modified by the addition of 0.4wt%
MnO2 [10], and were investigated in comparison with
the soft ceramics. The powders were uniaxially pressed

at a pressure of 150MPa, and fired at 1240°C for 2h.
The sample disks after firing were 14mm in diameter
and Imm thick. Poling was conducted at 80°C for
30min while varying the poling field (E) from 0 —
+0.25 = +0.5 —»+0.75 »>+1.0 —>++++30 > 0 —
-3.0 — 0 to +3.0kV/mm. After poling, the dielectric
and piezoelectric properties ‘were measured at room
temperature using an LCR meter (HP4263A) and an
impedance/gain-phase analyzer (HP4194A).

3. RESULTS AND DISCUSSION
3.1 Dielectric and Piezoelectric Properties

Figures 1 (a)~(c) illustrate the relationships
among the composition (z), planar coupling factor (kp),
dielectric constant ( ¢ r) and frequency constant (fep) in
soft (O) and hard (@ ) PZT ceramics, respectively. In
this case, the poling was conducted at 80°C for
30min by applying E of +3.0kV/mm. The mechanical
quality factors (Qmp) were 70-250 in soft PZT
ceramics and 1160-6000 in hard PZT ceramics within
the composition range studied. The crystalline phases
are tetragonal at z=0.33, 0.45, 0.48 for soft PZT and at
z=0.33, 045 for hard PZT, and rhombohedral at
2=0.66, 0.75 for soft PZT and at z=0.48, 0.66, 0.75 for
hard PZT, as evident from Figs. 1 (b) and (c) and the
results of X-ray diffraction analyses. The morphotropic
phase boundary (M.P.B.) in soft PZT shifted to the
lead titanate (PbTiO3) side when MnO2 was added to
form hard PZT. There was a great difference in kp, & r
and fcp between soft and hard rhombohedral PZT in
comparison with those of tetragonal PZT.

3.2 Poling Field Dependence

Figures 2 ~ 4 show the effect of E on kp, & r and
fep at various compositions of z when E was varied
from 0 to + 3.0kV/mm. In the figures, the open (O )
and closed (@) circles correspond to soft and hard
PZT ceramics, respectively. From the plot of kp vs E,
the fields at which kp was minimum were determined
to be coercive fields (Ec).




fep (Hz m)

Fig. 1 Composition (z) dependence of (2) kp, (b) er
and (c) fep in soft (O ) and hard (@) PZT ceramics.
T: tetragonal, R: thombohedral.

Although kp was minimum at Ec, the poling field
dependence of crystal orientations with domains
aligned by 90" (71" or 109°) rotation was almost
constant near Ec [1,2,5-7). Therefore, after having fully
poled the virgin (as-fired) ceramics, 180° switching
was the dominant factor affecting kp for both soft and
hard PZT. We believe that the minimum kp owing to
electrical domain clamping, such as T | , occurred at
the coercive fields. From the plot of E dependence of
er, ¢r was found to be minimum at Ec for all
compositions (z=0.33, 0.45, 0.48, 0.66, 0.75) in soft
PZT ceramics and in tetragonal (z=0.33, 0.45)
compositions in hard PZT ceramics. We observed, for
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Fig. 2 Poling field (E) dependence of (a) kp, (b) &r
and (c) fep in soft (O') and hard (@) PZT ceramics
at z=0.33.

the first time, that ¢r for the entire compositions in
soft PZT ceramics was minimal at Ec because of
electrical domain clamping. In hard PZT ceramics,
while & r decreased with increasing E (initial poling),
it became maximum at E=%0.5kV/mm in
rhombohedral phases (z=0.48, 0.66, 0.75). It is thought
that the field corresponding to the &r peak is the
threshold field of 71° or 109" domain rotation. From
the plot of fcp vs E, fop was found to be maximum at
Ec for all compositions of soft PZT ceramics, and
tetragonal (z=0.33, 0.45) and rhombohedral (z=0.48,
0.66) compositions of hard PZT ceramics. That is,
when domain clamping (T | ) occurred at Ec, fcp




(half the bulk wave velocity) increased because the
ceramics became mechanically hard. While fcp at these
compositions (z=0.33, 0.45, 0.48 ,0.66 on hard PZT)
exhibited a peak at Ec, it became minimum at E=+

0.5kV/mm (z=0.75) and at E==x 05, -175 &
+1.5kV/mm (z=0.66) in hard PZT ceramics, as shown
in Fig. 4 (c). These fields of minimum fcp were lower
and higher than Ec, respectively. Since the decrease in
fcp means that the ceramics have become mechanically
soft, it was thought that the 71° or 109" domain
rotation occurred at the E corresponding to the
minimum fcp. From Fig. 4 (c), we could estimate that
the poling fields of = 0.5, = 1.0 and -1.75 & +1.5
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Fig. 3 Poling field (E) dependence of (a) kp, (b) ¢r
and (c) fep in soft (O ) and hard (@) PZT ceramics
at z=0.48. .

kV/mm corresponded to the first 71° (109" ) domain
rotation, 180" domain switching and the second 71°
(109" ) rotation, respectively [5-7].

Figure 5 shows bird’s-eyes views regarding E vs
e 1 vs Z in soft (a) and hard (b) PZT ceramics. While
two valleys along Ec were clearly observed in
tetragonal and thombohedral soft PZT ceramics, there
were two valleys along Ec in tetragonal hard PZT
ceramics. The hills between * Ec corresponded to the
first rotation of 90° and 71° (109" ) domains. From
the bird’s-eyes views, the relationships between poling
field, dielectric and piezoelectric properties and
composition were clarified.
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Fig. 4 Poling field (E) dependence of (a) kp, (b) ¢r
and (c) fep in soft (O) and hard (@) PZT ceramics
at z=0.66.
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Fig. 5 Bird’s-eyes views in case of relationship
between poling field (E), dielectric constant ( ¢ r)
and composition (z) in (a) soft and (b) hard PZT
ceramics.
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Physical origin of the displacive type ferroelectricity in perovskite oxides ABO, is proposed as
mass-inequalities in the TO-modes. Through the analysis of an isolated two-particle harmonic
oscillator with the counter masses M and m, we found an additional increase & in the amplitude of
the lighter particle for the case M > m, relative to the case M = m. Such an additional increase in
the amplitude caused by the mass-inequality M > m in a TO-mode must be a driving factor of a
displacive type ferroelectric phase tramsition! Defining a dimensionless mass-inequality factor
f(M/m) = (M-m) {M (M+m) }"* for TO-modes in perovskite titanates ATiO,, we have evaluated this
factor for each TO-mode, f, for Last's mode, f for Slater's mode, and f, for oxygen-octahedron
deformation mode. Then, these factors are averaged as overall ferroelectricity-evoking factor F,
together with a statistical weights wy, ws, and wo (W, + ws + wg =1), F=w f, tw o twf, .
Finally, some tentative relations T, versus F are shown for ferroelectric PbTiO,, BaTiO,, and

SITiO;",

1. INTRODUCTION

Infrared active TO-modes (transverse optic modes) of
a cubic perovskite oxide ABO; can be divided into the
three component-modes: (D Last's mode (A-BO,), @
Slater's mode (B-O;), and (3@ Oxygen-octahedron
deformation mode (0-20,)V. It is predicted that a
pertinent amount of mass-inequality in the TO-mode
gives a so called structural instability, resulting in a
displacive type ferroelectric phase transition.

Most theory of the displacive type structural phase
transition at least contain the two following assumptions®
%: the one is an imaginary bare soft mode frequency (w,?
< 0) for the TO-mode in question to account for the
presence of a structural instability to undergo a
ferroelectric phase transition, and the other is a quartic
anharmonic couplings with the other modes for giving a
temperature dependence to the soft mode frequency wy,
through the elaborating mathematical expressions.

However, no substantial physical origins of these terms
"structural  instability" and “quartic anharmonic
interactions" have ever been interpreted. Thus, we
could not know how to design chemically and synthesize
a preovskite oxide having a structural instability with a

quartic anharmonicity.

In this paper we will propose that the physical origin of
the instability and the softening of the relevant TO-mode
comes from its mass-inequality. To show this we will
discuss the mass-inequality effect in an isolated classical

two particle harmonic oscillator model* ?, in stead of

discussing it in the multi-coupled oscillator models in the
solid state, because it is quite difficult to clarity the effect
of mass-inequality on the amplitude of a single TO-mode
in the solid state where there are so many couplings
among the different modes with different mass-
inequalities.

2. MASS-INEQUALITY V.S. AMPLITUDE IN A
HARMONIC OSCILLATOR
2.1 Single-particle Harmonic Oscillator Model
For any TO-mode in ABO, between the counter
masses M and m, its one-dimensional Newtonian
equation is given by
d 2
H —)f =-Cx, (@
dt

where y = ¥, - xu is the relative coordinate, 4 = Mm




/(M+m) the reduced mass and C the harmonic constant.
Requiring a sinusoidal solution with the angular

frequency w for Eq.(1),
Q
X =X coswt, )
» Mm
weobtain C = pw = o . 3)

Mi+m
The amplitude of the TO-mode in question x° can be
obtained from the equipartition of thermal energy kI/2 to
each freedom, and a boundary condition (kinetic energy)
=0. This follows that

o ferr 2 [11
X = == d—+t— - @)
C w M m

The amplitude ° has a mass-dependence as indicated in
Eq.(4). If the harmonic constant C in Eq.(4) is exactly
kept at a constant value, x° is independent of the masses
M and m. Then, x° does not change at all as M/m
changes. Under this condition, however, if we consider
the individual displacements of the oscillating counter
masses Yy, and y,, from their center of gravity, together
with their amplitudes x:, and x:, we will find an
additional increment in the amplitude of the lighter
particle x: for the case M > m relative to that for the

case M =m. This is shown in the following section.

2.2 Two-particle Harmonic Oscillator Model*”

In order to get the correlations of the relative
coordinate 5, of the two-particles with their individual
displacements ¥, and x,, from their center of gravity, we
describe the motions of the two particles with the
separate Newtonian equations:

2

d X,
mTtT-f=—C,x,., &)
d’y
M dl;" =F=-C,x,. (6

where C, and C,, are harmonic constants. To keep the
steady oscillation of the two particles, we put the
f=-F. (I
Then, we require the solutions of the sinusoidal forms
with the opposite phase and the same angular frequency
o for Egs.(5) and (6):
X, = X, coswt , ®
Xy = —x; cos wt . ®
If follows from Egs.(5), (6), (7), (8) and (9) that
-mo'y, =f=-C,x,, (10)

2
-Mao'x, =-f=-C,x, @1y
Now, dividing the first and second terms in Eq.(10) by
those in Eq.(11), we obtain an important relationship

X M (12)

Xy M

condition to the forces,

This means that the displacement of the lighter particle
% is wider than that of the heavier one xy for M > m, and
their directions are always in the opposite.
From the definitions of v, ., and yy, together with
Eq.(12), we obtain the relations among the amplitudes:
X=Xy =Xy = (;gf:l + x:,)wswt = xoccmwt,
o 2kT

LA B PE A P
X C_X"‘ Xy = MX,,,-' +mXM-

Thus, it follows from Eq.(13) that

. M 2kT
= > (14)
M+m} C

0 m 2kT
Xy = —. (15)
Mim} C

The amplitudes of the individual particles x:' and x:,,

m

respectively, show clearly the mass-dependence for a
constant C. Figure 1 shows x: and xﬁ, as a function of

the mass ratio M/m. x: increases from x:= ¥'/2 for

2KT
M/m = 1up to xi:x" = JT for M/m = =, while

xi, decreases from x:, = "2 for M/m = 1 down to x;
= 0 for M/m = «, Figure 2 shows the individual
displacements ¥, and y,, of the two particles Eq.(8) and
Eq.(9), respectively, as a function of time t for both cases
M=mand M >m. Comparing the case M >m in Fig. 2b
with the case M = m in Fig. 2a, we find an additional
effective increase in the displacement of the lighter
particle y,, toward the outer space (the shadowed parts in
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Fig. 1 x: vs. M/m and xz, vs. M/m

Fig. 2b), at the expense of a decrease in that of the
heavier particle y,,;, even so we assumed a strict constant
C. The additional, effective increase & in the
displacement of the lighter particle x,, is evaluated from
Eq.(14) as follows:

0= X:,(M> m)-—x:l(M =m)

M 0

° X M-m KT M-m
M+m

1
-TX = = : -(16)
2 2 M+m 2C M+m




The value of 87 = =~ is indicated in Fig, 1
e value ot o/y = 2 Mem 1s Indicated 1n Fig. 1 as
a function of M/m.
Xm‘k“mcoswt
pa X%
(a) -t
at
X=Xy cost
xom‘xoM=x’

Xm 'xomcosmt

(b)
X =-XPucOS Ot

Fig. 2 The effect of mass-inequality on the two-particle
harmonic oscillator for (a) the case of equal
masses M = m. (b) the case of different masses
M > m. The lighter particle needs a wider space
(shadowed area) in oscillation for the case (b) M >
m, compared with the case of (a) M = m.

3. FERROELECTRICITY-EVOKING FACTOR IN

PEROVSKITE OXIDE

As is shown in the preceding section, a mass-inequality
in an jsolated two-particle harmonic oscillator produces
an additional increase & in the amplitude of the lighter
particle %,. Now, we consider that the above situation
is applicable to a ferroelectric TO-mode (k=0) in the
perovskite oxide ABO,, although an expected amount of
& in the two-particle harmonic oscillator would be
appreciably depressed in the TO-mode of the real solid
ABO,. This depressed amount of & in the solid state
ABO, must be preserved as a kind of internal energy with
various anharmonic terms in the lattice, contributing to a
structural instability or a mode instability in ABO,.
Thus, we consider that the 3 caused by mass-inequality in
Eq.(16) is the main physical origin of the so called
structural instability which can cause to a ferroelectric
phase transition.

We have obtained & in Eq.(16) upon the assumption
that C is independent of the masses. However, C has a
mass-dependence in Eq.(3). Therefore, we have to
correct the mass-dependence of 3. It follows from
Eqs.(16) and (3) that

, kT M-m

o= Vomo® JMG7+m)

Here, m is the mass of the lighter particle in the two-
particle harmonic oscillator, w is the angular frequency of
the oscillator and &° is the absolute value of the additional

=6 - f(M/m). a7

displacement. Now, we define a nondimensional mass-
inequality factor,

M-m

fM/m)=—————on . (18)

JM (M +m)

which can be called as ferroelectricity-evoking factor in
occasion of application to the TO-mode in ABO,.

We will restrict the discussions, hereafter, within the
perovskite titanate ATiO, because it contains several
ferroelectric compounds. Table I shows a tentative
calculation of the ferroelectricity-evoking mass-
inequality factor in Eq.(18) for the component modes of
the TO-modes in PbTiO;, BaTiO,, SrTiO, and SrTiO;"
where 90% of natural oxygen atoms °O were replaced by
80 9, Since it is supposed that the infrared active TO-
modes in ATiO, are intimately mixed together in the
crystal, the overall ferroelectricity-evoking factor F for
ATiO; would be averaged over the three componeni-
modes f; (i = L, S, O) with an adequit statistical weight
w;

F= LL%,ow‘f’ = wl-fL +w.rfs +Wolp (]9)

where w; + ws + wo =1, The statistical weight will be
given by
w, =w? cxp(;E,/kT), (20)

where w? will be the total mass or the reduced mass of

the i-th mode and E, is the excitation energy of the i-th
mode. The values of w; in Table I were obtained by use
of the total mass of the component mode.

Table 1. Mass-inequality factor f(M/m) for Last's
mode f;, for Slater's mode f, and oxygen-
octahedron deformation mode f,, and their weight
factors w;, wg, and w,, respectively in perovskite
titanate ATiO;. Here, O" means that 90% of the
natural oxygen atoms °0 are replaced by O,
therefore O° = 17.8 a.u., while O = 15.999 a.u.

ATiO, PbTiO, | BaTiO, | STiO,’ | SITiO,
T./K 763 403 23 —
i 0.44429 | 0.23169 | 0.09867 | 0.06217
wy 0.67811 | 0.61846 | 0.54980 | 0.56052
fs 0.00193 | 0.00193 { 0.07524 | 0.00193
Wg 0.21450 | 0.25425 | 0.29476 | 0.29285
fo 0.40825 | 0.40825 | 0.40825 | 0.40825
Wo 0.10710 | 0.12730 | 0.15543 | 0.14663
K= ,Ewrf;
Putting £, < 0 for 0.34542 1 0.19575  0.03138 | 0.02558
S1TiO,
E= ;W,f;
Putting f, < 0 for 0.25797 | 0.09185 | 0.01297 | -0.02445
all ATiO,

Table I indicates the two kinds of overall ferroelectricity-
evoking factors F; and F,. F, was obtained by putting f,




< 0 for Sr-compounds because of their tendency of tilts
harmful to the ferroelectric collinear displacements. F,
was obtained by putting f;, < 0 for all ATiO,. Since f, is
a common factor for the perovskite oxides ABO,, no
essential change from the setting f;, fs, fo > 0 is expected
by this setting.

Figure 3 shows the Tc vs. F, and F, for ferroelectric

900 ——————7—
PbTIO,

600

T/K

300 -

StTiO

L 1 L 1 L 1 i
0 0.1 0.2 0.3 0.4
F=wf +wf +w f
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Figz 3 Curie temperature T, versus
ferroelectricity-evoking factor F for PbTiO,,
BaTiO, and SITiO,". (a) T, vs. F, (b) T.
vs. F,
PbTiO,, BaTiO, and SrTiO;". Now, we are searching
for the suitable setting of F factor which is consistent
with the experimental evidences. In any case, it is

among the neighboring [TiOg]-octahedra, which is
emphasized that the mass-inequality factor f(M/m) in
Eq.(18) is the basic origin of a spontancous displacement
for a TO-mode, and may be applicable to accounting for
the displacive type ferroelectric phenomena through a
method in Eq.(19) etc. '
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ABSTRACT

Chemically prepared
Pb(Zr0.051Tio.049)0.082Nbo 01803  ceramics were
fabricated that were greater than 95% dense for
sintering temperatures as low as 925°C.
Achieving high density at low firing
temperatures permitted isolation of the effects of
grain size, from those due to porosity, on both
dielectric and pressure induced transformation
properties. Specifically, two samples of similar
high density, but with grain sizes of 0.7 pm and
6.7 um, respectively, were characterized. The
hydrostatic ferroelectric (FE) to antiferroelectric
(AFE) transformation pressure was substantially
less (150 MPa) for the lower grain size material
than for the larger grain size material. In
addition, the dielectric constant increased and the
Curie temperature decreased for the sample with
lower grain size. All three properties: dielectric
constant magnitude, Curie point shift, and FE to
AFE phase transformation pressure were shown
to be semi-quantitatively consistent with internal
stress levels on the order of 100 MPa.

1. INTRODUCTION

Chemical preparation techniques [1]
have been developed to fabricate PZT 95/5
ceramics with more uniform and repeatable
dielectric properties than ceramics processed
using conventional mixed oxide techniques.
While a number of authors {2-7] have
investigated the properties of PZT 95/5 ceramics,
unlike our work, systematic investigation of
microstructural effects was not the major
purpose of these previous studies. Fritz and
Keck [2] have demonstrated that a hydrostatic
pressure of approximately 300 MPa is required
to transform coarse grain PZT 95/5 based
ceramics from the poled ferroelectric (FE) state
to the antiferroelectric (AFE) state. The overall
decrease in unit cell volume after transformation
of approximately 0.7% to 1% for coarse grain
mixed oxide ceramics is consistent with the
measurements of our study for the chemically

prepared materials. Rietveld analyses of the
rhombohedral, ferroelectric phase of coarse
grain, chem-prep ceramics similar to those in this
study resulted in the following measured lattice
parameters: a = 4.148A and o = 89.74°, Similar
analyses indicated that the lattice parameters for
the orthorhombic, antiferroelectric phase of the
same composition were: a = 5.865A,b =
11.746A and c = 8.198A. These lattice
parameters yield FE and AFE unit cell volumes
of 71.32 A® and 70.59 A® or 2 1.02% decrease in
volume upon transformation. The AFE phase
was obtained by grinding the surface of the FE
specimen with 600 grit SiC; thus, transforming
some rhombohedral ferroelectric phase to
antiferroelectric phase of the same Zr to Ti
stoichiometry. The AFE unit cell volume was in
good agreement with that measured for
unstressed, AFE, PZT 98/2 chem-prep ceramics,
making appropriate adjustments for the Zr
content. :

The transformation temperature from
the ferroelectric to paraelectric state (Curie
point) for these materials is on the order of
225°C. PZT 95/5 based FE materials also exhibit
a transformation from a low temperature
rhombohedral phase of space group R3c at 25°C
to a high temperature rhombohedral ferroelectric
phase of space group R3m in the temperature
range of 45°C to 70°C, as shown by Dai, Xu and
Viehland [6]. El-Harrad and coworkers [7] have
investigated phase transformations of La and Nb
doped PZT 95/5 materials as a function of
temperature using Raman spectroscopy and
dielectric property measurements.

2. EXPERIMENTAL PROCEDURE

PZT powders used in this study [1]
were synthesized from lead acetate, titanium
isopropoxide, and Zr-n-butoxide and niobium
butoxide precursors. Agglomeration of the
resultant powders was minimized by use of a
precipitating solution of oxalic acid and
propanol. The easily filterable powders of
related batches exhibited a very uniform particle
size after calcination with mean particle size of




1.5 um and crystallite sizes on the order of 60
nm. The powders in this study contained 6
mol% excess Pb and were calcined at the
relatively low temperature of 775°C for 8 hours
to enhance densification at low firing
temperatures (below 1100°C). Powder
compacts were formed by uniaxial pressing at
2.75 MPa followed by iso-pressing at 200 MPa
resulting in green densities of approximately
58%. Firing conditions of 925°C and 1200°C for
a 1.5 hour soak time, using PZT 95/5 atmosphere
control powder, were used to densify the two
different samples to densities of 97.4% and
96.0%, respectively. While the 925°C sample
had 2.7 weight percent excess PbO compared to
the expected stoichiometric level, the sample
fired at 1200°C was within 0.5 weight percent of
the expected stoichiometry.

A JSM-6400XV SEM was used to
determine grain size from both polished and
fractured specimens. Fracture specimens of both
the 925°C and 1200°C sample were investigated.
For the 1200°C ceramic, a polished specimen
was fabricated by sequential polishing with a
final 0.05 um alumina abrasive treatment. The
sample was then annealed at 950°C for 1 hour
and then subjected to a 10 second etch using
600:11:1 deionized water:HCI :HF etchant. The
difference in the measured grain size of the
fractured surface versus the polished surface was
less than 20%. Dielectric test samples were
surface polished to 3 pm diamond finish and
then sputter deposited with 20 nm Cr// 100 nm
Au electrodes to the edge of the samples.
Dielectric hysteresis measurements were made
with a Radiant Technologies RT6000HVS
ferroelectric test system at 2 Hz frequency using
a single cycle waveform. Hydrostatic depoling
measurements were made with a stress
application rate of 10.3 MPa/sec using Isobar H
fluid as the pressure transmission medium.
Integration of charge released from the poled
ferroelectric sample during the application of
pressure was obtained using a large value
capacitor (roughly 20 pF) in series with the test
specimen. Samples were poled at 30 kV/cm for
10 seconds at 25°C and then subjected to a single
shot dielectric hysteresis measurement using a
0.03 Hz field before hydrostatic depoling.

3. RESULTS AND DISCUSSION

The dielectric hysteresis loops of the
925°C and 1200°C samples measured at 2 Hz are

shown in Fig. 1. Remanent polarizations of 28
uC/c’:m2 and 14 pC/cm” were obtained for the two
samples. The decrease in polarization and the
Jincrease in coercive field of the fine grain sample
are both consistent with inhibited switching of
ferroelectric domains in ceramics with grain size
that are near that of the critical grain size. Our
previous studies [8] using transmission electron
microscopy analyses indicate a critical grain size
for 71° and 109° domain formation on the order
of 0.3 pum for these chemically prepared PZT
95/5 materials. The decrease in remanent
polarization leads to a decrease in the
piezoelectric ds; coefficient from 70 pC/Nt down
to 31 pC/Nt.
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Fig. 1. Dielectric hysteresis characteristics of
925°C and 1200°C samples

Interestingly, the dielectric constant
measured at 1 kHz is substantially higher for the
small grain size sample; K33 =511 compared to
K33 = 335 for the sample fired at 1200°C. This
intriguing result strongly suggests that the higher
volume fraction of PbO-rich second phase in the
fine grain sample is not having a significant
dilution effect on dielectric properties. We
attribute this increase in dielectric constant to the
enhancement of internal stress in the fine grain
material, similar to that observed by Buessem,
Cross and Goswami [9] for barium titanate. The
enhanced internal stress was proposed to
minimize the spontaneous deformation,
effectively leading to compression along the
polar c-axis and tension along the a-axes of the
average crystallite, Devonshire theory was used
to demonstrate that such stress effects could
explain the enhancement of the dielectric
constant from 2,000 for 10 pm grain size
samples to 5,000 for 0.7 pm grain size samples.
Similar values of internal stress, 35 MPa to 76
MPa (5000 to 11,000 psi), have been proposed




Polarization (p,CIcmz)

by Pohanka, Rice and Walker [10] in barium
titanate based materials to explain the roughly 62
MPa decrease in strength measured above and
below the Curie point.

Hyadrostatic depoling curves are shown
in Fig. 2 for the small and large grain size
samples. Hydrostatic depoling curves exhibit,
with increasing hydrostatic pressure, 4 distinct
regions: (1) a linear region for which charge
released with increased pressure is proportional
to the piezoelectric coefficient, (2) a slightly
nonlinear region, (3) a highly nonlinear region
for which there is rapid transformation from the
FE to AFE phase and (4) another slightly
nonlinear region that diminishes as grain size
becomes smaller over the 900 to 1275°C firing
temperature range. The second region is almost
nonexistent for the large grain sample compared
to the small grain size sample. If the
nonlinearity were due to substantial ferroelectric
domain rearrangement, we would expect that
domain motion would be facilitated in large
grain specimens. Thus, large grain specimens
would have a more significant nonlinearity in
region 2 than small grain specimens. The
opposite phenomena has occurred for our data,
with the small grain size sample having the
slightly nonlinear region 2 extending over a far
greater pressure range. The diffuseness of the
transformation in this region is consistent with a
greater distribution of internal stress within the
fine grain specimen. Specifically, localized
regions of the FE sample that are under larger
effective compressive stress in the polar
direction will transform to the AFE phase at
lower external applied pressures.
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Fig. 2. Hydrostatic depoling curves for samples

fired at 925°C and 1200°C

N grain z‘:,ai.fnple to 0.073 for the fine grain sample.

Two other substantial property

-differences of the two samples are the lower

released polarization and the lower -
transformation pressure of the fine grain sample
compared to the large grain sample. As
expected, the released polarization values are in
reasonable agreement with the remanent
polarization values of the two specimens. We
have defined the transformation pressure as that
hydrostatic pressure for which half of the
polarization is released. A substantial decrease
in hydrostatic transformation pressure, from 314
MPa to 165 MPa, was observed for the fine grain
sample with respect to the large grain sample.
We postulate that this decrease is due to
enhanced magnitude of internal stress within the
samples, similar to the previously described
work [9] of the dielectric constant enhancement
of fine grained barium titanate ceramics.
Dielectric transformation behavior was
characterized to determine if the calculated sign
and magnitude of internal stress that could
account for the change in Curie point with grain
size was consistent with the change in
hydrostatic pressure required for FE to AFE
transformation. The change in dielectric constant
versus temperature behavior in the vicinity of the
Curie point is shown in Fig. 3. Data was taken
on cooling at a rate of 1°C/min. The smaller
grain size material has a significantly lower peak
dielectric constant value (8,990 compared to
17,300) and a lower transformation temperature
(218.3°C compared to 222.4°C). The width in
the transformation peak is consistent with
enhanced micro-strain in the finer grain size
material. X-ray diffraction profile analysis of
the (200) peak of the large and fine grain size
samples indicates that beta, which includes
effects of crystallite broadening as well as
microstrain, has increased from .023 for the large
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Fig. 3. Dielectric transformation behavior of
1200°C and 925°C samples.




Changes of the Curie point with stress in
PZT based materials have been analyzed by
Krueger and coworkers [11], Tuttle and Payne
{12,13] and Yang [14]. The differential Gibbs
free energy under constant electric field
conditions is given by

dG =- (Spg — Sgg) dT + (Veg - Vrp)dn. 6]

where dG is the change in free energy, Spg, Sre
are the entropy of the paraelectric and
ferroelectric state, respectively, Vpg, Vrg are the
unit cell volumes of the paraelectric and
ferroelectric phases, and dm is the change in
hydrostatic stress. The change in Curie point
with hydrostatic stress, dT. / dr is then given by

dT./ dn = (Ve — Ve )/ (Spe — Spg)- -

Thus, as internal stress increases, it is expected
that there will be a decrease in the Curie point,
since the volume change at the transformation
temperature is negative and the entropy change is
positive. A value of 0.0683°C / MPa has been
measured [14] for PZST 75/20/5 ceramics, for
which S corresponds to Sn substitution in the
perovskite lattice. Using this difference value of
Curie point change with pressure, a decrease in
transformation temperature of 10.3°C is
calculated; whereas, a decrease of 3.1°C is
calculated using the difference value for BaTiO;.
For our samples, an intermediary temperature
decrease of 4.1°C in Curie point was measured.
Use of the hydrostatic pressure difference of 150
MPa obtained from the depoling measurements
is admittedly a rough estimate of the effective
internal stress. Considering the complexities of
the above factors, our measured change in Curie
Point is in order of magnitude agreement with
the hypothesis that internal stress phenomena
responsible for the decrease in FE to AFE
transformation pressure are consistent with the
change in Curie point of our chem-prep PZT
materials. Experiments to provide more
accurate Curie point — hydrostatic stress
difference vatues for our PZT 95/5 ceramics will
be undertaken shortly.

4. SUMMARY

We have shown that for PZT 95/5 based
ceramics as grain size decreased the changes in
three distinct properties were consistent with an
enhancement of internal stress. Specifically, the

FE to AFE hydrostatic transformation pressure
decreased by roughly 150 MPa and the low field
dielectric constant increased by more than 50%,
as grain size decreased from 6.7 um to 0.7 um.
Further, the measured Curie point was 4.1°C less
for the 0.7 wm grain size sample than for the
sample of 6.7 um grain size. Rough calculation
of the change in dielectric transformation
temperature with grain size indicated internal
stress magnitudes on the order of 70 to 170 MPa
in approximate agreement with the 150 MPa
difference measured for the hydrostatic
transformation pressure.
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Quantum ferroelectric SrTi**0, with T, & 23 K, discovered by present authors, shows
interesting dielectric properties in the cryogenic temperature range. Recently, we have
succeeded in finding out the existence of a critical composition in partially oxygen-isotope
exchanged samples, SrTi(**0,,"®0,),. The sample with the critical composition shows a
dielectric constant of 170000 at ~0K. Dielectric constant of all the samples prepared in the
present study, especially sample near the critical composition, show strong dependence on
amplitude of ac test signal, which is considered to be correlated to the depinning of the

ferroelectric domain walls by the applied ac field.

1. INTRODUCTION

StTiO; is one of the most widely studied
materials in solid state physics and chemistry. It
undergoes a zone boundary phase transition at
around 105K [1] and becomes quantum paraelectric
[2] at low temperatures. Its dielectric constant
perpendicular to ¢ axis increases to about 30000
upon cooling and then remains temperature
independent below 3K because of quantum
fluctuations. Ferroelectricity can be induced by A-
site doping [3,4] or by applying electric field [5],
uniaxial stress [6]. Recently, a dielectric constant
peak around 23K was found by our group in a 93%
oxygen-isotope exchanged SrTiO, (STO18). Below
the peak temperature, a hysteresis loop in D vs E
and the splitting of peak below 20 cm™ in Raman
spectra was clearly observed, supporting that the
dielectric peak corresponds to evolution of
ferroelectricity in STO18 [7]. The heat anomaly at
42 K, which was observed by heat capacity
measurement for STOI8, was conjectured
corresponding to a phase transition, leading to the
lowering of the crystal symmetry from tetragonal to
a lower one. However, the significant difference
between the dielectric peak temperature and the
heat anomaly temperature is puzzling. The effects
of oxygen-isotope exchange on the dielectric
behavior of SrTiO,, thus, require to be studied in
more detail.

In this paper, we report dielectric behavior of
a series partially oxygen-isotope exchanged
samples SrTi(*°0,..'®0,),. The existence of a critical
concentration was successfully confirmed and the
dielectric peak temperature was found to follow the
quantum ferroelectric relation well. A dependence
of dielectric constant on the amplitude of test signal
was observed for all the samples in the present

study, which was considered to be correlated to the
depinning of the ferroelectric domain walls.

2. EXPERIMENTAL

Single crystal plates of SrTiO,, with edges
parallel to pseudocubic [100] directions, were cut
from a single crystal lump. They were then polished
to optical quality with sizes of about 3 X 3 x 0.7
mm’. Early experiment has proved that, for
dielectric constant measurements, it is necessary to
remove the surface stress layers of about 150 pm
thickness [8]. To do this, crystals were etched in
boiling orthophosphoric acid for about 3 hours to
yield crystals with dimensions approximately 2.5 X
2.5 x 0.4 mm’. Oxygen-isotope exchange was
carried out by heating the crystals at 1273 K in '*O,
gas (Isotech, Co.). Duration of heating varied from
3 hours to about three weeks according to expected
exchange rate x. The final exchange rates were
determined from weight increment of the crystals.
To ensure homogeneity of the isotope exchange, all
the samples (except pure SrTiO,) were vacuum-
sealed in quartz tubes and annealed at 1273 K. In
this way, seven samples with exchange rate
0%(STO16), 26%(STO18-26), 37%(STO18-37),
45%(STO18-45), 57%(STO18-57), 72%(STO18-
72), and 93%(STO18), respectively, were obtained.

Electrodes of gold were prepared by vacuum
deposition onto the large faces. The dielectric
constant was measured at temperatures 2.2 K < T'<
300 K using an HP4284A LCR meter. Raman
spectra were recorded by a Jobin-Yvon microscopic
laser Raman spectrometer with an Ar coherent light
of A = 514.53 nm at 0.0lmw power by means of
back scattering. The laser beam size was about 2

pm.




3. RESULTS AND DISCUSSION

Figure 1(a) shows the dielectric constant (€) vs
temperature (7) data measured within 22 K <T'<
50 K at frequency f= 10 kHz. Amplitude (E) of the
test signal is 0.04 kV/m. € of STO16 increases
monotonically in a well-known manner [2] down to
4 K and is almost a. constant for T < 4 K. The
observed value € = 30000 near 2 K is in well
agreement with the early report [2]. When fitting £
vs T data within 20 K < T < 70 K using Barrett-type
quantum paraelectric law [9]

I3

T (K)

&(T) = A/[(T/2)coth(T\/27)-To) )

best-fit parameters A =1.29 X 10°K, 7, =82 K and )
T, = 32 K are got, which are consistent withA=9.0
x10° K, T, = 84 K and T, = 38 K in previous
reaearch [10], indicating the good quality of the
sample. Similar to STO16, no € peak is observed

down to the lowest T measured for STO18-26. 1oy . ‘ 3 . i
However, on further increasing exchange rate, £ 0.0 0.2 0.4 0.6 0.8 1.0
peaks. The peaks are round for STO18-37, STO18- x

45 and become sharper for STO18-57, STO18-72, FIG. 2. Variation of dielectric constant peak
and STOI18. The peak temperature T, shifts to temperature (a), critical exponential ¥ (b)

]

higher T with x in a non-linear manner (Fig. 2(a)),
which is very similar to the impurity-
concentration-dependence of ferroelectric
transition temperature T, in Ca-substituted SrTiO,

versus oxygen isotope exchange rate x. Solid
line in (a) is the best fitting line to quantum
ferroelectric relation. Solid lines in (b) are the
guides to eyes and broken lines show our
conjecture (see text).
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FIG. 1. Temperature dependence of dielectric
constant £ for SrTi(**0,,'*0,), with amplitude
E, of the test signal 0.04 kV/m (a) and 2.3~3.2
kV/m (b), respectively.

[3]. Indeed, the T, follows the law of quantum
ferroelectrics [11]

=4 (x-x)"” @

well (Fig. 2(a)), with the critical composition x, =
0.33. The critical exponent ¥, which is obtained by
fitting £ data on the high 7 side of T, to formula

e= (I-T,Y (3

is shown in Fig. 2(b). For STO18-72 and STO18, y
is around 1.2. While x, is approached, either from
lower or higher x, ¥ shows a strong. increase.
Theoretically it is predicted that, ¥ equals 2 at the
critical point x,. We consider the strong increase of
ynear x, corresponding to the prediction, as shown
in broken lines. It thus seems that we are observing
quantum ferroelectric behavior for SrTi(**0,,"*0,);
samples with x > 0.33.

Keeping in mind that a ferroelectric phase
transition is commonly accompanied by a structural
phase transition, Raman spectrum was investigated
from 4 K to room T. In Fig. 3(a), Raman spectra for
STO16 and STO18 at4 K, 10 K and 50 K are shown
comparatively. Two intense modes below 20cm’,
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FIG. 3. (a) Raman spectra for SrTi(*%0,,'%0,),
samples at 4 K. (b) Raman spectra for STO16
and STO18 at 4, 10, and 50 K.

probably correspondent to TO, phonon, are clearly
observed for STOI8, signifying the decrease in
crystal symmetry. This decrease in symmetry in the
ferroelectric  Ca-substituted system has been
confirmed by Raman scattering [12]. The two
modes are softened with decreasing temperature
and disappear at 50 K. In Fig. 3(b), Raman spectra
for SrTi(*°0,,'*0,), samples at 4 K are shown. In
contrast to STO16 and STO18-26, whose spectra
show almost no structure, the two intense modes are
observed in STO18-72. As for STO18-45, though
no obvious peaks are detected, via comparing to
STO16, change in spectrum is unambiguous. We
gauss that, similar to STO18-72 and STO18, TO,
phonon exists in STO18-45, too. However, the
modes are so softened (probably because 7=4 K is
too near 7, = 7.8 K), that they are partly beyond our
measurement limit, so the modes could not been
observed clearly. Therefore, consistent with the
dielectric constant results, Raman scattering
supports the evolution of ferroelectricity in
SITi(*0,,'*0,); samples with x > 0.33.
Measurements of D vs E loop and pyroelectricity
[13] give the same results. :

Fitting € vs T data of STO18 at the high T
range of the peak to formula (1) yields A = 1.2886
x 10°K, T, = 87 K and T, =44 K. These parameters
are similar to those of STO16, with the subtle
difference that the ®O substitution makes T,-27,

STO16

09

0.8

P/P

$T018-37
0.7

0.6

time (sec.)

FIG. 4. Time dependence of the normalized
polarization of STO16, STO18-37 and STO18
after FC (poling field E = 10 kV/m).
Measurements were carried out at 5 K
(STO16), 6 K (STO18-37), and 21 K (STO18)
respectively.

negative, an indicator of ferroelectricity. For other
samples, T}-2T, value decreases with increasing x,
yet remains positive. It thus seems that the behavior
in intermediately oxygen-isotope exchanged
samples is rather complex. To gain a deeper
understanding of the nature of the low-T state in
partially oxygen-isotope exchanged samples,
variation of polarization (P) with time (¥) was
investigated. After slow cooling the samples in an
electric field £ = 10 kV/m to below 7,, P was
measured in zero external field for times up to # =
10* s at a fixed temperature. The results are shown
in Fig. 4. No time dependence of P of STO16 is
viewed. However, a long-time exponential
relaxation is observed for STO18-37 and STOI8,
which is typical of glass-like behavior. P decreases
by ~20% for STO18-37 and ~14% for STO18 in the
time interval of 10° s.

It is interesting to notice that, in the T range
of several kelvin higher than T, to the lowest T
investigated, € of the samples depend on the
amplitude E, of the ac test signal strongly. In Fig.
1(b), & measured under E, = 2.3 ~ 3.2 kV/m, is
shown in the same vertical scale as that of Fig. 1(a).
Comparing the two figures, several differences are
noticed: (1) £ is significantly enhanced by higher E,,.
For STO18-37 € increases from ~ 110000 to ~
170000 with increasing E, from 0.04 kV/m to 2.5
kV/m at around 2 K. (2) T,,, measured under higher
E,, is 2 ~ 3 K lower than that measured under lower
E,. (3) € peaks are smeared by higher E,.

The dependence of € on E; has been reported
for the Ca-substituted SrTiO; with x = 0.007 [14].
The domain-wall pinning at spatial fluctuations of
the random fields, caused by randomly distributed
Ca™-V, centers substituting Ti**-O% jon pairs, is




said to suppress the critical divergence of € at T,.
The depinning of the domain-walls is suggested to
be at the origin of the E,-enhanced €. Viewing the
similarity of the £~ E, behavior exhibited by the
SrTi(*%0,,'*0,); samples to that by the Ca-
substituted SrTiO,, we consider that the Eg-
enhanced ¢ (Fig. 1) correlates to the depinning of
the domain-walls, too. However, despite of the
similarity of the two systems, the substantial
differences between the two systems are worth
mentioning: (1) In contrast to the dilute impurity
concentration in the Ca-substituted SrTiO; (x =
0.007), the exchange rates in the SrTi(**0,,'*0,)s
samples are rather high in the present study (x 2
0.26). (2) Unlike the Ca-substitution, "*O-isotope-
exchange is not expected to give any vacancies and
cause random fields. Therefore, the mechanism for
the domain-wall-pinning in the SrTi(**0,,*0,);
samples is an open question and requires further
research. »

4, SUMMARY

Measurements of  the  temperature
dependence of the dielectric constant € showed the
existence of an & peak for SITi(**0,,'*0,), samples
with x >0.26. The peak temperature was found
varying with *O composition in a non-linear way,
indicating that the € peaks were caused by a fairly
cooperative mechanism rather by impurity effect.
Fitting the peak temperature to the quantum
ferroelectric relation (formula (2)) yielded a critical
concentration x, = 0.33.

Two intense modes were observed by low-
temperature Raman spectrum measurement for
SrTi(**0,,'*0,), samples with x > 0.26, further
supporting the evolution of ferroelectricity by *O-
isotope exchange at x > x..

The long-time exponential relaxation reveals
a glass-like behavior in the samples, leading us to
come to the conclusion that, similar in the case of
intermediately doped KTaO, [15], the low-
temperature state in the SrTi("*0,,'*0,), samples is
probably both ferroelectric and glass-like.

Similar to the Ca-substituted SrTiO;, strong

dependence of € on amplitude of ac test signal was
detected at low temperatures, which is considered
to be correlated to the depinning of the ferroelectric
domain walls by the applied ac field.
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The diffusion characteristics of oxide ions in ZnO were studied to revealed the relationship between the
electric properties and defect characteristics. Non-doped single crystals were grown by evaporation. ZnO
based ceramics prepared by a hot-isostatic-pressing were used for oxygen diffusion experiment. The thin
films, prepared with a RF sputtering method, were also used. The diffusion coefficient was determined by
solid-gas exchange, using 180 as tracers. The values of the lattice diffusion coefficients with higher
valence dopants compared with zinc ions are greater than lower valence dopant such as lithium ions.
Using the data at deeper depth, the grain boundary diffusivities of oxide ions were also evaluated.
Although the lattice diffusion coefficients varied by two orders of magnitude, the products of grain
boundary width and grain boundary diffusion coefficient were less sensitive to the type of dopants. Thin
films had a lot of meta-stable oxygen defects. The characteristics of the sub-grain boundary diffusion were
influenced by the Al-donor concentration. The Al 0.3at.% doped-thin films had no preferential diffusion

along sub-grain boundaries.

1. INTRODUCTION

Metal-oxide varistors used in surge arresters
are ZnO-based ceramic semiconductor devices with
highly nonlinear current-voltage characteristics similar
to back-to-back Zener diodes, but with much greater
current-, voltage, and energy-handling capabilities[1-
2]. Such materials are characterized by non-uniform
grain size, porosity, second phase distribution,
impurity segregation and grain-grain disorientation.
The electric properties of ZnO varistors are,
furthermore, known to be greatly influenced by the
defect chemistry of ceramics.

The intrinsic stoichiometric deviation exists
with lattice defects in ZnO. In the case of zinc excess
these point defects can be zinc interstitials or oxygen
vacancies. In general, diffusion coefficients, and their
temperature and dopant dependence permit conclusions
with respect to the transport mechanism and thus to the
kind of defect structure. If the oxygen vacancy is the
dominant defects in zinc excess ZnO, the oxygen
diffuses through the oxygen vacancy. In this paper, we
focus our attention on attempts to investigate diffusion
of oxygen ions in various ZnO-based ceramics.
Furthermore, we also examined the oxygen diffusivity
along grain boundaries.

2. EXPERIMENTAL PROCEDURE

ZnO based ceramics prepared by a hot-
isostatic-pressing technique were used for oxygen
diffusion experiment[3]. Precursor powders were 4N-
grade(Hakusui Chem. Co. LTD). To clarify the doping
effect on the oxygen diffusion, Co-, Mn-, Al- and Li-
doped samples were used. The doping amounts were
fixed to 0.3 at.%. These powdered were pressed at
30MPa in to discs 12mm in diameter and 6 mm in
thickness, and then CIPed at 160MPa. Thereafter they

were presintered in O, for 5h at 1250° C, Pores in
samples were closed after presintering. ‘These discs
were HIPed at 1250° C under a pressure of 130MPa in Ar
atmosphere without any capsule because of no open
pore, and then annealed in O, at 1000° C for 5h. After
hipping and annealing, all samples have the porosity
under 0.2%, and no-doped sample has a transparent
characteristic, which is very favorable to eliminate
effects of pore during diffusion experiments. Samples
were cut from ceramics into disks shape. One side of
the large faces was polished to optical flatness with
diamond paste of decreasing particle size (10, 3, 1,
0.5mm).

The depositions of zinc oxides were carried out
using a radio frequency magnetron sputtering system
with a horizontal substrate holder 3cm away from a
sputtering target. The sputtering targets of zinc oxides
were fabricated from ZnO powder and Al-nitrate, with
some doping levels of aluminum ions, by a
conventional ceramic powder processing. The powder
mixtures were calcined, and pressed, and then sintered
at 1200°C for 24h in air and finally shaping in 7.5cm-
diameter. Commercial available polished Al,03(0001)
wafers were used as substrates. To get high quality
films, we adopted a reverse sputter etching process
before deposition. When the chamber was evacuated
below 104 Pa, the substrate was heated to the required
temperature. Argon gas was then introduced to a
pressure of 1 Pa with desired concentration of oxygen.
Film thickness was measured by Dektak 3030 profiler.

Diffusion coefficient was determined by a
solid-gas exchange technique[4].  After being cleaned
with water, ethanol, acetone, and ethanol, the samples
were placed inside a platinum crucible with platinum
susceptor in a vessel of a RF furnace. The system was
evacuated, and the 180-enriched oxygen gas with 5kPa




pressure was introduced into vessel that was closed from
the gas line. The sample crucible was first heated at
800°C for 15 minutes to maintain the constant
concentration at sample surface, and then the
temperature was elevated to a desired temperature for
isotope exchange. The temperature was monitored by
an optical pyrometer.  Although the temperature
accuracy of pyrometer is in 10K, the temperature
variation among samples in a same experimental cycle
is believed to be less than few degrees. After isotopic
exchange of oxygen between the gaseous phase and the
samples during a given time, the furnace was-cooled
down by switching off the power and 180-enriched gas
was re absorbed back into zeolite storage flask by sold
trapping with liquid nitrogen.

The 180 diffusion profiles (concentration
versus depth) were measured using a Cameca magnetic
sector secondary ion mass spectrometer (SIMS, MS-
4f) with 133Cs* as the primary ions, an accelerating
voltage 10kV, and beam current of 5 to 20nA. The
samples were coated with Au films of 20nm thickness
to maintain the sample surface at constant potential
during the SIMS analysis. An electron gun was used as
asupplemental neutralizing source. The primary beam
scanned at 100pum area, and signals of secondary ions
were, detected at 40% central square of a sputtered
crater. Intensities for the negative ions 160 and 180
were measured as a function of time. The crater depths
were measured using a Dektak 3000 profilometer. After
a predetermined time of sputtering to eliminate locally
the Aufilm, the concentrations of 180 are converted as
a function of depth.

The concentration (c(x,t)) of 180 at any
sample depth was determined from the ion intensities:

ox)= ) M
(™0) +1( 70)

If the surface is maintained at a constant con-
centration of 180, Cy, which is the same concentration
as in the gaseous phase, and if the concentration in the
solid is initially uniform (C(x,0)=CO, natural
abundance, 0.204%), the following relation can be used
to calculate the diffusion coefficients, D [5]:

- oo e (7o @

Where x is the penetration, t the duration of diffusion
annealing, and erfc=1-erf (erf the Gaussian error
function).

In the polycrystalline samples, the tracer
diffuses deeper inside than expected from the volume
diffusion. This is due to the effect of grain boundary
diffusion. Le Claire(4) have proposed the relation
between the grain boundary diffusion coefficient and
concentration at large depth, which is useful in present
case. The value of (Dt)!/2 was smaller than the grain
size, so a product of oxygen grain boundary coefficient,

D' and grain boundary width, 8, is evaluated as follows

[6):

D' -3=066 (4D/ t)‘ﬂ[‘ et RO

3. RESULTS and DISCUSSION

© 3.1 Lattice diffusion in polycrystalline samples.

Figure 1 shows a typical depth profile of 180
in a ZnO sample. Lattice diffusion coefficients were
obtained, using data near surface(<1000nm) with the
Eq.(2). The profile had a long tail. The long tail at
deeper depth was not due to the lattice diffusion but
might be caused by the diffusion along grain
boundaries, seen in Fig.2. :

The lattice diffusion coefficients of oxygen
ions depended on dopants. The lattice diffusion
coefficients were greater in Al-doped samples than in
the Li-doped. According to this fact it might be
believed that the oxygen ions diffuse with an
interstitialcy mechanism as follows,

Interstitialcy model:
Li,O0+ 0, — 2Liy, +20* e))
ALO; — 2Al5, + 203 +0O;
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Fig.1. Typical depth profiles 180in
Co-doped ZnO (1330K,3120s).
D=1.3x10"14 cm?s’!

The activation energies of oxide ion diffusion
took about 200kJ/mol of mean value in polycrystalline
samples. On the contrary the diffusion coefficients had
been lower in single crystal than that of present
studies, and the activation energies had been
571kJ/mol[7]. The difference of mechanism caused the
discrepancy, and the oxide ions are believed to diffuse
through the oxygen vacancy. The mechanism depends
on the condition of samples in this temperature range.

3.2 Grainboudary diffusion in polycrystl samples.

As seen in figure 2 of 180 ion image at 2um
depth, the grain boundary network could be observed in
pure ZnO. It is considered to be an evidence of
contribution of grain boundary diffusion to the long




tail of diffusion profiles. Same high diffusivities paths
along grain boundary were appeared in all samples.
Using the date at tail parts, one can calculate the
products of D' & with Eq.(3). The range of D' is
shown in Fig.3., including the range of the volume
diffusion coefficients. The variation range of the grain
boundary diffusion coefficients was narrower than that
for the lattice diffusion, which indicates that the
structure of grain boundaries and mechanism for grain
boundary diffusion of oxygen ions' little depend on the
characteristics of the dopants, suggesting that the grain
boundary diffusion is mainly controlled by the structure
of grain boundaries.
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3.3 Bi-doping effect.

The varistor characteristics are very sensitive
to the type of dopant, and then is believed to be related
with the preferential oxidation at grain boundary. Bi-
dopant is well known to give a high non-linearity of
V-I characteristics[8], which is caused by the existence
of some excess oxygen ions. In the present study, the
grain boundary diffusivity drastically changed at a
temperature above which the electrical non-linearity
was lost. We concluded that the grain boundary
structure change to a state without grain boundary
electric state above this temperature and the grain
boundary diffusion drastically decreased. We believe
that this phenomenon is an evidence of structural
transition at grain boundaries.
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Fig.5. Hall mobilities vs. carrier concentrations
in zinc oxide thin films. Rectangulars,
single crystals. Closed circles, non-
doped thin films. Triangles, Al-doped.

3.4 Diffusivities in thin films.

The hall mobilities and carrier concentration
were evaluated in zinc oxide thin films. Seen in Fig.5.,
in pure thin films, the mobility was increasing with




increasing carrier concentration, i.e. the sub-
grainboundaries were believed to play a role of the
scattering centers for electron, i.e. same as the varistor
characteristics. However aluminum ions reduced the
effect. If the analogy of ceramic varistor could be
applied to the case of thin films, the grainboundary
diffusivity should be less in Al-doped thin films than
non-doped thin films. Fig.. shows a depth profile in
non-doped and Al 0.3%-doped thin films. The long tail
was observed at deeper region of the non-doped thin
films, i.e., the sub-grain boundaries were short circuit
of diffusion of oxide ions. On the contrary, the depth
profiles were fitted only by contribution of the lattice
diffusion in Al-doped thin films. Hence, it is concluded
that the sub-grainboundary diffusion coefficients were
larger in non-doped thin films than Al-doped.
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Fig.6. Oxygen 18 depth profiles in Non-doped
ZnO and Al-doped(0.3%) ZnO
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Advance Processing Technology For Piezoelectric Ceramics
Kazuo Miyabe, Kazushi Tachimoto, Kenji Horino, Masakazu Hirose
, Mahoko Takada, Takeo Tsukada, Tomohisa Azuma, Junichi Yamazaki
TDK Corporation, Materials Research Center
570-2, Aza-Matsugashita, Minami-Hatori, Narita-shi, 286, Japan

Abstract-  The demand for the ceramic
resonators, which are a key component in
many electronic devices, has been increasing
every year. Many efforts are being made for
miniaturization and improvement of various
parameters of the resonators, including high
reliability. Generally  research  and
development in this area focuses on the
materials improvement, but during these
investigations new knowledge of processing
technology, like fabrication and lapping etc.,
can been achieved that brings us close to the
good results without coming back the material
development. This paper addresses following
areas of the processing techniques:

1) Improvement of anti-heat resistant
properties of PZT by high temperature poling
treatment

2) Improvement of Q. of PT by N, heat
treatment. We confirmed that Enhancement of
piezoelectric properties are related to the
existence of the domain and it’s rotation.

3) It is widely believed that the pours and non-
homogeneity of the composition in wafers
causes a non-uniform charge distribution in
the wafers during poling causing spurious
mode generation. We have found that the
spurious mode occurrence is largely due to
minor thickness variations in the substrate.

It is believed that there is still room for
improvement in these processing techniques as
the further understanding in their relationship
to the properties of piezoelectric ceramics is
required.

Introduction

At present, many products utilize components made
by the piezoelectric ceramics. Most of the products
have been around since 1960-70’s and are improving
continuously. Thanks to the materials research,
advance processing technology, and design techniques.
The trend is towards miniaturization and operation at
higher frequencies.

Researchers have relentlessly investigated the
effects of small amount of additives in the ceramic
materials in order to improve their piezoelectric
properties. Some reports suggested improvement of
properties due to sintering and poling conditions such

as sintering in O,, N,, PbO-atmospheres and HIP. It
has been found, as a result of these processes, that the
piezoelectric properties increase with the heat
treatment in low pressure partial oxygen atmosphere.

With the emergence of new processing technologies,
the existing materials and devices are improving and
finding new applications in a variety of areas.

In case of resonators, a couple of decades ago,
quartz resonators were widely in use, but have now
been replaced by ceramic resonators in most
applications. Ceramic resonators have dominated the
field in the frequencies ranging from 400kHz to
60MHz.

Also, the shapes required by appliance
manufacturers have changed from discrete-type to
chip-type products. It is important for the chip-type
components to maintain high level of temperature
stability. Frequency shift due to soldering and
heat-shock test cycles are undesirable. It is required
that the piezoelectric properties remain unchanged in a
wide temperature range.

Until recently PZT resonators were in use but these
resonators have a  frequency limit as they resonate on
their natural (first harmonic) frequency. PT (PbTiO,)
resonators have overcome this problem because
designed to operate at the 3" harmonic over-tone mode,
which , in turn, makes them useful for high frequency
applications.

We have been studying the relationship between
ceramic fabrication process and the piezoelectric
properties in the modified PZT and PT. We have
come to recognize the importance of the processing
technology on the piezoelectric properties.

Spurious modes occurrence is one of the significant
problems of these resonators. One of the reasons of
occurrence of the spurious mode could be due to the
pours and non-homogeneity of the composition in the
wafers, that causes non uniform charge distribution
during poling. Resonator surface vibration contour
measurements suggest a clue to this problem. Until
about a decade ago precise measurement techniques of
vibration in the resonators were not available. The
optical fiber interferometric sensing system developed
by Dr. Yasuo Hirose is capable of making these tiny
vibration measurements with high precision. The main
cause of the spurious mode was largely due to the
minor thickness variations in the substrate.

The aim of this paper is to present details about the
processing technology that has significant effect on
the piezoelectric materials applications.

1. The development of anti-heat resistance
piezoelectric properties in soldering process by




high poling temperature treatment in PZT considered the composition of  materials. It is
The composition of the specimens used in this study efficient to get the stable properties about many

was  Pb[(MgysNb,3)6.0s Tig4741,45] O3+ CoO (0.2wt%)+ composition of PZT.

MnCO, (0.2w1%). As shown in Fig.1, the illustration

shows poling conditions. Normal poling was carried

out by applying a dc field of 3KV/mm for 30min in a

silicon oil bath.

High temperature poling was performed under

constant current of 2.5mA during cooling from 600 °C
to120°C.
Table.1 shows the effect of poling condition on the
initial characteristics. Kt of both poling conditions was
nearly equivalent. Nt is a product of Fr and thickness.
But the permittivity and Nt, of the high temperature
poling were slightly smaller.

b)

The relationship between the heat test temperature and FIG. 1. Poling condition:
Kt is shown in Fig 2. a)Normal poling and b)High poling

In the case of normal poling, Kt at 180 °C was
degraded to half that of the initial state, and it
disappeared above 250°C .

On the contrary, in the case of high temperature poling ,
Kt did not show major degradation until Curie 7

temperature. Furthermore, Kt remained visible above k(%) /e N, (Hz m)
Curie temperature. ’

Normal poling 43.7 1190 2120
High poling 43.2 1170 2015

This Fig.3 shows the temperature dependence of f5,

change. Values of f o, representing the ratio of Table.l Summary of initial characteristics of
change of the 90°domain structure, were measured normal and high poling samples.

with high-temperature X-ray diffraction from room Composition:

temperature to 400 °C. f & under normal poling :

changed —10% at 250 °C. On the other hand, fy under PbKMig?g?g;ﬂ;;ﬁggs (02w1%)
high temperature poling only changed —5% at 360 °C. ’ e
This Fig.4 shows the relationship between dc bias field

and Kt. The polarity of normal poling was reversed in

a field of 2KV/mm. However, that of high temperature

poling was reversed in 3KV/mm. Te

These results indicate that the high temperature poling 50 T T T

results in superior heat resisting properties to the <
normal poling. And domain structure of the high 40 AN High temp.poling 1
temperature poling is more stable than that of the ,
normal poling after the heat test.

SEM images of the specimens are shown in Photo.4
and 5 which show the initial and post —heat test states,
respectively. a) and b) in both photographs correspond Py
to normal and high poling conditions, respectively
In the injtial state, there are few clear domain X
structures within the normal poling sample. However , \
distinct domain structures are observed in almost all 160 20'0 o
the grains in the case of high temperature poling. ‘
After the heat test, in the case of normal poling,
domain structures disappeared. On the contrary, in the
case of high temperature poling, domain structures did
not show any major changes after test.

The high temperature poling were generally performed and Kt.
in fabrication of single crystals. Also, The degradation
of Kt in BaTiO; ceramics had investigated in past
years. But It had never good informations . It is

L (%)

Normal poling  *,

"

1
300 400
Temperaturs (°C)

FIG.2. Relationship between the temperature of heat test
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FIG.3. Temperature dependence of f,
examined with high poling temperature X-ray
diffraction. :
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FIG. 4. Relationship between dc bias field and Kt.

Photo. 1. SEM micrograph of domain structure.
:a)normal poling sample and b)high poling sample

a) | | b) lum

4 A A . -
Photo. 2. SEM micrograph of domain structure
after heat test. :a)normal poling sample and b)high
poling sample lpm

2. Enhancement of piezoelectric properties by
N, treatment in PT ceramics.

The composition of the specimens used in this study
was 0.69PbTiO;+0.3SrTiO;+0.01Bi,,TiO; with Mn
0.1atm% and Nb 0.1atm%.

The sintered bodies were cut into square of 7X7.5X
0.25 (10°m®). The specimens were heated at 600~
1100 °C for 1 hour in tubular furnace with flowing
gases. (The flow rate is 2 I/min for air, N,, O,, and
mixed gases).

After heat treatment in various environments, the
poling was carried out by applying DC field of
5kV/mm for 30min in the silicon oil bath at 120°C.
Mechanical factor Q,, coupling factor and frequency
constant were then calculated. Especially the
calculation of coupling factor was made by the values
of the 3" overtone resonance and anti resonance
frequency at the thickness extensional trapped
energy mode.

The relationship between mechanical quality factor
(Q.) and annealing temperature by varying the partial
oxygen pressure (PO,) in nitrogen gas is shown in Fig

In the case of pure nitrogen-annealing (PO,=107%), it
can be seen that Q_, has maximum value at 750°C and
the falls above 950°C. Also, the maximum point of Q,,
tends to shift to high temperature region as PO,
increases. Qm decreases in the air annealing
(PO,=2x10") with the increase in annealing
temperature. The oxygen concentration during N,
annealing is shown in Fg.6. It is obvious that the
oxygen releases from these specimen during annealing

in low partial oxygen pressure atmosphere.

700 800 900 1000 1100
Tenperature / °C

FIG. 5. Annealing temperature dependence of
with varying Po, atmosphere.

O;before annealing, [J;Po, =10%, A;Po,=

10*, X;Po,=10%, O;Po,=2 x10'!




Amount of Mn* and Mn*of annealing specimens,
which was measured by ESR and potentiometric

titration , are listed in Table 1. The amounts of Mn* 15 p— T T T 1000
and Mn® hardly changed during annealing in N, 3 w0
~ atmosphere, but there is a small change in O, -
atmosphere. Jeoo §
B
This Photo.3,4 shows scanning electron microscope 1 400 E;
images. The domain structure of the N,-annealed h 2]
specimen was clearly observed with the SEM. ; o 200
The typical of specimen’s hysteresis is shown in °0 “I”,é,o 3(.,0 4:,0 5(‘,0 umo
Fig.7. Hysteresis for the atmosphere annealed time (min.}
specimens before poling was measured. It was FIG. 6. Chang in O, partial pressure during the
observed that the polarization curve raises suddenly N2 annealing process in the furnace.
over about 8MV/m. Accordingly, we- defined two (Samples:600g N, Flow: 1.61/min
kinds of slopes ((AP/AE), and (AP/AE))) in Fig.8 150mm® tublar furnace) a)PO, with sample b)
The results of above estimation are shown in Fig.9, PO, without sample c)temperature
10. High Q, specimens have high (AP/AE), and low '
(AP/AE),, while low Q,, specimens exhibit high (A
P/AE), and low (AP/AE),. From the result of Mn* | Mno®
analysis of P-E hysteresis curve, it can be said the Beforc annealing 0.17 037
decrease of Fi means N,-annealing makes switching of lpo,=10% (N 0.17 0.38
domains easier at the lower fields. As compared with {P0,=1(0,) 0.2 0.43
the two kinds of slopes for high Q, specimens, it is IMeasurement error]  30.01;  20.05
hard to occur domain rotation in low external field but (Wt %)
a considerable rotation occurs in the high external Table2. Amount of Mn* and Mn®* of N;-and
field. : 0,-annealing specimens.

It can be said that the rotation occurs at 180°
domains at lower electric field and 90° domain
rotation takes place at higher electric field. The —
improvement of Q,, in this experiment could be caused [ ik
by the difference of rotational mechanism of domains ot [ 4
in each condition. L I .

It is said that heat treatments at non-air atmosphere - t"‘.gc
was degraded piezoelectric properties. But It is - & 1
considered the composition of materials. We have 2[ J 1
found that It is efficient to get the stable properties [t ]

about a composition of PT. 8 4 0 4 8
Drive field /10 V-t

Polarization / 102 Cm#
o
o
1

&

a) b) FIG. 7. Interal bias field (Ei) and coercive
field(Ec) of PT-based ceramics.

(AP/AB))

micrograph of domain structure.
:a) without heat treatment sample and b) with heat e
treatment sample (850°C-1hr, N, flow) Wl

Polarization / iO"C-m-Z

*3000 3000 ~1000 © 4009 3000

lpm Drive voltage IV

FIG. 8. DE-hysterisis curve of non-poling PT-
based ceramics (the definition of (AP/AE) , and
(AP/AE) ,)
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3. The spurious mode occurrence is largely due
to minor thickness variation in the substrate
using optical fiber interferometric sensing

The optical fiber interferometric sensing system

developed by Yasuo Hirose is capable of making such
measurements.
The spurious mode occurs close to the TE3 mode in
PbTiO, based piezoelectric ~ceramic resonators.
Measurement by the optical fiber interferometric
sensing system revealed that the vibration amplitude
contours at spurious mode were twin peaks.

Fig. 11 shows the optical path configuration for

vertical vibration measurements. The sensitivity of the
system is of 0.01 angstrom order for vertical vibration
amplitudes and the frequency range is from 10 kHz up
to a hundred MHz. Fig. 12 shows the occurrence of the
spurious mode in the ceramic resonators. Fig.13 shows
an impedance waveform free of spurious mode. There
are similarities in the amplitude contours between
both resonators at the TE3 mode resonance frequency
and at the inharmonic mode. The difference is that the
spurious mode occurs close to the anti-resonance
frequency of the TE3. Measurements at the spurious
mode revealed that the contour has twin peaks.
Location of the single peak contour, just before (Fig.12
B) and after (Fig.12 C) the spurious mode, is
respective to that of the twin spurious peaks.
Chips obtained from the same wafer had both types of
samples, i.e. spurious free and those with the spurious
mode. It was experimentally confirmed that the
spurious contours always occur at the same location on
the both sides of a chip..

It can be said that electrode thickness taper also
causes the spurious mode. But in the actual practice
such an electrode taper does not occur with regular
evaporation process.

U: cosart
Beam
Laser  Splitter X
Beam
N = < — N
= J
Fiber Cable
Vibrator
under Test

FIG. 11. Optical path configuration for the
vertical vibration measurement

It is shown in Fig. 14 that the spurious that occurs in
the sample chips is similar to one that occurs in the



thickness taper model. Dislocation of the vibration
contour from the center of the circular electrode and
the taper direction in thickness of the chips correlated
to each other. The vibration contour, before spurious
mode, occurred in the area where the chip is thick.
Contour after spurious mode occurred in the relatively
thinner area.

the regular lapping process. As a result of the
experiments, it can be said the dislocation of the
contours was due to the thickness taper of the chips

DisclacomentA) ||

168 Frea(MHD) 169 170 7t

FIG. 12. Occurrence of spurious mode in the ceramic

resonators and their vibration amplitude contours

Disglacement(A) | O
Disglacemert(A) |m

168 Frea(MHD) 188 ‘aTe 171

FIG. 13. Spurious-free ceramic resonators and their

contours.

Resonance frequency of TE3
Frequency just before the spurious mode
Resonance frequency of the spurious mode

Anti-resonance frequency of TE3

= EER]

Resonance frequency of the inharmonic mode

As mentioned before, the lapping process leaves
thickness taper in the wafers. Before cutting the wafer
into smaller chips it was necessary to confirm the
location of each chip to avoid any confusion. Fig.14
confirms that the spurious mode occurs due to the un-
symmetry in the chip’s thickness.

Fig. 15 shows the relationship between the chip’s
thickness difference and occurrence of the spurious
mode in the impedance dynamic range is linear. The
graph shows that the data of the thickness taper models
is a continuation of the data from the chips prepared by
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FIG. 14. (i) R=2.0pm. (ii) R=1.4um . (iii) R=0.7pum
(where R is the maximum thickness difference ina
chip). (a)left:  thickness taper models, right:
impedance waveform (b)left: thickness contours in a
chip (One gradation is 0.lum deference), right:
vibration contours.
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Concluding Remarks

This Paper focuses on the processing technology of the
piezoelectric ceramics. Piezoelectric ceramics are
now among the high functional materials, and their
utilization is expected to grow in the future.
Processing methods described here can be applied to
design various piezoelectric devices. Like it may be
possible to reduce extro-thermal energy of high power
devices, such as the piezoelectric transformers and the
ultrasonic motors using high temperature poling.

For overall enhancement of the piezoelectric devices, it
is important to understand domain control in the
microstructure and to get a precise flat surface
fabrication. Especially, it is necessary to have a
through understanding of the domain structure and its
rotation mechanism.
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Growth and Characterization of Alkaline Bismuth Titanate
Single Crystal Piezoelectrics
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Single crystals in the Na,;,Bi,,TiO;-BaTiO; system have been grown and characterized. The phase stability
diagram has been established. A variety of actuation characteristics are observed depending on composition
and phase. In the rhombohedral ferroelectric phase, low-hysteresis <001> actuation with ds; values as high
as 650 pC/N is found, while in near-MPB compositions, a field-forced AFE-FE transition with actuation
strain reaching 0.45% at 30 kV/cm is observed at room temperature and low measurement frequency. In
tetragonal phase ferroelectric crystals, <001> actuation is hysteretic, with low-field ds; values reaching 550
pC/N, k, reaching 0.57, and field-induced strains as high as 0.4% being obtained at 30 kV/cm. A tetragonal
phase crystal with a highly cation-nonstoichiometric composition (nearly 25% A-site deficiency) reached
much higher strain of 0.85% at 40 kV/cm, suggesting the deliberate introduction of cation nonstoichiometry
as a route to property engineering. In all of these crystals, growth defects and variations in domain
microstructure due to compositional variations appear to still limit the piezoelectric properties, indicating that
improved crystal quality will lead to better properties. An electromechanically active single crystal NBT-BT
fiber has been grown using Edge-defined Film-fed Growth (EFG), demonstrating that continuous growth of
single crystal piezoelectric fibers is possible in this system.

1. INTRODUCTION

The advent of single crystal perovskite
piezoelectrics exhibiting unprecedented high values of
actuation strain  (£>1.5%), piezoelectric  strain
coefficients (d33>1500 pC/N), and electromechanical
coupling factors (k;;>90%), exemplified by the lead-
relaxor compounds Pb(Mg,Nb,Ti)O; (PMNT) and
Pb(Zn,Nb,Ti)Os (PZNT) [1,2] has raised the possibility
that alternative single crystal piezoelectric systems of
high performance, particularly lead-free alternatives,
may exist. We have recently grown and characterized
single crystals of lead free perovskites, e.g., doped
(Nay;,Bi;;»)TiO; [3,4]. Aside from reduced toxicity in
processing and use, these perovskites have higher elastic
moduli, lower density, higher strength, and higher
fracture toughness than the lead perovskites, which is
advantageous for mechanical reliability and certain
weight-based figures of merit (e.g., actuation energy
density).  Recent results have shown promising
electromechanical properties in the rhombohedral
ferroelectric, rhombohedral antiferroelectric, and
tetragonal ferroelectric  phases. While specific
properties depend on the crystal phase, poling
procedures, and measurement frequency, ds; values of
650 pC/N, peak strains routinely greater than 0.4% and
as high as 0.85%, and thickness-mode coupling
coefficients k=57% have been obtained. These results
indicate that high piezoelectric performance may be
obtainable in a broad range of single crystal perovskite
compounds outside of the lead-relaxor systems.
However, much work remains to be done to discover
and optimize specific compositions.

In this paper, we present recent results for the model
system Na,,Bi;,TiO;-BaTiO;. It is found that composi-
tional engineering, especially of the cation nonstoichi-

ometry, can have important effects on the piezoelectric
response of single crystals. Compositional uniformity,
influencing the microstructure of flux-grown crystals, is
also found to be critical to properties. The phase
diagram for single crystal NBT-BT has been determined
from dielectric measurements and is compared to
previously published results for polycrystalline mate-
rials. Finally, growth of single-crystal fibers of NBT-
BT using the Edge-defined Film-fed Growth method
(EFG) is described.

2. FLUX-GROWN SINGLE CRYSTALS
2.1 Growth Method and Experimental Procedures

A self-flux method was used, in which powders
(>99% purity) of Na,CO;, Bi,03, TiO,, and BaCO; were
mixed with an excess of Na,CO; and Bi0;. After
calcining for 2h at 800°C, the powders were loaded into
covered platinum crucibles, which in turn were placed
inside a covered alumina crucible. No additional sealing
of crucibles was necessary, and weight losses during
growth did not exceed 1 wit%. A typical growth run
consisted of a 5Sh homogenization of the melt at 1350°C,
followed by cooling at 5°C/h to 800°C, which is below
the solidus temperature of the system. Subsequent
experiments have shown that depending on BT
composition and the amount of excess flux, the
temperature range of growth can be substantially
narrowed. The crystals appear to grow from a simple
two-phase solid-liquid equilibrium, although at lower
temperatures the flux crystallizes to Na,O and Bi0;.
This procedure typically resulted in  20-50
spontaneously nucleated crystals of varying sizes from a
100g batch, the largest being ~2cm. The growth
morphology of well-separated crystals was cubic.
Impinged crystals usually showed at least one {001}



face of the cubic phase, which facilitated orientation of
the crystals for cutting and testing.

The majority of crystals were sectioned using a wire
saw into plates of 0.3-1.0 mm thickness (Fig. 1), or
rectangular bars of 1.0 x 1.0 x 3.0 mm. Faces were
polished with diamond abrasive film to a final grit size
of 0.5 um. A tripod polisher was used to maintain flat
and parallel faces. Gold electrodes of ~1 pm thickness
were applied by sputtering. Capacitance, dissipation
factor, and resonance measurements were conducted
using an HP 4192A impedance analyzer. Electric-field
induced strain measurements were conducted using a
laser-interferometer apparatus with automated data
collection. Polarization was determined by integrating
the current during actuation and dividing by electrode
area. The piezoelectric strain coefficient dz; was
measured directly from the slope of the strain vs. field
behavior.

Figufe 1: Cuf énd polished sine rytal plate.

2.2 Compositional Analyses

Crystal compositions were analyzed by electron
probe microanalysis (EPMA) using a JEOL JXA-733
instrument (JEOL Corp., Peabody, MA). The cation
compositions were determined using the following
standards: TiO,, NaAlSi;Og, BisGes;0;, and BaSO,. In
computing crystal compositions from the raw data, we
have assumed that Ti** cannot substitute on the
perovskite A-site, and that Na'*, Bi**, and Ba®" cannot
substitute on the B-site. This is consistent with the
behavior of these cations in perovskite oxides in general.
We have assumed that the cation valences are fixed at
the values given, since growth was conducted in air, and
determined the oxygen concentration by imposing the
condition of overall electrical neutrality. Vacancies on
the A, B, and O sites were allowed. To accommodate
for nonstoichiometry, when an excess of A or B cations
existed it was assumed that this respective sublattice was
fully occupied, with the cation deficiency appearing on
the other sublattice, and oxygen vacancies appearing if
necessary for charge neutrality. Thus the overall com-
position of the crystals can be described as:
(Na,Bi,Ba),.,Ti;.;O35. Consideration of counting statis-
tics indicates that the Ti, Na, Bi, and O concentrations
given are accurate to 1-2% of the absolute value,
whereas the Ba concentration is accurate to ~5% of the
absolute value. :

Almost all of the analyzed crystals showed signifi-
cant nonstoichiometry. Out of 57 crystals, 48 were
found to contain an A-site deficiency, 9 a B-site
deficiency, and 56 some oxygen deficiency. Table I
lists compositions for a limited number of these crystals.
Certain crystals exhibited unusually high nonstoichi-
ometry, such as crystal 42 in Table I which has ~25%
A-site deficiency. This crystal was confirmed to be a
single-phase perovskite using single-crystal X-ray
diffraction, despite the unusually high nonstoichiometry.
As shown later, unusual piezoelectric response accom-
panies such high levels of nonstoichiometry. The phase
of the analyzed crystals, determined by X-ray diffraction
and given in Table I, could also be correlated with the
Ba concentration and the extent of cation nonstoichi-
ometry based on a tolerance-factor approach, although
detailed discussion is beyond the scope of this paper. It
was found that the present flux-growth method typically
results in a variation of Ba doping levels between
individual crystals about a mean value that is close to
the nominal composition. This proved to be advant-
ageous: it allowed characterization of a range of compo-
sitions using fewer growth runs.

Table I: Electron Microprobe Analysis of Flux-Grown
(Na, Bi, Ba);.,Ti;.,035 Crystals

Sample  Na Bi Ba Ti O AB Phasc

1 0.536 0.443 0.000 1.000 2.935 0.979
4 0524 0444 0.032 0990 2.940 1.010
17 0.501 0.448 0.051 0.993 2.958 1.007

18 0.454 0.434 0.054 1.000 2.930 0.942
19 0.487 0.457 0.056 0.984 2953 1.016
23  0.468 0.464 0.026 1.000 2.956 0.958

AR IR

39 0.484 0.446 0.054 1.000 2.964 0.984 AFE
40 0.500 0.445 0.055 0.991 2.955 1.009 AFE
41 0435 0435 0.056 1.000 2.927 0.926 AFE

42 0273 0.418 0.053 1.000 2.817 0.744
44  0.465 0.437 0.066 1.000 2.956 0.968
46 0390 0432 0.088 1.000 2.933 0.910

47 0.426 0.418 0.089 1.000 2.703 0.933
48  0.469 0.426 0.091 1.000 2.964 0.986
50 0.385 0.415 0.128 1.000 2.944 0.928

e e e | o e I

"R = rhombohedral phase; T = tetragonal phase;
AFE = antiferroelectric rhombohedral phase

2.3 Dielectric Measurements and the Na,;Bi;,TiOs-

BaTiO; Phase Diagram

Five single crystals of nearly cation-stoichiometric
composition, but varying in Ba doping level, were used
to establish the NBT-BT phase stability diagram as a
function of composition and temperature. The crystals
contained 0%, 3.2%, 5.4%, 6.6%, and 8.8% BT
respectively, and XRD had shown that the first three
were of rhombohedral phase and the last two of
tetragonal phase at room temperature. Measurements
were made of unpoled crystals upon heating at 200°C/h
between room temperature and 600°C, at frequencies of
1 kHz, 10 kHz, and 100 kHz. Local maxima and
inflections in the relative dielectric constant €, were used
to identify the phase boundaries. Figures 2a-2c show &,
and dissipation factor tan & vs. temperature for the
undoped, 3.2% BT, and 6.6% BT crystals respectively.
Each shows two local maxima/inflections between room




temperature and 400°C, and tan & that increases with
increasing temperature. The latter behavior is attributed
to increasing conductivity, possibly due to the oxygen
nonstoichiometry (vacancies) that is present in all of
these crystals. This feature has not been seen in
polycrystalline NBTs [5,6], which may be due to
differences in defect chemistry, or may be a result of
blocking grain boundaries in the polycrystalline
materials. From these results we have constructed the
phase diagram shown in Figure 3. Also plotted for
comparison is the phase stability diagram determined by
Takenaka et al. [7] on polycrystalline NBT-BT samples,
at unspecified measurement frequencies. At room
temperature, XRD of our crystals confirms that the
morphotropic phase boundary between rhombohedral
ferroelectric and tetragonal ferroelectric phase fields is
located at about 5.9% BT. This result is consistent with
Takenaka et al. [7]. The phase boundaries between the
rhombohedral ferroelectric (R-FE) and antiferroelectric
(AFE) phase fields, and that between the AFE and
paraelectric (PE) fields, are also in close agreement
between our two studies. An interesting new result,
however, is that the phase boundary between the
tetragonal ferroelectric (T-FE) and AFE phase fields is
strongly frequency-dependent, decreasing in tempera-
ture as frequency is lowered. This implies relaxor
behavior, and is also discussed later with respect to the
frequency-dependence of piezoelectric actuation in this
system. Note that for near-MPB compositions, the AFE
phase field may extend nearly to room temperature at
low frequencies. This supports the possibility of field-
forced AFE-FE single crystal actuation.
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Figure 2a: Relative dielectric constant and dissipation
factor vs. temperature and frequency for undoped NBT
(sample 1 in Table 1)
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Figure 2b: Relative dielectric constant and dissipation
factor vs. temperature and frequency for rhombohedral
NBT-3.2% BT (sample 4 in Table 1).
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Figure 2c: Relative dielectric constant and dissipation
factor vs. temperature and frequency for tetragonal
phase NBT-6.6% BT (sample 44 in Table 1).

The ¢, and tan 8 values of a number of crystals were .

also measured before and after poling at twice their
coercive field for 5 min. at 60°C. The change in
dielectric constant upon poling varied widely,
suggesting that individual crystals differed substantially
in the ease of poling, which we attribute to variations in
crystal quality. Typical 1 kHz values for €, after poling
ranged from 500 in undoped NBT, increasing with BT
concentration across the R-FE field to 2000 near the
MPB. In the tetragonal phase field, values of €, were in
the range 1500-1800 after poling. Corresponding dissi-
pation factors for poled samples increased with BT
concentration from 0.028 to 0.050 across the R-FE field,
and decreased with BT concentration from 0.065 to
0.048 from the MPB to ~9% BT within the T-FE field.
Given that virtually all of the present crystals exhibit
measurable oxygen deficiency, it is possible that these
relatively high values of tan & can be decreased by
doping or changing growth conditions in order to alter
the defect chemistry. :

2.4 Electromechanical Characterization

As the phase diagram was not fully understood at the
outset of this study, the optimal poling procedure for
crystals in this system was not clear. The dielectric
constant measurements showed that individual crystals
of similar composition could vary widely in the extent
of poling despite identical procedures. This is believed
to reflect variations in individual crystal quality and
homogeneity. Most crystals were poled by applying an
electric field of twice the apparent coercive field for 5
min at an elevated temperature of 50-100°C, and strain
tested under a 1 Hz ac field. For most crystals this
meant that poling was conducted within an FE field,
although for the near-MPB compositions  these
temperatures are within the AFE field.

Within the rhombohedral phase field, the strain vs.
field relationship measured along the cubic <001> was
relatively linear with little hysteresis (Fig. 4). Certain
crystals, such as NBT-3.2%BT crystal in Fig. 4,
exhibited particularly low hysteresis. This suggests that
the proposed model for lead-relaxor crystals [1]
whereby poling introduces a four-fold symmetric, static
domain configuration applies to these crystals as well.
We observed that dy; generally increased near the MPB,

as shown in Fig. 5. However, the highest dy; to date of
650 pC/N was measured in an NBT-2.6%BT crystal,
falling well within the R-FE phase field. Microscopic
examination of the crystals indicated that variations in
crystal quality dominate the observed properties. Fig. 6
shows a single crystal plate of undoped NBT, viewed
with incident light from the direction indicated. Regions
of anisotropic opalescence are separated from regions of
transparency within the same crystal, revealing
variations in domain microstructure that are probably
the result of grown-in compositional nonuniformity.
Even the sample exhibiting diy = 650 pC/N was
microstructurally nonuniform in its domain structure
under optical microscopy. It is therefore likely that the
ds; values intrinsically possible in these compositions
have not yet been achieved in the present crystals.
Thickness- and bar-mode coupling coefficients k, and k33
were measured using the resonance-antiresonance
method in those crystals which satisfied the necessary
geometric requirements. Within the R-FE field, the
higher k, values ranged from 0.32 to 0.39, and the
highest k;; measured was 0.55 for a crystal with 3.2%
BT. (The sample exhibiting the highest dy; was not
measured due to geometric limitations.) These fall well
below the maximum values of 0.94 measured in
rhombohedral phase PMNT crystals [ref.], but it is not
yet clear to what extent they are influenced by crystal

quality.
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Figure 4: Strain vs. applied field at room temperature for
thombohedral phase single crystals actuated along
<001> directions under a 1 Hz ac field. Crystal 23 was
tested with a 17 kV/cm dc bias. Crystal 18 was tested
with a 30 kV/cm dc bias.
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Figure 6: Optical image of NBT (001) with glancing
light. Note opalescent and clear regions.

Crystals within the tetragonal phase showed higher
hysteresis as expected from domain rotation when
actuated along the cubic <001>. Several crystals
reached maximum strains near 0.4% at 30 kV/cm (Fig.
7). The low-field d; values measured after poling
varied widely, presumably due to crystal quality, with
the highest measured value being 550 pC/N. A single
crystal with exceptionally high A-site deficiency,
sample 42 in Table I, also showed an unusually high
strain of 0.85% (Fig. 7). (In comparison, the lower-
strain sample in Fig. 7 is sample 48, and is nearly
cation-stoichiometric.) Clearly, cation nonstoichiometry
in the present system has a major influence on the
actuation characteristics. The mechanism(s) of this
behavior remain to be understood. Thickness-mode
coupling coefficients were measured in several
tetragonal phase samples. The highest values of & =
0.56 and 0.57 were measured in two crystals with ~9%
Ba concentration. These values are only slightly less
than the highest & values of 0.64 measured in PZNT
single crystals [8].

Crystal 42 (5.3 Mole % BT) —
Crystal 48 (9.1 Mole % BT)
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Figure 7: Strain vs. applied field at room temperature
for tetragonal phase crystals actuated along <001>
directions under a 1 Hz ac field. Crystal 48 was
actuated under a 15+15 kV/cm field.

A crystal of near-MPB composition, sample 39 in
Table 1, exhibited a sharp onset in the actuation strain at
30 kV/cm, reaching 0.45% strain (Fig. 8), suggesting a
field-forced AFE-FE phase transition, as is known for
systems such as (Pb,La)(Sn,Zr,Ti)O; [9]. (Three plates
cut from the same crystal showed similar behavior.)
The corresponding polarization-field loop showed
“double loops™ supporting this interpretation, as does the
fact that similar behavior has been observed in
polycrystalline NBT-BT of near MPB composition at
higher temperatures [7]. Referring to the phase diagram
in Fig. 3, it is apparent that at 1 kHz frequency, the AFE
phase field extends to about 100°C at the MPB between
R-FE and T-FE phase fields. Since the results in Fig. 8
were obtained at an even lower measurement frequency
of 1 Hgz, it is possible that the AFE field under these
conditions does extend to room temperature.
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Figure 8: Strain vs. applied field for crystal 39 (5.4

mole % BT) actuated at room temperature along <001>
under a 1 Hz ac field.
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2.5 Electrorheological behavior

In virtually all samples the electromechanical
response exhibited significant frequency dependence,
e.g. Fig. 9. In some samples the polarization signifi-
cantly lagged the sinusoidal ac electric field due to
FE/AFE switching and/or dielectric relaxation. In
several samples the electrostrictive strain noticeably
lagged dielectric polarization (Fig. 10). The latter
phenomenon has not been previously identified in the
literature. In the NBT-BT system, the effect ‘is
pronounced and is worth detailed investigation.
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Figure 9: Crystal 47. Longitudinal strain along <100>
vs. applied ac field of different frequencies at room
temperature.
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Figure 10: Crystal 42. Longitudinal strain and polariza-
tion along <100> vs. applied 1 Hz ac field at room
temperature. i

The observed delays in dielectric and mechanical
responses to ac electric field and the frequency
dependence of the latter can be accounted for by
separate relaxation phenomena in electrical and elastic
subsystems of the same material, which represent
systems of mobile charges and attracting/repulsing
atorns respectively.

Electro-relaxation phenomena have been extensively
experimentally and theoretically studied in liquid
crystals, including ferroelectric ones [10]. As a result,
electrorheology appeared as a study of flow under an
applied electric field.

The kinetics of ferroelectric switching has been
previously modeled [11]. However, to our knowledge,
electrorheology has not been applied to describe the
electromechanical response of ceramic  piezo-
electric/electrostrictive materials. Our observations of
NBT-BT system showing relaxation phenomena in
electric and elastic subsystems suggest that electro-
theology is a useful concept for describing frequency
dependent electromechanical behavior.

To model the *frequency dependent electrome-
chanical behavior of the NBT-BT system we assumed
that 1) FE/AFE switching, 2) dielectric polarization, and
3) electrostrictive strain response to dielectric polari-
zation are not instantaneous and have three correspon-
ding time constants. These time constants enter the
electrorheological kinetic linear differential equations
for the rates of the respective parameters of the general
form:

dx 1
—_— = _(.xe - x) ’
dt

where x is a changing parameter, x, is its equilibrium
value at the current conditions, ¢ is time, and t is the
respective time constant. The equilibrium value x, is
given by the appropriate static phenomenological law.
The physical meaning of the time constants is similar to
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Fig. 11: Crystal 39. Longitudinal strain, polarization and current along <100> vs. applied 1 Hz ac field at room

temperature. Top: measured. bottom: simulated.




viscosity, which describes change of material spatial
coordinates in time under an applied stress.

Results of electromechanical behavior simulations
using electrorheological approach show that the latter is
qualitatively and quantitatively adequate to describe the
experimental data (Fig. 11). We were able to model any
electromechanical response we observed in the NBT-BT
system at different frequencies: pure and mixed cases of
FE, FE/AFE and electrostrictive behavior with or
without relaxation in the electrical and elastic sub-
systems. The simulated frequency dependence of
electromechanical response was somewhat exaggerated.
A possible explanation is the use of a single time
constant instead of a more realistic continuous spectrum
of time constants characteristic of the relaxor behavior.
The values of time constants we identified for different
samples were in the range of 1-60 ms—remarkably large
magnitudes for an electromechanical response of a
ceramic material.

We envision the tilting of oxygen octahedra in the
perovskite structure as a possible mechanism of relaxa-
tion in the elastic subsystem of the NBT-BT crystals.
We observed superlattice reflections in electron
diffraction pattern of the NBT-BT crystals compatible
with the octahedral tilt [4].

3. EDGE-DEFINED FILM-FED GROWTH OF POLY-
AND SINGLE-CRYSTAL FIBERS
In order to implement single crystal piezoelectrics in
technological applications, suitable and economical
processing and fabrication methods must be developed.
High quality crystals of precisely controlled orientation
are necessary (to date, the pseudocubic <001> is
preferred). For the particular class of applications
known as “active-fiber composites” [12], it is clear that
single crystal piezoelectric fibers exhibiting properties
similar to those measured in bulk crystals would provide
a quantum leap in performance. For the growth of
single crystal fibers, the technique known as Edge-
defined Film-fed Growth [13] is a highly promising
approach for the following reasons:
e High growth rate, up to 60 mm/hr (faster than
Czochralski growth)
e  Possibility for simultaneous growth of many
fibers
¢  Fiber cross-sectional shape control
¢ Diameters from 100 pm to several millimeters
possible
e  Better control over composition than in Czoch-
ralski growth
There are several requirements that materials
systems to be grown by the EFG method must satisfy
[13]. The most important of these is that the compound
melts congruently, or that the rapid crystallization
inherent in EFG allows non-equilibrium growth of the
desired crystal through a multiple phase field. We
conducted phase equilibrium studies on NBT-BT
compositions containing between 5.5% and 10%
BaTiO; and found that they do melt congruently. This
composition range spans those in which the flux-grown
single crystals have shown promising actuation. EFG
experiments were conducted using a modified BCG 365
Crystal Grower (T.E. Brown (Barrington) & Co.,
Cambridge, England) equipped with B-100 RF

generator (Lindberg, Chicago, IL). Temperature was
measured by automatic pyrometer and controlled by a
digital controller/programmer (Type 818, Eurotherm
Corp., Reston, VA). Porous ceramic insulation was used
to reduce heat loss and control temperature gradients. A
platinum crucible and die were used, designed to limit
vaporization from the melt by minimizing the exposed
liquid surface area, and the growth was conducted in air.

Initially, a short polycrystalline fiber was grown in
the following experiment. Several flux-grown single
crystals (~3 g) of composition 0.94Na,;,Bi;,TiO;—
0.06BaTiO; were melted at ~1330°C, and a 0.3 mm
diameter platinum wire was lowered to touch the melt
and form a liquid meniscus at the die tip, also of 0.3 mm
diameter. The crystal was then pulled at a rate of 18
mmvhr. The resulting sample (Fig. 12, top) were ~0.3
mm in diameter and ~4 mm long. Microscopic

examination of the sample revealed a random faceting of
the surface consistent with a polycrystalline nature.
Growth was terminated when the liquid meniscus
collapsed due to inadvertent variation. Longer crystals
of this diameter are believed to be possible with
improved temperature control.

Figure 12: NBT-BT fibers obtained by EFG. Top:
polycrystal, bottom: single crystal.

(e

Figure 13: NBT-BT single crystal fiber obtaine
EFG. Diameter 0.8-0.9 mm, length 60 mm.

Single crystal EFG growth was then carried out
using a platinum die having a 0.5 mm diameter tip. A
single crystal from the same flux grown batch as the
source material was attached to a platinum wire as a
seed. A pulling rate of 25 mm/hr was used. All other




- conditions were the same as for the polycrystalline
growth. The resulting crystal (Fig. 12, bottom, and Fig.
13) was 0.8-0.9 mm in diameter and ~60 mm long, with
growth terminating only when contact with the die was
lost as the melt supply was depleted. The color of the
grown filament was identical to that of the source
crystals. Microscopic examination of a polished cross-
section of this sample revealed ferroelectric domains,
some inclusions, and other growth defects, but no grain
boundaries, thereby showing that it is a single crystal
fiber.

In order to identify the phase of the single crystal
fiber, a portion was ground and.examined by X-ray
diffraction. Fig. 14 shows that the fiber consists of
single-phase rhombohedral perovskite, the same as the
starting NBT-BT crystal from which it was grown.
EPMA showed the fiber to be cation-stoichiometric but
lower in Ba concentration than the starting crystals,
having 2.4% BT. Electrodes were applied to short
sections (2-3 mm) of this fiber, and the field-induced
strain was measured in the same apparatus as described
earlier. The actuation characteristics (Fig. 15) under
symmetric and dc-biased ac field show clearly that the
fiber is electromechanically active, although the
properties fall far short of those in flux-grown single
crystals of the same nominal composition {3]. This we
attribute to the grown-in defects in the single crystal
fiber, visible in optical microscopy. Further refinement
of the growth process is expected to improve the
properties of these EFG fibers.
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Figure 14: Powder XRD pattern of NBT-BT single
crystal fiber obtained by EFG.
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Figure 15: NBT-BT Single crystal fiber. Longitudinal
strain along <100> vs. applied dc-biased ac field at
room temperature.

4, CONCLUSIONS

Composition-structure-property relationships have
been studied in flux-grown Na,;,Bi;,TiO;-BaTiOs
single crystals. A rich variety of actuation
characteristics are observed depending on composition
and phase. Rhombohedral ferroelectric and tetragonal
ferroelectric phases exhibit actuation characteristics
similar to those in lead-relaxor single crystals, although
the piezoelectric constants (ds; = 650 pC/N, k3 = 0.55,
k=0.57) do not yet reach the level of the lead relaxors.
Crystal quality appears to limit the present samples such
that the ultimate performance possible in this
composition system has not yet been determined. In
near-MPB compositions, single-crystal AFE-FE field
forced actuation has been demonstrated at room
temperature, and yields significant actuation strain
(0.45% at 30 kV/cm). Cation nonstoichiometry has
been found to have a significant influence, with grown-
in A-site deficiencies of 25% being observed, and
resulting in actuation strain of 0.85% in a tetragonal
ferroelectric crystal. The EFG growth of single crystal
fibers has been demonstrated.
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High Piezoelectric Performance of Barium Titanate Single Crystals
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In barium titanate single crystals, piezoelectric properties were investigated at room temperature as
" a function of crystallographic orientation. When unipolar electric-field was applied along [001]
direction, its strain vs electric-field curve showed a large hysteresis, and finally barium titanate crystal
became to single-domain state with d,, of 125pC/N over 20kV/cm. On the other hand, electric-field
exposure below 5kV/cm along [111] direction resulted in high d,, of 203pC/N and hysteresis free strain
vs electric-field behavior, which suggested formation of engineered domain configuration in tetragonal
barium titanate crystal. Moreover, as electric-field over 6kV/cm applied along [111] direction, two
discontinuous changes were observed in its strain vs electric-field curve. In-situ domain observation
and Raman measurement under electric-field revealed an electric-field induced phase transition from
tetragonal to monoclinic around 10kV/cm, and that from monoclinic to rhombohedral around
30kV/cm. Moreover, in monoclinic barium titanate crystal, electric-field exposure along [111]
direction resulted in formation of another new engineered domain configuration with d;; of 295pC/N.

1. INTRODUCTION [o01] E
Recently, in [001] oriented rhombohedral

Pb(Zn Nb,)O,-PbTiO, (PZN-PT) single crystals, [111] * [111]

ultrahigh piezoelectric activities were found by Park and |

Shrout*, with strain over 1.7 %, d,, over 2500pC/N, k,,
over 90 % and hysteresis-free strain vs electric-field
behavior.  (1-x)PZN-xPT crystals with x<0.09 have
rhombohedral 3m symmetry at room temperature, and
their polar directions are <111>.* However, unipolar
electric-field exposure along the [111] direction showed
a large hysteretic strain vs electric-field behavior and a
" low d,, below 100pC/N. On the other hand, unipolar
electric-field exposure along the [001] direction
exhibited non-hysteretic strain vs electric-field behavior
and d,, over 2500pC/N in 0.92PZN-0.08PT crystals. To
explain the above strong anisotropy in piezoelectric
properties, in situ domain observation was done using
f111] and [001] oriented 0.92PZN-0.08PT single
crystals.™ As a result, when electric field was applied
along the [001] direction, a very stable domain structure
appeared under 0.2kV/cm, and domain wall motion was
undetectable under DC-bias of up to 20kV/cm, resulting
in hysteresis-minimized strain vs electric-field behavior.
Figure 1 shows a schematic domain configuration for
[001] poled rhombohedral 3m crystals. [001] poled 3m
crystals must have four domains with four equivalent
polar vectors along [111], [T11}, [1T1] and [TT1]
directions. Therefore, the component of each polar
vector along the [001] direction is completely equal each
other, so that each domain wall cannot move under
electric-field exposure along the [001] direction owing
to the equivalent domain wall energies.*® This suggests
the possibility of controlling domain configuration in

4-equivalent
domains

Fig. 1 Schematic domain configuration for [001] poled

rhombohedral 3m crystal.
single crystals using crystallographic orientation, and the
appearance of a new technology in domain engineering
field, as well as a conventional constraint of domain wall
motion by acceptor dopants, i.e., "Hard" PZT. Thus, this
special domain structure in single crystals (Fig. 1) using
crystallographic orientation was called an engineered
domain configuration.*+™®

The engineered domain configuration is expected to
possess the following three features for piezoelectric
performance: (1) hysteresis-free strain vs electric-field
behavior, (2) higher piezoelectric constant and (3)
change of macroscopic symmetry.”™ Therefore, if the
concept of the engineered domain configuration can be
applied to other ferroelectric single crystals, enhanced
piezoelectric properties are expected. In this study, a
barium titanate (BaTiO,) single crystal was chosen for
the first step in the application of the engineered domain
configuration. This is because BaTiO, crystal is one of



the well-studied ferroelectrics, a non-lead ferroelectric,
and a perovskite-type structure similar to PZN-PT.

In this study, the piezoelectric properties of BaTiO,
crystals were investigated at room temperature as a
function of crystallographic orientation. Their domain
configurations were also observed as a function of
electric field and crystallographic orientation. The
behavior of domain wall motion will be discussed in
relation to the observed strain vs electric-field behavior.
Moreover, in situ Raman measurement was done to
study changes in crystal symmetry as a function of
electric field and crystallographic orientation.

2. EXPERIMENTAL

BaTiO, single crystals were prepared by a top-seeded
solution growth (TSSG) method at Fujikura, Ltd. In
TSSG-grown BaTiO, crystals, the concentration of most
impurities was below 2-3ppm.>  The details of
preparation of BaTiO, single crystals and their
characterization were described elsewhere.” These
crystals were oriented along [001] and [111] directions
using the back-reflection Laue method. All
characterizations and treatments were done at Fujikura.

For electrical measurement, samples were prepared by
polishing to achieve flat and parallel surfaces onto which
gold electrodes were sputtered. Prior to piezoelectric
measurements, dielectric properties were measured with
a LCR meter at room temperature, and their dielectric
loss was below 0.1 % at 100Hz. High electric field
measurements included polarization and strain using a
modified Sawyer-Tower circuit and a linear variable
differential transducer. Electric fields were applied
using an amplified triangular waveform at 0.1Hz.

For in situ domain observation and in situ Raman
measurement under DC-bias, samples were prepared by
polishing to an optimum size of 0.2x0.5x4mm’. Their
top and bottom surfaces (0.5x4mm?) were mirror-
polished. Gold electrodes were sputtered on both sides
(0.2x4mm?), and the width between electrodes was
around 0.5mm along the [001] or [111] direction. The
details were described elsewhere.”® ' Domain
configuration was always observed under crossed-nicols
using a polarizing microscope. DC-bias exposure was
done along the [001] or [111] direction, being normal to
the incident polarized light. Raman spectra under DC-
bias were measured in the backward scattering geometry
using a Raman scattering spectrometer with a triple
monochromator. DC-bias exposure was done in the
same way as that in domain observation. The top
surface (0.5x4mm?) was excited by unpolarized Ar ion
laser with a wavelength of 514.5nm and power below
20W/cm?. The details are described elsewhere.'”

3. RESULTS AND DISCUSSION
3.1 [001] oriented BaTiO, single crystals

Figure 2 shows a strain vs electric-field curve of a
[001] oriented BaTiO, crystal measured using a unipolar
electric field. It should be noted that this curve was not
obtained at the 1st cycle of electric-field exposure, but
after the 2nd cycle of electric-field exposure, i.e., this
strain behavior means that after poling. The strain
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Fig. 2 Strain vs electric-field curve for [001] oriented
BaTiO, crystal under unipolar electric field below 35kV/cm.
behavior exhibits a large strain of around 1 % and a
remarkable hysteresis. Such a large strain of around 1%
can be caused by tetragonality of BaTiO,, c/a~1.011,
which suggests that domain reorientation can contribute
significantly to strain behavior. Moreover, at high
electric field above 20kV/cm, the apparent d,, was
directly estimated at 125pC/N. This value was close to
d,~90pC/N in the single-domain BaTiO, crystal reported
by Zgonik et al.,” which indicated that over 20kV/em,
BaTiO, crystal might be single-domain state. Therefore,
Fig. 2 suggests that domain wall motion can affect

largely strain behavior.

In situ domain observation was done under DC-bias
below 22.1kV/cm.® Under no bias, systematic domain
configuration with 90° W, domain walls of {101} planes
was observed. Domain wall motion was observed below
1kV/em, and finally at around 22.1kV/cm, an almost
single-domain state was achieved. On the other hand,
with decreasing electric field from 22.1kV/em, new
domains appeared and domain wall density increased.
However, domain wall density at decrease of electric
field was less than that at increase of electric field, even
if the electric fields had the same values. This revealed
that a difference in the domain wall density at increasing
and decreasing electric fields caused the large hysteresis
in the strain vs electric-field curve (Fig. 2).

3.2 [111] oriented BaTiO, single crystals

Strain vs electric-field behaviors in [111] oriented
BaTiO, crystals were very complicated. All curves were
also obtained after the 2nd cycle of electric-field
exposure. To simplify the complicated phenomena,
these behaviors were separated into four regions: (1) low
electric field under SkV/cm, (2) middle electric field
from 5 to 16kV/cm, (3) high electric field from 16 to
26kV/cm and (4) ultrahigh electric field above 26kV/cm,
and each behavior is discussed.
3.2.1 Low electric-field region: In the low electric-field
region as shown in Fig.3, strain was almost proportional
to electric field without hysteresis. Domain wall motion
in [001] oriented BaTiO, crystals was observed below
1kV/em. Thus, the strain behavior in Fig. 3 suggested
that the engineered domain configuration, as shown in
Fig. 4, was induced in [111] poled tetragonal BaTiO,
crystals. Moreover, the apparent d,, obtained directly
was 203pC/N, which was almost 1.6 times higher than
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Fig.3 Strain vs electric-field curve for [111] oriented
BaTiO, crystal under unipolar electric field below 5kV/em.

[111]

3-equivalent
domains

Fig. 4 Schematic engineered domain configuration for
[111} poled tetragonal 4mm BaTiO, crystal.

that in a [001] poled single-domain BaTiO, crystal.
To confirm the formation of the engineered domain
. configuration, in situ domain observation was done
below 4kV/cm.® The domain structure under no DC-
bias was highly systematic, and three ferroelectric
domains with polar directions of [100], [010] and [001]
were observed. Although the electric field increased to
4kV/cm, the domain structure did not change. This
domain configuration was almost the same as the
expected one in Fig. 4. Thus, we confirmed the
formation of the engineered domain configuration in
[111] poled tetragonal BaTiO, crystals.

The above results indicate that application of the
engineered domain configuration to tetragonal BaTiO,
crystals resulted in enhanced piezoelectric activities, i.e.,
higher d,, and non-hysteretic strain vs electric-field
behavior. Therefore, we believe that the concept of the
engineered domain configuration is universal, and can
apply to all perovskite-type ferroelectric crystals.

3.2.2 Middle electric-field region: From 5 to 16kV/cm,
a large hysteresis was observed in Fig. 5. In general, a
hysteresis in the strain vs electric-field curve suggests
the occurrence of domain wall motion or electric-field-
induced phase transition.  Thus, in situ domain
observation and in situ Raman observation were done in
this electric-field region. As a result, with increasing
electric field from 6 to 10kV/cm, domain wall density
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Fig. 5 Strain vs electric-field curve for {111] oriented
BaTiO,; crystal under unipolar electric field below 26kV/cm.

increased, while from 10 to 16kV/cm, domain wall
density decreased, and partially single-domain region
appeared. Measurement of the extinction position in the
single-domain region revealed that the regions were
assigned to ones with polar directions of <110>. This
suggests the formation of monoclinic (=orthorhombic) m
phase in tetragonal BaTiO, crystals. The details are
described elsewhere.®  Moreover, in situ Raman
measurement was also done in the same electric-field
region. As a result, it was found that in electric-field
region from 6 to 16kV/cm, two phases, tetragonal 4mm
and monoclinic m, coexisted, and at 16kV/cm, all
regions became to monoclinic m phase. The details are
also described elsewhere.'” The above results suggested
that from 6 to 16kV/cm, an electric-field-induced phase
transition occurred from 4mm to m, which is
accompanied by the large hysteresis in Fig. 5, but more
work may be needed.

3.2.3 High electric-field region: From 16 to 26kV/cm,
strain was almost proportional to electric field with a
non-hysteretic behavior, as shown in Fig. 6. This strain
behavior suggested that another engineered domain
configuration such as that shown in Fig. 7 can be
induced in [111] poled monoclinic BaTiO, crystals.
Moreover, the apparent d,, obtained directly from Fig. 6
was 295pC/N, which was almost 2.4 times higher than
that in a [001] poled single-domain BaTiO, crystal. In
situ Raman measurement in this region revealed that its
symmetry was still monoclinic m."» To confirm the
existence of this new engineered domain configuration,
in situ domain observation in the same electric-field was
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Fig. 6 Strain vs electric-field curve for [111] oriented
BaTiO; crystal under unipolar electric field below 45kV/cm.
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Fig. 7 Schematic engineered domain configuration for
[111] poled monoclinic m BaTiO, crystal.

also done.”™ Even if the electric field increased from
16.3 to 24.5kV/cm, the domain structure did not change.
This domain configuration was almost the same as the
expected one in Fig. 7. Thus, we confirmed a formation
of another new engineered domain configuration in
[111} poled monoclinic BaTiO, crystals and its enhanced
piezoelectric property.

3.2.4 Ultrahigh electric-field region: Above 26kV/cm,
a large hysteresis was observed in Fig. 6. To clarify the
origin of this change, in situ domain observation was
done under electric fields from 25 to 30kV/cm.” As a
result, at 29kV/cm, small cracks occurred near the
electrodes, and the cracks grew with increasing electric
field. At 30kV/cm, some regions with the extinction
position along the [111] direction appeared partially, and
then the crystal broke. This indicates the appearance of
regions with polar direction of [111] at 30kV/cm, i.e.,
the formation of thombohedral 3m phase in monoclinic
m BaTiO, crystals. Details on this are also described
elsewhere." Above 40kV/cm, there is no hysteresis,
which suggests the formation of single-domain state in
rhombohedral BaTiO, crystals. Therefore, we consider
that from 30 to 40kV/cm, two phases, m and 3m,
coexisted, and above 40kV/cm, all of regions became to
3m. The above results reveal that above 30kV/cm, an
electric-field-induced phase transition occurred from m
to 3m. Moreover, in single-domain rhombohedral
BaTiO, crystals over 40kV/cm, the apparent d,, was
around 145pC/N, which was 1.2 times larger than that in
[001] poled single-domain tetragonal BaTiO, crystals.

4. CONCLUSION

In BaTiO, single crystals, when a unipolar electric
field was applied along the [001] direction, the strain vs
electric-field curve showed a large hysteresis, and finally
BaTiO, crystal became to single-domain state with d,, of
125pC/N over 20kV/ecm. In situ domain observation
revealed that this large hysteresis is caused by a
difference in domain wall density at increase and
decrease of electric fields. On the other hand, the strain
vs electric-field curve in [111] oriented BaTiO, single

crystals exhibited a very complicated strain behavior.

An electric-field exposure below 5kV/cm resulted in a
high d,, of 203pC/N and a non-hysteretic strain vs
electric-field behavior, which suggested the formation of
the engineered domain configuration in a tetragonal
BaTiO, crystal. Therefore, it was confirmed that
application of the engineered domain configuration to
tetragonal BaTiO, crystals caused more enhanced
piezoelectric activities compared with single-domain
BaTiO, crystals. Moreover, in situ domain observation
and in situ Raman measurement under electric fields
suggested that the discontinuous change around
10kV/ecm can be assigned to the electric-field-induced
phase transition from 4mm to m while the discontinuous
change around 30kV/cm was assigned to the electric-
field-induced phase transition from m to 3m. Moreover,
in monoclinic BaTiO, crystal, an electric-field exposure
from 16 to 26kV/cm gave a high d,, of 295pC/N and a
hysteresis-free strain vs electric-field behavior, which
revealed the formation of another new engineered
domain configuration in a monoclinic BaTiO, crystal. In
this study, we found two engineered domain
configurations in the [111] poled 4mm and m BaTiO,
single crystals and their enhanced piezoelectric
properties. The difference in d,, between tetragonal and
monoclinic phases with different engineered domain
configurations will be discussed on the basis of
crystallography elsewhere.” On the basis of the above
results, we believe that the concept of the engineered
domain configuration is universal and can be applied to
all perovskite-type ferroelectric crystals, and improved
piezoelectric activity can be achieved.
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Crystallographic engineering, a concept to utilize crystal anisotropy as well as an engineered domain configuration,
resulted in significant enhancement in piezoelectric activity not only for relaxor ferroelectric crystal but for normal
ferroelectric BaTiOs crystals. Electromechanical couplings (ks;) ~ 85% and piezoelectric coefficients (ds;) as high as 500
pC/N, higher or comparable to those of lead based ceramics such as PZT and significantly larger than those of tetragonal
BaTiO; crystals (ks ~ 65%, di3 ~ 130 pC/N), were detected from crystallographically engineered orthorhombic BaTiO;

crystals.

1. INTRODUCTION

Recently, crystallographically engineered relaxor
ferroelectric single crystals of Pb(Zn,;Nb,3)0; (PZN),
Pb(Mg,,sNb,3)0; (PMN) and their solid solutions with the
normal ferroelectric PbTiO; (PT) revealed piezoelectric
properties much superior to morphotropic phase boundary
(MPB) ceramics such as Pb(Zr,Ti)O; (PZT).[1-4]
Ultrahigh piezoelectric properties (ki3 ~ 94%, ds; ~ 2500
pC/N), hysteresis minimized strain values as high as 0.6%,
and large E-field induced strain values (1.7%) were
reported. Actuator performance of these crystals was also
found to be superior to polycrystalline ceramics, i.e. the
strain energy density ~ 66400 J/m® was delivered at
20kV/cm for PZN-4.5%PT crystals, 5 times higher than
hard PZT.[5] These ultrahigh properties could be
achievable from rhombohedral crystals oriented along
their non-polar <001> axis, a key concept of
crystatlographic engineering. In contrast, thombohedral
crystals poled along their polar direction <111> exhibited
significantly inferior properties, i.e. ki3 < 50% and d3; ~
100 pC/N.

In addition to the ultrahigh piezoelectric performance,
hysteresis minimized strain vs. E-field behavior was
another important characteristic of crystallographically
engineered relaxor ferroelectric single crystals. This
behavior indicates minimal domain motion under bias, a
phenomenon not expected for crystals of multi-domain
state. The stable domain configuration resulted in highly
reliable materials for actuation, ie. no material
degradation was detected for more than 107 unipolar
driving cycles at high fields (>50 kV/cm, 1kHz).[5]

Based on the concept of crystallographic engineering
used for high performance relaxor ferroelectric single
crystals, single crystals or epitaxial form of any known
ferroelectric  materials may  exhibit  significant
enhancement in electromechanical performance. It was
the objective of this paper to review and apply the concept
to other ferroelectric crystals such as BaTiO;, in order to
evaluate the possibility of piezoelectric performance
enhancement. Strain vs. E-field behavior of engineered

crystals will be discussed with respect to crystal structure
and domain configuration.

2. ENGINEERED DOMAIN CONFIGURATION AND

MACROSCOPIC SYMMETRY

In ref. [6], macroscopic symmetry 4mm out of local
3m symmetry was suggested assuming that each type of
<111> domain distributed equivalently for <001> oriented
crystals to exhibit a static domain configuration under
bias. The stable domain configuration was evidenced by
in-situ domain observation [7] and hysteresis minimized
strain vs. E-field behavior. This type of behavior was
found in other <001> oriented rhombohedral crystals such
as (1-x)PZN-xPT (x=0-0.09), or (1-y)PMN-yPT (y=0.2-
0.35), or (1-z) PSN-zPT (z=0.25-0.45). There is another
way for domain configuration to be static under dc bias,
domains of <111> and <-1-11> and of <-111> and <1-11>
being equally distributed but distribution of two pairs not
equal resulting in lower macroscopic symmetry 2mm.
Recent investigation on elastic properties of these
crystallographically —engineered relaxor-PT  crystals
revealed that symmetry 2mm is more probable,[8] the
detail of which will be reported else where.

It is believed that crystallographic engineering is key
to acquire ultrahigh piezoelectric property in relaxor
ferroelectric single crystals. Here, the question arises, will
similar piezoelectric property enhancement be observed
for normal ferroelectric perovskite crystals? - the topic of
the following section.

3. CRYSTALLOGRAPHICALLY ENGINEERED
BaTiO; BASED SINGLE CRYSTALS
3.1 BaTiO; crystals with high piezoelectric performance
As considered in the phenomenological theory by
Devonshire,[9] the unit cell symmetry dictates the
direction of polar shift, i.e. orthogonal (4mm), face
diagonal (mm2), and body diagonal (3m) based on the
primitive perovskite cell. Also in orthorhombic crystals,
four polarization directions (<101>, <011>, <-101>, <0-
11>) are energetically equivalent and analogous



m Okviem
O 3kviem
A 6kviem
O 0kviem

B

3m | mm2 4mm

100 B0 0 50
Temperature (°C)

0.4

A Fig. 1 ka; as a function of temperature for <001> poled
BaTiO; crystals under various dc-bias. (solid
arrows : first cycle, dashed arrows: second cycle)

crystallographic engineering is expected when E-field is
applied along <001>.

Figure 1 presents longitudinal electromechanical
coupling (ks3) as a function of temperature for <001>
poled BaTiO, crystals, under dc-bias. Samples for
measuring dielectric and piezoelectric properties were
prepared using commercially available BaTiOs single
crystals (optical grade, Fujikura Ltd.)), grown by top
seeded solution growth (TSSG) technique. At room
temperature, the increase of kj; value from ~0.53 (0
kV/em) to 0.65 (6kV/cm) was the result of domain
reorientation, which had been partially depoled due to
domain instability in the tetragonal crystal poled along its
polar direction <001>. Note that a similar behavior was
found for rhombohedral PZN crystals poled along its polar
<111> direction. It is also noted that kj; ~ 0.53 (0
kV/em), a value from partially depoled crystals in this
work, corresponds to values reported earlier, i.e. ~0.56
[10] and ~0.55 [11] for tetragonal BaTiO, crystals.

1.2
1.0 ?— o
// 25°C
08l
) S8
S 0.6
§ o4l %:‘%C
& 7
02| £7=
. | .100°C
0'00 10 20 30 40
Electric Field (kV/cm)

Fig. 2 Strain vs. unipolar E-field behaviors of <001>
Oriented BaTiO; crystal

At lower temperatures, k;; was also found to be
dependent on dc-bias due to crystal depoling as a result of
phase transitions as well as domain instability. For an
orthorhombic crystal at -5°C, k3 ~ 0.7 initially detected at
0 kV/cm increased with increasing bias, followed by ka3 as
high as 0.83 at 6 kV/em. After E-field exposure, the
unbiased ki value was as high as 0.79, being a starting
point of second cycle (dashed arrows in fig. 1). The initial
lower value of electromechanical coupling for the first
cycle (solid arrows in fig. 1) must be a consequence of
depoling caused by the tetragonal-orthorhombic phase
transition. Note that a ki3 ~ 0.83 for non-lead BaTiOs;
crystals is significantly larger than room temperature k;
values of Pb-based polycrystalline PZT's (0.5 to 0.75), the
current piezoelectric material of choice.

Fig. 2 presents strain vs. unipolar E-field behavior for
<001> poled BaTiO; crystals at various temperatures.
Room temperature strain values as high as 1% is a
consequence of depoling and domain reorientation. This
significant c-a domain switching may be ascribed to the
pointed load by LVDT probe. Note that total strain as
high as 1.07% strain is involved with a full ferroelectric
strain curve of BaTiO; crystals, but practically unusable.
Single domain state tetragonal crystals, reflected by the
non-hysteretic strain vs. E-field behavior, could be
achieved at E-fields > ~10 kV/cm at room temperature as
shown in fig. 2. Piezoelectric coefficient ds; ~ 128pC/N,
similar to that theoretically simulated by Devonshire,[9]
was calculated from the non-hysteretic portion of strain vs.
E-field behavior at 20 kV/cm.

The hysteresis found in the orthorhombic crystal (0°C,
~70°C at E<10kV/cm in fig.2) was also ascribed to domain
instability. In contrast, the engineered domain state of the
rhombohedral crystal (-100°C) was found to be stable as
can be seen in fig. 2, resulting in the crystal retaining
macro-symmetry 4mm (or 2mm) for the overall range of
applied E-field. Note relaxor based single crystals with
stable engineered domain states are also rhombohedral.
Although further study is required to clarify the
relationship between crystal structure and engineered
domain state, it is suggested that lattice symmetry should
determine the (in)stability of the engineered domain state
and that rhombic lattice distortion be critical to stabilize
the domain state in <001> poled ferroelectric crystals.

For comparison of piezoelectric activity, only non-
hysteretic portion of the strain vs. E-field (E>10 kV/cm)
curves are presented in fig. 3 and apparent ds3's calculated
from fig. 3 are plotted in fig. 4. As plotted,
crystallographic engineering results in BaTiO; crystals
with significantly enhanced piezoelectric activity such as
dss ~ 500 pC/N. This value is comparable to room
temperature dj; values of PZT's. The rhombohedral
BaTiO; crystal at -100°C exhibited di; as high as 350
pC/N, also larger than that of polycrystalline PZT's at the
same temperature.[12] Here another question arises, - can
orthorhombic or rhombohedral BaTiO; be stabilized at
room temperature?  Piezoelectric  properties  of
orthorhombic Ba(Zr,Ti)O; crystals is the topic of the
following section.
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temperature for <001> oriented BaTiO; crystals (non-
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3.2 Crystallographically Engineered Ba(Zr,Ti)O; Single

Crystals

It is well known that the phase transition temperatures
in BaTiO, can be altered by doping with either A or B-site
substitutions.[10] Zirconium is one element that pinches
the transition temperatures so that the rhombohedral-
orthorhombic  and  orthorhombic-tetragonal  phase
transition temperatures are raised while the Curie
temperature is lowered. By varying the amount of dopant
it is possible to stabilize either rhombohedral or
orthorhombic phase at room temperature. A templated
grain growth (TGG) was used to produce crystals with Zr
concentrations between 4.5 and 8.5 mol% for rapid
assessment of crystals of varying composition. Details in
the crystal growth procedure can be found elsewhere.[13]
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Fig. 5 Dielectric constant as a function of temperature at
1kHz for TGG grown Ba(Zr,Ti,.,)Os single crystals

Fig. 5 shows the dielectric constant (k") as a function
of temperature and mol% zirconium. As seen in
polycrystalline  Zr-doped BaTiO;, the transition
temperatures are pinched with increasing mol%
zirconium.[13,14] The 4.5 (BZT-4.5) and 5.0 (BZT-5.0)
mol% Zr samples show distinct transition temperatures
with  both the rhombohedral-orthothombic  and
orthorhombic-tetragonal transition temperatures shifted up
by approximately 80°C (Tr.o = 0°C) and 45°C (To.1 =
50°C), respectively. The result of this shift is that the
orthorhombic phase is stabilized at room temperature.

Fig. 6 shows the unipolar strain behavior at room
temperature for BZT-4.5 and BZT-5.0 crystals poled and
excited along the pseudocubic (001) as a function of
electric field. Both crystals show maximum strain levels
of approximately 0.48% at a maximum field of ~60
kV/cm, which includes ~0.35% strain associated with
domain reorientation.
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Fig. 6 Strain vs. unipolar E-field behaviors for TGG
grown Ba(Zr,Ti;)O; single crystals, where x =
0.045 and 0.05.
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It is noted that this partial depoling at lower field was also
detected for orthorhombic BaTiO; crystals in the previous
section. After saturation, the strain

behavior from 30-60 kV/cm corresponds to a da; of
355 and 340 pC/N for BZT-4.5 and BZT-5.0, respectively.
Using the IEEE standard technique,[16] ks and da; values
of 0.74 and 340 pC/N, respectively, were also determined
for 4.5 mol% Zr-doped orthorhombic BaTiOs single
crystal (BZT-4.5), under 5 kV/cm.

Similar  to undoped BaTiO,, maximum
electromechanical coupling and piezoelectric coefficients
could be found at temperature range close to phase
boundary, as shown in fig. 7. For Ba(Zry 95 Ti0.95)03,
Kk33~85% and d33~600pC/N were detected under 5kV/cm
at 50°C. Authors effort to optimize the composition to
achieve maximum room temperature piezoelectric activity
is ongoing.

4. CONCLUSIONS

Crystallographic engineering resulted in ferroelectric
perovskite single crystals with significantly enhanced
piezoelectric properties. Crystallographic engineering of
BaTiO; crystals resulted in orthorhombic crystals (0°C)
with ki3 ~ 85% and ds; ~ 500 pC/N, better or comparable
to those of PZT's. At -90°C, rhombohedral BaTiO;

crystals with ka3 ~ 79% and dj; ~ 400 pC/N were found to
be superior to PZT's at the same temperature. Although
analogous macro-symmetry, rhombohedral (3m) crystals
(-100°C) exhibited a stable domain configuration whereas
the adjacent orthorhombic crystal (-70°C) were depoled.
Single crystals of room temperature orthorhombic
Ba(Zr,Ti)O; prepared using templated grain growth
technique exhibit ky; and di; values up to 0.85 and 600
pC/N, respectively, also by utilizing crystallographic
engineering. :
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In order to elucidate the non-180° domain contribution to the properties of 0.91Pb(Zn,;;Nb,;)O;-
0.9PbTiO, (PZN-PT) single crystals, [001] crystal plates with uniform domain structures, 110°
(010) type domains and 70° type (011) domains, were cut from a large wafer, and electric and
piezoelectric properties were measured for these crystal plates. The experimental results of dielectric
constants, P-E hysteresis curves, electric-field-induced strains and their frequency dependence
indicated that the domain contribution to these properties is larger in the 70° domains than in the
110° domains. This difference in the domain contribution of the two domain structures was
considered by the relation between the directions of spontaneous polarization and domain walls and

possibility of the domain reversal by electric field.

1. INTRODUCTION

A giant piezoelectric effect (k;3=0.92 and
dy=1500pC/N) of Pb(Zn,;Nb,;)0;-PbTiO; (PZN-PT)
single crystals was first discovered by Kuwata et al.[1].
Park and Shrout [2-4] recently found that [001] oriented
rhombohedral PZN-PT single crystals showed an
electric-field-induced strain of 1.7% at 120kV/cm, dj,
over 2500pC/N and hysteresis-free strain vs. electric
field behavior. They pointed out that a very stable
domain structure was formed in [001] wafer of PZN-PT
crystal under DC-bias and the domain wall motion was
not detectable up to 20kV/cm. The large and hysteresis-
minimized strain of PZN-PT crystals was due to this
domain situation, called engineered domains.

However, the relation between the domain structures
and electric or piezoelectric properties is still ambiguous
in PZN-PT crystals because of the lack of experimental
results on the dependence of these properties on the
domain structures. Yamashita et al. [5-6] have been
trying to make large PZN-PT crystals, and recently they
have grown crystal ingots with 40mm¢ by Bridgeman
method. Wafers with 20 - 40mm¢ can be obtained from
the ingots, which enable us to select crystal plates with a
uniform domain structure. In this study, we have
measured electric and piezoelectric properties of PZN-
PT crystals with specified domain structures and found a
marked dependence of properties on domain structures.

2. EXPERIMENTAL PROCEDURE

[001] wafers of PZN-PT crystals with the composition
of 0.91PZN-0.9PT were provided from Toshiba Corp.
Domain structures in the wafers were identified with an
optical microscope. Crystal plates (2x2mm?) with
uniform domain structures were cut from the wafer and
used for the following measurements.

Dielectric constants of the crystal plates were measured
by an impedance analyzer (hp4192A) as a function of
frequency. P-E hysteresis curves were measured by a
ferroelectric test system (Radiant Tech. RT66A) at SHz.

The electric-field-induced strains of PZN-PT crystal

plates were measured by a laser-fiber type non-contact
dilatometer (resolution: 0.025um) and a Mach-Zehnder
type laser interferometer shown in Fig.1 [7]. In this
system, He-Ne laser beam is sprit into two directions
(beam! and beam2) by a polarized beam splitter. The
beaml] is a reference beam. The beam?2 is reflected by
the two mirrors attached on the surfaces of a PZN-PT
crystal plate. The beam1 and beam? are joined at a half
mirror to make interference fringes. The piezoelectric
displacement of the crystal moves the fringes, which can
be detected as a change of light intensity. The signal of
the photo-detector is amplified and stored in a digital
oscilloscope with the signal applied to the crystal. The
displacement of the crystal can be calculated from the
change in the signal of photo-detector.

Com puter |...,

VA:Voltage amp., OSC:Storage oscilloscope,
HA:High voltage amp., M:Mirror, L:Lens,
HM:Harf mirror, BS:Beam splitter,

PH:Pin hole, DMM:Digital multi meter,
FG:Function generator,PD:Photo diode,
CA:Current amp., PA:piezo-actuator, S:Sample

Fig.1 Schematic diagram of Mach-Zehnder
interferometer

3. RESULTS AND DISCUSSION
3.1 Identification of Domain Structure

A photograph of a wafer of PZN-PT crystal is shown in
Fig.2. This wafer was not homogeneous and consisted of




four kinds of different regions. Inclusions of PbO were
observed in one region. Three different domain
structures, two with stripe domain walls and one with
randomly oriented domains, were observed in other
regions.

S5mm
Fig.2 Photograph of a wafer

Optical micrographs of two kinds of domain
structures with stripe domain walls were shown in Fig.3.
Crossed nicols observation in polarizing microscope
indicated that the domain walls were vertical to the
crystal plates and the extinction positions of neighboring
domains were approximately identical for both domain
structures. By considering these information and the
relation between extinction positions and the direction of
domain walls, the domain structures (A) and (B) in Fig.3
were identified as 110° (010) type domains (Fig.4(A))
and 70° (011) type domains (Fig.4(B)) in rhombohedral
phase. For electric ~measurements, Pt-sputtered
electrodes were made on the surfaces with gray color in
Fig.4.

(a) 10um (B) 2#4m

Fig.3 Two domain structures observed in PZN-PT
crystals

(A) (B)
Fig.4 Two domain structures corresponding to the
optical micrographs in Fig.3(A) and Fig.3 (B).
(A) 110° (010) type domains and
(B) 70° (011) type domains.
Arrows denote projections of the polarization
vector into the corresponding plane.

3.2 Electric Properties

Figure 5 shows the frequency dependence of relative
dielectric constant of the crystal plates with the domain
structures in Fig.4 (A) and (B). Dielectric constants
decrease with increasing frequency for both crystals. It

is important that the dielectric constant of 70° domains
is larger that that of 110° domains. Arlt et al.[8] pointed
out that the non-180° domain watl motion increased the
dielectric constant. The non-180° domain contribution
to the dielectric constant was also observed in PT single
crystals [9]. The results in Fig.5 indicate that the non-
180° domains affects the dielectric constants in PZN-
PT crystals, and the domain contribution of 70°

domains are larger than that of 110° domains if the
electric field is applied to the direction shown in Fig.4.
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Fig.5 Dielectric properties of PZN-PT crystals with
different domain structures.

Figure 6 shows the P-E hysteresis curves of PZN-PT
crystals with different domain structures. Spontaneous
polarization of the 70° domain crystal is about
28uC/cm? and that of 110° domain crystal is about
22uC/em?. Coercive field of the two crystals is about
650V/mm and independent of domain structure. It
should be noted that the shape of the P-E hysteresis
curves depends on the domain structures, i.e.: the 110°
domain crystal shows a hysteresis curve with a
rectangular shape, indicating the digital domain
switching mainly due to the 180° domain reversal. The
gradual polarization reversal in the 70° domain crystal
shows the contribution of non-180° domains. The P-E
hysteresis curves indicate that the contribution of 70°
domains is larger than that of 110° domains.
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Fig.6 P-E hysteresis curves of PZN-PT crystals
with different domain structures.

3.3 Electric-Field-Induced Strains

Figure 7 shows the electric-field-induced strain
vs. electric field curve of PZN-PT crystals
measured by the laser-fiber type dilatometer. The
frequency was about 0.02Hz. Before the




measurements, the poling procedure was carried
out at 1.5kV/mm for 30 min at room temperature.
It was found that the strain vs. electric field curve
changes markedly with the domain structures.

In the 70° domain crystal, a large hysteresis is
observed in the strain curve. This hysteresis is due to
the contribution of domain wall motion in 70° domain
structure. The strain of the 70° domain crystal is larger
than that of the 110° domain crystal. In the first
measurement of the 110° domain crystal, 'a large
residual strain was observed (dotted line in Fig.7) but the
residual strain was reduced in the successive
measurements. This seems to indicate that the poling of
the crystal is proceeded during the first measurement.
After the full poling, the residual strain and hysteresis
were not observed in the 110° domain crystal, showing
that the non-180° domain contribution is small [7]. The
results in Fig.7 indicates that the domain contribution to
the electric-field-induced strain is larger in the 70°
domain crystal than in the 110° domain crystals.
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Fig.7 Electric-field-strain vs. electric field curves
of PZN-PT crystals.

The apparent piezoelectric constants, determined from
the slope of the strain vs. electric curve, are shown in
Fig.8 as a function of frequency. The strains at high
frequencies were measured by the interferometer shown
in Fig.1. Large dispersion of piezoelectric constant is
observed in the 70° domain crystal. The similar
dispersion was observed in PZT ceramics [7] but the
relaxation frequency of PZT ceramics (100- 400Hz) was
much higher than PZN-PT crystals (~0.1Hz). The
dispersion of piezoelectric constant is caused by the non-
180° domain wall motion (extrinsic piezoelectric effect)
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Fig.8 Apparent piezoelectric constant of PZN-PT
crystals as a function of frequency.

because the velocity of the ferroelastic domain wall
motion is restricted in the crystal. In the 110° domain
crystal, the dispersion of piezoelectric constant is also
observed but its degree is less than the 70° domain
crystal. This result also indicates that the domain
contribution to the apparent piezoelectric constants is
larger in the 70° domain crystal than in the 110°
domain crystal.

The apparent piezoelectric constants of the two
crystals asymptotically approach to certain values with
increasing frequency (Fig.8). The piezoelectric constant
at high frequencies can be regarded as an intrinsic
piezoelectric effect without the domain contribution.
However, it is important that the piezoelectric constants
at high frequencies are different in the two domain
structures. This means that the domain contribution still
exists in the piezoelectric constants at high frequencies
because the averaged crystallographic orientation is the
same in the two crystals. We have not understand the
origin of the non-180° domain contribution to the
piezoelectric constant at higher frequencies than the
observed relaxation, but it may be a vibration of domain
walls rather than the shift of domain wall which
contributes to the electric-field-strain at low frequencies.
The variation of the piezoelectric properties in the
crystal plates cut from the same wafer is a serious
problem for practical applications such as ultrasonic
transducers. In order to understand the domain
contribution in piezoelectric property, it seems to be
necessary to measure the piezoelectric dispersion in a
wide frequency region.

3.4.70° and 100° Domains and Their Contributions to
the Properties

All experimental results mentioned above indicated
that the contribution to the properties was larger in the
70° domains than in the 110° domains. The reason was
considered as follow.

Figure 9 shows the directions of spontaneous
polarization and the domain walls in 70° (010) type
domains and 110° (011) type domains. From -the
consistency of spontaneous strains in neighboring
domains, the following equation should be satisfied [10]:

'
(S, =S Jx,; =0 (1

where S, §’; are spontaneous strains in neighboring
domains, and x;, x; are coordinates on the domain wall
between two neighboring domains. In the 110° (010)
type domain, the directions of spontaneous polarization
in the neighboring domains (al and a2) are 3 and 2
(Fig.9(A)) and the equation of domain wall becomes y =
0 to satisfy the eq.(1). In the 70° (011) type domain, the
directions of spontaneous polarization in the neighboring
domains (bl and b2) are 1 and 3 (Fig.9(B)) and the
equation of domain wall becomes y = -z.

The electric field was applied along the [100]
direction in this study as shown in Fig.9. In the 110°
domains, the spontaneous polarization along the 2-
direction (a2 domain) has to switch to the 4’-direction
by the electric field. However, this switching does not
likely to occur because it requires the change in
direction of domain walls. After switching, the equation




of domain wall separating the neighboring domains with
the polarization direction of 3 and 4’ is y = -x, therefore,
the switching of spontaneous polarization from 2 to 4°
direction in the a2 domain requires the rotation of whole
domain walls. On the other hand, the spontaneous
polarization in the 70° domains easily change its
direction by the electric field (1 to 3 direction in bl
domain in Fig.9(B)) without the change of the equation
of domain wall. This mean the shift of domain walls
easily occurs in the 70° domains by the application of
electric field along [100]. We think this difference in the
110° and 70° domains give the differences in the
domain contribution to the properties observed for the
two domain structures.

Electric Field

(A) 110° (010) type domain

Electric Field<

(B) 70° (011) type domain
Fig.9 Directions of spontaneous polarization and
domain walls in (A) 110° domain and
(B)70° domain structures in rhombohedral
phase.

4. SUMMARY

PZN-PT crystal plates with uniform domain structures,
110° (010) type domains and 70° (001) type domains,
were cut from a [001] wafer, and electric and
piezoelectric properties were measured for the crystal
plates with the two domain structures. All experimental
results indicated that the domain contribution to the
properties was larger in 70° domains than in 110°
domains. The reason of this difference was considered
by the relation between the directions of spontaneous
polarization and domain walls in the two domain
structures.
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Effective Material Properties of Multi-domain Ferroelectric Crystals

v, *
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There are three distinct groups of crystalline materials: single domain single crystals, multi-domain single
crystals and ceramics. They form a three level hierarchical structure with the single domain single crystals as
the fundamental base. The properties of single domain single crystals are well defined and dictated by the
symmetry of the crystal. However, relationship between propertics of single domain single crystals and the
other two higher level groups is still not well established. A simple volume percentage weighting scheme plus
an orientational average is insufficient for complex systems. Moreover, the recently developed PZN-PT and
PMN-PT multi-domain single crystal systems have only limited number of domains in each sample, which do
not justify the use of statistical average. On the other hand, the well defined orientational relationship among
those limited number of domains in a multi-domain single crystal system makes it possible to directly calculate
the effective material properties. This paper presents a calculation scheme for the effective material properties
of a twined ferroelectric system. Numerical application was performed on a twin structure consisting two
domains of tetragonal BaTiOs crystal with their polarization vectors in [100] and [010] and a domain wall
orientated in [110].

1. INTRODUCTION
The macroscopic properties of a multi-domain
ferroelectric system are the collective contribution of many

are in <110> and <100>. Two perpendicular DW’s always
exist between any two given domain states, one is charged
and the other is neutral.

differently oriented domains. Generally speaking, the
macroscopic symmetry of a multi-domain system is
different from the microscopic symmetry of the crystal.
The symmetry operations here refer to the spatial
relationship among the building blocks, i.e., the domains,
rather than the atomic arrangements. The multi-domain
relaxor based ferroelectric single-crystals PZN-PT and
PMN-PT are practical examples of such systems.! In this
case, the crystal symmetry belongs to rhombohedral 3m
with dipoles formed in <111> of the cubic structure at the
ferroelectric phase transition. When it is poled along [001]
the effective symmetry of the multi-domain systems could
be tetragonal 4mm,” orthorhombic mm2, or monoclinic m3
It also deﬁpends on the relative volume ratio of the existing
domains.’

For simplicity, we calculate a single twinband structure
in which only two of the low temperature variants are
present. The symmetry of such a twin structure of two
domains with equal volume ratio is mm2.° We give here the
general procedure to calculate the effective physical
properties of such a twin structure. Such twin structures can
be produced when the poling direction is different from the
polarization directions, such as a rhombohedral 3m system
poled in [001] or a tetragonal 4mm system poled in [111].

Ina m3m — 3m ferroelectric phase transition, such
as in the PZN-PT and PMN-PT systems, the possible
directions for dipole formation are along the cube
diagonals, i.e., <111> in the cubic coordinate system. If the
poling field is applied in the [001] direction rather than in
one of the polar directions, four domain states remain
degenerate after poling with dipoles in each domain
forming a 55° angle with the poling field. Permissible
domain walls® (DW’s) among these four ferroelectric states

Fora m3m — 4mm ferroelectric phase transition,
e.g., BaTiO;, the possible spontaneous polarization
directions are {100], [010] and [001] (in the cubic
coordinate system). In domain-engineered BaTiO; single-
crystals, the poling field was applied in [111] rather than in
one of the polarization directions. Three domain states
remain degenerate after poling with the dipoles in each of
the unit cells also form 55° angle with the poling field.
Permissible DW’s among these three remaining
ferroelectric states are orientated in <110> family of
orientations as shown in Table 1.>¢ There are also two
permissible DWs for each pair of domains, one is a charged
wall and the other is neutral.

Table 1. Permissible domain walls in terms of lattice planes
in a ferroelectric resulting froma m 3m — 4mm phase
transition and poled in [111] direction.

Domains | P’ = Ps[100] P"=Ps[010]‘ PM=Ps[001]
P'=Ps[100] N/A (110) (101
(110) 101
P"=Ps[010] N/A. (011)
(017)

* on leave from the Department of Physics, Technical University of Liberec, Liberec, Czech Republic




II. EFFECTIVE MATERIAL PROPERTIES OF
TWINNED SINGLE CRYSTALS CONTAINING ONLY
TWO VARIANTS

Experimental observations found that many domain
engineered samples have only one type of twins, i.e., only
two of the possible ferroelectric variants exist3 The
effective symmetry of the twin is monoclinic m if the two
domain volume ratios are different and orthorhombic mm2
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Superscripts eff, (1) and (2) in the above equations describe
the physical properties of effective, domain 1 and domain

2, respectively. The matrix properties given inM and b
for domain 1 and domain 2 must be transformed to the
same cubic coordinate system before being put into the
formula.

As a demonstration case, we show in Table II the
calculated effective material properties of domain

if the volume ratios are the same. A common practice to
calculate the effective material properties of a multidomain
system is to use the volume ratio as the weighting factor.”
We found that such treatment leads to some inconsistencies
in boundary conditions.* A more direct calculation of using
appropriate boundary conditions showed that one can use
the following formula to calculate the effective material
properties,’

=1 are the volume ratios of the domains, matrices M and D are defined as
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engineered tetragonal BaTiO; single crystal and study the
property variation caused by the volume ratio change of the
two domains involved. First of all, the properties of both
domains were transformed to a unified coordinate system
(i.e., the cubic coordinates), then these transformed

properties were put into Egs. (2) and (3) to find the M
and b. Finally, the effective properties were calculated

using Eq. (1).




Table I1. Effective material constants of a twinned tetragonal BaTiO; crystal with a charged DW. (Units: S ., {102 m?N1,

d,.a [10"2CNY, Sij [€, D). Polarization vector of the two domains are P/ = P;[100 Jand P n = P;[010 ] and the

DW is in (110).
v 1.00 0.00 0.50 0.55 0.60 0.65 0.70
Elastic Properties
S 7.92 7.92 7.49 7.49 7.51 7.52 7.55
Si2 -1.28 -1.28 -1.71 -1.71 -1.69 -1.68 -1.65
Sia -3.80 -3.80 -3.47 -3.47 -3.48 -3.50 -3.52
S
Si6 3.83 -3.83 0.34 0.69 1.04 1.39
S2 7.92 7.92 7.49 7.49 7.51 7.52 7.55
S -3.80 -3.80 -3.47 -3.47 -3.48 -3.50 -3.52
S
525 eee aes
Sa6 3.83 -3.83 e 0.34 0.69 1.04 1.39
Saz 8.05 8.05 7.81 7.81 7.81 7.83 7.84
S
835 cen e o ves “ee R
Si6 -2.89 2.89 .o -0.26 -0.52 -0.78 -1.05
Sy 13.62 13.62 11.94 11.96 12.00 12.08 12.18
Sus 4.78 -4.78 0.42 0.84 1.27 1.71
Sss 13.62 13.62 11.94 11.96 12.00 12.08 12.18
Ses 34.23 34.23 30.63 30.66 30.76 30.92 31.16
Piezoelectric Properties
d;; -156.66 156.66 -16.14 -32.24 -48.30 -64.28
dj, 120.53 -120.53 11.58 23.19 34.85 46.59
diy 24.40 -24.40 2.79 5.57 8.30 10.98
dis
d|5 “es
dis -84.92 -84.92 -127.29 -126.92 -125.77 -123.85 -121.12
dy; 120.53 120.53 130.02 129.93 129.68 129.44 128.63
do, -156.66 -156.66 -147.17 -147.26 -147.51 -147.94 -148.55
da; 24.40 24.40 17.23 17.29 17.48 17.81 18.27
day
d25 vee cee
dag -84.92 84.92 -7.61 -15.26 -23.02 -30.92
da
dy
d_u e .o e
day -277.19 -277.19 -179.91 -180.76 -183.33 -187.67 -193.83
ds -277.19 277.19 -24.33 -48.85 -73.73 -99.17
d36 e
Dielectric Properties
€1 1530 1530 272 285 322 385 472
£ -1362 1362 -135 -270 -405 -541
£ 1530 1530 1506 1506 1507 1508 1509
€13 2891 2891 2254 2260 2277 2305 2345




The twin structure calculated in Table II consists of two
domains with polarization P' = P[100] and P" = P,[010]
and a DW oriented in (110). For equal volume ratio, the
macroscopic symmetry of the twin is orthorhombic mm?2,
otherwise, it is monoclinic m. The dots in Table II represent
that the corresponding components are zero. One must
remember that the effective properties in Table II were
given in the cubic coordinates. If a different coordinate
system is chosen, these properties must be rotated to the
new coordinate system in order to compare to experimental
results.

From Table II we can see that the diagonal terms of the
elastic compliance sy, Sy, and $33 are insensitive to the
volume ratio deviation while the shear components $¢, Sa6,
s3 and s45 are very sensitive to volume partition. The
changes of piezoelectric coefficient due to the deviation of
the volume ratio from 50% are more pronounced due to the
fact that much more number of nonzero components can
present for monoclinic symmetry than for orthorhombic
symmetry, including dy;, d2, dia, dy and dis. As for the
dielectric properties, major change caused by the volume
ratio deviation is in €;,, other components are not very
sensitive to small deviation. Since the deviation of the
volume ratio is often less than 5% for most of the twin
structures, this effect is often ignored if one only at the
diagonal terms. Experimentally, these slight deviations
have already been detected.

We again emphasize that the macroscopic and
microscopic symmetries are different in multidomain
systems. The former refers.to symmetry relations between
different components of macroscopic properties while the
latter refers to the crystal lattice structure. As analyzed
above, the effective symmetry of a twin becomes lower if
the domain volume ratio deviates from 50%. Although
statistically the volume ratio of the two domains in a given
twin structure should be equal, boundary conditions,
geometric shape and external influence often produce slight
deviation of the equal partition. Such deviation will lead to

further reduction of the macroscopic symmetry of the twin
structure.

11I. SUMMARY AND CONCLUSIONS

The effective symmetry and material properties have
been calculated theoretically for a twin crystal consists of
two types of domain states. A general procedure and a
formula are derived, which can be applied to domain
engineered PZN-PT, PMN-PT and BaTiOs single crystal
systems having only two variants.

In contrary to the conventional treatment of using
statistical arguments, we showed that the macroscopic
symmetry of a multi-domain system could be lower than
the microscopic symmetry, particularly when the volume
ratios of the two domains are different. The unequal
partition of domain volumes leads to a symmetry reduction
and is reflected in the macroscopic physical quantities that
can be measured experimentally. Numerical calculation on
BaTiO, showed that the changes of nonzero components of
the elastic, dielectric and piezoelectric quantities are not
significant if the deviation from equal partition is less than
5%. However, there are several more non-zero components
being created by the volume ratio deviation. The change is
particularly significant for piezoelectric properties.
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Fatigue Anisotropy in Pb(B1,B2)O, - PbTiO; Single Crystals
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Fatigue properties for rhombohedral Pb(Zn,;;Nb,;;)O; - PbTiO; single crystals have been studied. Fatigue
depends on crystal orientation, and rhombohedral pseudocubic <001>-oriented crystals do not fatigue up to
10° cycles, whereas <111>- and <110>-oriented crystals fatigue. The orientation dependence appears to result
from differences in the domain configuration and switching process. Epitaxially-grown rhombohedral <001>-
oriented Pb(Yb,,Nb,,)O, - PbTiO; films on SrRuO,/LaAlO, substrate with Pt top electrodes are also shown
not to fatigue up to 10" switching cycles. <111>-oriented films fatigue. Crystal anisotropy can be used to
suppress the fatigue phenomena in non-volatile ferroelectric memories.

1. INTRODUCTION

Fatigue is the gradual decrease of remanent
polarization with bipolar switching of a ferroelectric
material. The mechanism of fatigue is not fully
understood, but is generally regarded to be a systematic
freezing out of switchable polarization through domain
wall pinning with point defects and space charge.

Early studies of fatigue were mostly confined to
single crystals, and fatigue was observed to be a general
phenomenon in ferroelectrics [1,2]. More recent studies
have focussed on thin film ferroelectrics, owing to the
opportunity of memory devices. Non-volatile
ferroelectric memories (FeRAM) have advantages over
other memory schemes, such as Flash memories.
However, there are two major problems with the
FeRAM devices, namely fatigue and imprint. Imprint is
the systematic off-set in the hysteresis loop that is
developed by exposure to a unipolar field.

In the case of fatigue, there have been advances in
the problem, through innovative utilization of top and
bottom oxide electrodes, such as RuO, [3], SrRuO; [4],
and (La,Sr)Co0; [5]. These electrodes appear to limit
the reduction of ferroelectrics such as Pb(Zr,Ti)O, (PZT),
and thus limit the increase of oxygen vacancies, that aid
in’ the pinning of domain structures, and ultimately
fatigue. Alternative ferroelectrics have also been
explored such as SrBi,Ta,0, (SBT) and SrBi,Nb,0,
(SBN) [6]. These materials have polarization lying in the
a-b plane of the unit cell. In the SBT and SBN materials,
there are relatively few allowed directions for the
spontaneous polarization. Therefore, orientation has to
be carefully controlled. Although it can be co-processed
with Pt-electrodes, the high crystallization temperature

and Bi-Pt reactions of the film limit performance [7].

This study returns to the utilization of single crystals
to understand fatigue. However, unlike the earlier
studies, we have examined the effect of anisotropy and
domain engineering. The concept of domain engineering
in ferroelectrics has gained popularity during the last
few years in the periodic domain structures for second
harmonic generation, and in high piezoelectric activity
Pb(Zn,;Nb,;)0, - PbTiO; (PZN-PT) single crystals. The
PZN-PT crystals demonstrate very high d; coefficients
for the rhombohedral phase when poled in the
pseudocubic <001> direction. Coefficients as high as
2500 pC/N have been obtained [8].

This paper describes fatigue behavior in
rhombohedral PZN-PT single crystals and rhombohedral
Pb(Yb,,Nb,,)O; - PbTiO; (PYbN-PT) thin films. In
both cases, it was observed that the pseudocubic <001>-
oriented materials are fatigue-free.

2. EXPERIMENTAL PROCEDURE

PZN-PT crystals were grown by a high temperature
flux technique [8]. The crystals were oriented along the
pseudocubic <001>, <111>, or <110> axis by the back-
reflection Laue method. Plate-shaped measurement
samples were obtained by cutting off the oriented
crystals, which were then polished with 3 pm alumina
powder to obtain flat and parallel surfaces. 100-nm-thick
Pt was sputtered as an electrode. The thickness of the
samples ranged from 200 pm to 600 pm, and the
electrode area ranged from 0.7 mm? to 7 mm?.

Polarization and strain hysteresis loops were
measured at room temperature using a modified Sawyer-
Tower circuit and linear variable differential transducer.
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Electrical fields with a triangle bipolar waveform were
applied using a high voltage dc amplifier (Trek Model
609C-6 or Kepco Model BOM 1000M). The frequency
of the alternating field was 10 Hz for polarization
measurement and switching in fatigue measurements,
and 0.1 Hz for strain measurement. During measurement,
the samples were immersed in Fluorinert to prevent
arcing. The remanent polarization (P,) and the coercive
fields (E) were computed from the hysteresis loops
obtained.

60 % PYbN - 40 % PT/SRO heterostructures were
sequentially deposited by the pulsed laser deposition
process onto pseudocubic <001>-oriented LaAlO; and
<111>-oriented SrTiO, substrates. According to the
substrate orientation, perovskite PYbN-PT films exhibit
a strong <001>- or <111>-texture [9].

3. RESULTS AND DISCUSSION
3.1 PZN-PT Single Crystals

Figures 1 - 3 show P, E_ and hysteresis loops for
pseudocubic <111>-, <110>- and <001>-oriented 95.5 %
PZN - 4.5 % PT (PZN - 4.5 PT) crystals depending on
the number of switching cycles. The amplitude of the

alternating triangular electric field (E,,,) is 10 kV/cm.
Because <111> is the polar direction for rhombohedral
ferroelectric crystals, the initial P, value (P,<;,>) is the
highest of the three. The initial P, values for <110>- and
<001>-oriented crystals are consistent with 2743
and 1/4/3 of P, <11 TESpectively.

As shown in Figs. 1 and 2, the P, values for the
<111>- and <110>-oriented crystals are almost constant
up to 10 cycles and then decrease with switching cycles.
The <110>- and <ll11>-oriented crystals obviously
fatigue. The E, values for these crystals are almost
independent of the switching cycles.

In contrast, the P, and E_ value for the <001>-
oriented crystal are almost constant up to 10° switching
cycles as shown in Fig. 3(a). The shape of the hysteresis
loop does not change even after 10° cycles as shown in
Fig. 3(b). The E, value decreases slightly after 10
switching cycles. The same results for E, are also
observed in Fig. 5 for a switching study with a wide
variation in field amplitude. It seems that some domain
walls are weakly pinned in the initial state, causing some
resistance to domain wall motion, but after a few cycles
these domain walls are detached from the original defect
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pinning sites. Possible origins for the pinning include
such as impurities, oxygen or lead vacancies, or damage
produced during crystal growth, polishing, or
electroding. .

In ferroelectric thin films, E_,, often influences
fatigue lifetime [10,11]. Figure 4 shows that the <111>-
oriented crystals fatigue regardless of the E_, values. In
contrast, the <001>-oriented crystals do not fatigue
under various E_,, as shown in Fig. 5. We therefore can
conclude that the crystal orientation rather than E
governs the fatigue behavior for these crystals. The E_,,
dependence of the fatigue lifetime for the <111>-
oriented crystals is not clear. Increasing E_ . often
accelerates fatigue, as observed in thin film studies
[10,11]. It is generally believed that carrier injection
creates oxygen vacancies and then leads to the pinning
of domain walls. In the present study, the applied field
strength is one order smaller than that for thin films and
the fatigue lifetime does not depend on E_,; therefore
intrinsic defects rather than the oxygen vacancies
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Fig. 8 Switching cycle dependence of P, (solid symbols) and E
(open symbols) for <001>-oriented PZN - 4.5 PT single
crystals under various switching field strengths (M,; 5
kV/cm, @,0; 10kV/cm, A,A;20kV/em).

created by carrier injection play an important role in the
domain wall pinning. After the onset of fatigue, the E,
values for the <ll11>-oriented crystals increase. The
magnitude of E_ increases with E,_,.

<l111>-oriented PZN - 4.5 PT single crystals exhibit
a strain change of 0.2 % in a switching cycle. Large
strains sometimes result in microcracking, and
microcracks have often been observed in fatigued bulk
ceramics [12]. To check whether microcracking
influenced the current results, fatigued samples were
annealed at 250 °C and 450 °C, for 16 hr in air. Figure 6
shows that annealing improves the P, value of the
fatigued <111>-oriented PZN - 4.5 PT crystal. This
crystal was fatigued by applying 30 kV/cm triangular
switching fields prior to annealing. After 10° switching
cycles, the fatigue P, value had reduced to
approximately 16 % of the initial value. P, increases to
more than 80 % of the initial P, value after annealing.
This result suggests that the fatigue observed in the
present study on PZN-PT single crystals is recoverable,
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Fig. 6 Recovery of P, for <111>-oriented PZN - 4.5 PT single
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and rules out fatigue by microcracking.

The same orientation dependence of fatigue is also
observed in pure PZN single crystals. Therefore, fatigue
in rhombohedral PZN-PT single crystals is surely
dominated by the orientation of the crystals and not by
the nature of the ferroelectricity, that is to say relaxor or
normal [13,14].

3.2 PYbN-PT Epitaxial Films

Based on the single crystal observations, we
expanded our investigation to epitaxial thin films with
PYbN-PT. In good agreement with the single crystals, a
significant orientation effect can be observed in the
fatigue behavior of capacitors consisting of PYbN-PT
heteroepitaxial thin films with conducting oxide STRuO;
bottom electrodes and Pt top electrodes.

The changes of net switching charge as a function of
switching cycles for the two types of capacitors are
compared in Fig. 7. Whereas the capacitor with the
<001>-orientation does not fail up to nearly 10" cycles,
the <l111>-oriented PYbN-PT/SRO layered structure
presents a marked degradation after 10° cycles and
shows more than 40 % decay after 10" cycles. These
results suggest that a significant impact on fatigue
characteristics can be expected from the proper control
of orientation in ferroelectric epitaxial thin films.

4. CONCLUSION

Fatigue properties for rhombohedral PZN-PT single
crystals have been studied. Fatigue depends on the
crystal orientation; pseudocubic <001>-oriented crystals
do not fatigue up to 10° cycles, whereas <111>- and
<110>-oriented crystals fatigue.

Epitaxially-grown <001>-oriented PYbN-PT films
do not fatigue up to 10" switching cycles even when Pt
is used as the top electrode. The orientation dependence
of fatigue is also observed in ferroelectric thin films.
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Fig. 7 Normalized switching charge of PYbN-PT thin films as
a function of switching cycles. @ ; <001>-oriented
heterostructure, 2\; <111>-oriented heterostructure.
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Relaxor-Based Single Crystals by Seeded Polycrystal Conversion
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Single crystals of relaxor-based ferroelectrics were grown using Seeded Polycrystal Conversion of
polycrystalline precursors. This work reports the effect of controlled PbO additions on the growth
kinetics of PMN-35PT single crystals. The hetero-epitaxial growth of PMN-PT single crystals from

StTiO; seeds is also described.

1. INTRODUCTION

Recent advances in the industry have demonstrated
that single crystal ferroelectrics exhibit dramatic
improvements in the electromechanical properties
compared to their conventional polycrystalline ceramic
counterparts.  For example, single crystals of the
relaxors Pb(Mg;3Nby3)03 (PMN) or Pb(Zn;;Nby;)04
(PZN) with PbTiO; (PT) near the morphotropic phase
boundary possess electric-field induced strains > 0.7%,!
longitudinal coupling coefficients ki3 > 90%,2
piezoelectric coefficients di; > 1200 pC/N,2 and
dielectric constants from 1000 to 5000 with low
dielectric loss.? Consequently, there exists great
potential for these single crystal materials to be
incorporated into existing devices such as ultrasonic
transducers and actuators.

Conventional techniques for forming ferroelectric
single crystals are based on high temperature solution
growth from fluxes. Though suitable for growing bulk
single crystals, these methods have relatively slow
growth rates and are not readily transferable to large-
scale manufacturing, especially for the fabrication of
complex shapes. Furthermore, these methods often have
difficulty in achieving chemically homogeneous
crystals. Recently, the group at Lehigh University has
pioneered the successful application of seeded
polycrystal conversion (SPC) to ferroelectric materials.
In the SPC technique, a seed crystal is brought into
intimate contact with a polycrystalline ceramic matrix,
and single crystal conversion takes place by coercing the
crystal boundary to migrate at the expense of the smaller
matrix grains. The driving forces for the single crystal
boundary migration are differences in local boundary
curvature, and minimization of overall boundary energy.
This technique is directly compatible with current
manufacturing of polycrystalline components, and as a

Polycrystal Precursor

Seed
Crystal

result is potentially more cost-effective.

Initial work at Lehigh established the feasibility of
using the SPC process to grow single crystals of the
relaxor-based ferroelectric Pb(Mg;5Nb,3)0-
35mol%PbTiO; (PMN-35PT) from seed crystals of the
same composition.> A subsequent study showed that the
<111> direction was a fast growth direction.® Further,
this study demonstrated that a PbO-based liquid second
phase at the single-crystal/polycrystal interface was a
critical requirement for PMN-35PT single crystal
growth. Although the grown single crystals contained
trapped PbO-based inclusions, they nonetheless
exhibited impressive strain vs. electric field properties,
e.g., strain values up to 0.68% under an electric field of
30 kV/em.>#

2. EFFECT OF EXCESS PbO ON GROWTH
Recognizing the beneficial influence of excess PbO,
the effect of controlled additions of PbO was
investigated in a systematic study. Specifically, growth
from a (111) PMN-35PT seed plate into a fully dense
polycrystalline matrix of (A) PMN-35PT + 0 vol.%
PbO, (B) PMN-35PT + 1 vol.% PbO, and (C) PMN-

- 35PT + 5 vol.% PbO, was studied. Center-seeded

specimens with similar matrix grain sizes, were formed
by hot-pressing and then annealed at 1150°C for 10 h
under conditions that ensured a constant PbO content in
the specimen during the anneal, ie., embedded in
powder of the same composition in a double crucible
arrangement.  The annealing temperature was greater
than the melting point of PbO, 886°C. No single crystal
growth was observed in the PMN-35PT + 0 vol.% PbO
matrix. In contrast, modest (~ 50 pm) and significant (~
0.8 mm) single crystal growth occurred in the PMN-
35PT + 1 vol.% PbO and PMN-35PT + 5 vol.% PbO
matrix, respectively. These results, shown in Figure 2,

N
\ Fig. 1: Schematic diagram describing the Seeded Polycrystal
l Conversion process of growing single crystals.
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Fig. 2: Growth from (111) PMN-35PT seed
plate into polycrystalline (A) PMN-35PT + 0
vol.% PbO, (B) PMN-35PT + 1 vol.% PbO,
and (C) PMN-35PT + 5 vol.% PbO, after
1150°C/10h anneal.

clearly show that the single crystal boundary velocity is
greatly enhanced by the presence of PbO liquid.
Further, it demonstrates that boundary velocity depends
on PbO vol.%, suggesting that an optimum volume
content exists.

The effect of excess PbO content on the
polycrystalline matrix growth kinetics was evaluated.
Specifically, compositions containing 0, 1, 1.5, 3 and 5
vol.% excess PbO were hot-pressed to full density, and
to the same grain size. These specimens were then
annealed at 1150°C for 10 h, packed in powders of like
composition to maintain constant PbO contents during
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Fig. 3: PMN-35PT matrix grain size vs. PbO
content data reveals a peak in growth kinetics at
an intermediate PbO content (peak is at 3vol.%
for the PbO content step size studied).

the anneals. Final grain size was shown to exhibit a
peak at 3 vol.% PbO, as indicated in Figures 3 and 4.
This result implies that grain boundary mobility may
have a maximum at an intermediate PbO content of ~3
vol.%. Further, it suggests that PbO contents
significantly less than 5 vol.% should be effective in
promoting single crystal growth, thus showing promise
for grown crystals with minimum trapped PbO
inclusions.

3. HETERO-EPITAXIAL GROWTH OF PMN-PT
SINGLE CRYSTAL FROM SrTiO3; SEED

Given the scarcity of high quality PMN-PT single
crystals, it would be advantageous to explore the
feasibility of alternative seed materials. Strontium
titanate (SrTiO;) was selected as a suitable candidate.
Both StTiO; (ST) and PMN-PT share the same crystal
structure (i.e., perovskite), and their unit cell dimensions
match closely (i.e., a=3.905 A for ST® and 2=4.0165 A
for PMN-35PT"). In addition, large ST crystals are
widely available at relatively low cost.

In a recent study®, fully dense PMN-32PT
polycrystalline samples were seeded by bonding a
polished (111) ST substrate onto the top surface using a
PbO-based interlayer. After annealing at 1150°C for 10
hours, growth from the ST plate occurred, resulting in a
pyramidal shaped single crystal of PMN-32PT (see
Figure 5). The viability of other alternative seed
materials is currently being examined.




Fig. 4: Microstructure of polycrystalline PMN-35PT with (A) 3 vol.% PbO and (B) 5 vol.% PbO
additions. ‘Note the larger average grain size in 3 vol% PbO composition.

—

{TiO; Seed -

Fig. 5: Growth of a PMN-32PT single crystal
from a (111) SrTiO; substrate after annealing at
1150°C for 10 hours.
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by the Solid State Method
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Abstract

65PMN-35PT single crystals were grown by the solid state method at temperatures close to
their critical temperature (T.) for the onset of discontinuous grain growth. Only a very thin layer (~25
um) of single crystal was grown at a temperature slightly less than T in high PbO activity. The
boundary between the as-grown single crystal layer and ceramic preform was curved and conformed
to the grain shapes of the ceramic preform. On the other hand, an approximately 200 um thick single
crystal layer was grown at a temperature slightly higher than T, in high PbO activity. The boundaries
between the as-grown single crystal layer and ceramic preform were much straighter than those found
in the single crystals grown below T,. Furthermore, the growth fronts along depth and lateral directions
intersected with an angle very close to 90°. The as-grown single crystal layer contained voids and
PMN-PT grains. A careful examination indicated that both number density and size of the voids
increased with increasing thickness of the as-grown single crystal layer.

Experimental results obtained to date seem to suggest that dissolved nitrogen gas is playing a
key role in single crystal growth. Its potential role on single crystal growth will be discussed along with
the effects of impurities.

1. Introduction with high-density zirconia grinding media. After
milling, the acetone was removed by ambient

Cerone, Inc. has been engaged in evaporation. The dried cake was ground gently by
research and development to grow relaxor single an agate mortar and pestle prior to uniaxial pressing
crystals, especially PMN-PT single crystals, by the of discs (2.54 cm in diameter and 0.35 cm in
solid state method. By this method, PMN-PT thickness) at 86 MPa (12.5 ksi) using a stainless
ceramic preforms with a near theoretical density and steel die. The green ceramic discs were
uniform distribution of fine grains are mated with subsequently bisqued in air. After bisquing, the
PMN-PT single crystal seeds. The preforms are discs were completely covered with high-purity PMN
then heat-treated at temperatures slightly less than powder and then pressureless-sintered in air. Finally
the critical temperature for the onset of the pressureless sintered ceramic discs with closed
discontinuous grain growth. porosity were hipped (hot isostatically pressed).

The growth of PMN and PMN-PT single The synthesized powders were examined
crystals by the solid state method has been by SEM and XRD prior to any further processing.
demonstrated in DARPA SBIR and ONR contracts” The density of the sintered discs with closed
8, In this paper we will discuss our research and porosity was determined by the liquid immersion
development results to date. method. For sintered discs with open porosity, the

density was determined from their weights and
2. Experimental dimensions. Uncertainties in density are estimated
to be +/-0.005 g/cc for samples with closed porosity

PMN-PT powder was synthesized by the and +/-0.03 g/cc for samples with open porosity.
columbite precursor method®. Columbite(MgNb2Os) Discontinuous grain growth in 65PMN-
was first synthesized from MgO and Nb,Os powders 35PT ceramics was investigated at high and low
by the mixed oxide method. Then, 65PMN-35PT PbO activity environments. The ceramics were heat-
powder was synthesized by thoroughly mixing treated in a high PbO activity environment by
columbite, PbO and TiO; powders and then firing equilibrating a PMN-PT ceramic sample with a 1:1
the mixture at 700° C. A small amount of epoxy weight ratio mixture of PMN and PbO in a sealed Pt
resin dissolved in acetone along with a few drops of capsule. In order to avoid a direct contact between
a dispersant, Darvan-C (which was obtained from R. the PMN-PT ceramic sample and PMN/PbO
T. Vanderbilt Company), was added to the PMN-PT mixture, the PMN/PbO mixture was packed in a
powder. The resultant slurries were milled overnight smaller Pt capsule and placed in a larger Pt capsule
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along with a PMN-PT ceramic sample. Then the
capsule was spot welded to obtain a gas-tight seal.
On the other hand, the ceramics were heat-treated
in a low PbO activity environment by self-
equilibrating a PMN-PT ceramic sample in a sealed
Pt capsule. Then the encapsulated PMN-PT
ceramic samples were heat-treated at temperatures
between 800° C and 1,250° C for up to 200 hours.
After heat treatment, the ceramic samples were
grounded, polished and thermally etched prior to
SEM examination.

The PMN-PT preforms were seeded, via
PMN-PT single crystal grown by the flux method, as
follows. First, surfaces of the preforms and single
crystal seeds were ground and polished to a 1/4 pm
diamond finish. After polishing, they were
degreased in acetone, washed with soapy water,
and rinsed thoroughly with DI water in an ultrasonic
bath. Then the polished surfaces of the preforms
and single crystal seeds were mated and placed
with a small load. Subsequently, the seeded pairs
were heat-treated at 800° C for 20 hours.

Three sets of single crystal growth runs
were carried out to date. They are the following:

1) two runs heat-treated in a sealed Pt capsule with
a 1:1 mixture of PMN and PbO (high PbO
activity),

2) one run heat-treated in a MgO crucible packed
with a large amount of PMN powder
(intermediate PbO activity), and

3) three runs heat-treated without a controlled PbO
environment (low PbO activity).

After the heat treatments, the pairs were ground and
polished through the seed, the as-grown single
crystal layer, and the unconverted ceramic preform
and then examined by SEM.

3. Results and Discussion

The as-synthesized PMN-PT powder
exhibited tetragonal perovskite symmetry.
Furthermore, the powder had an average grain size
of approximately 300 nm and were heavily
agglomerated. After sintering the PMN-PT ceramics
exhibited pseudocubic provskite symmetry and had
a relative density higher than 96%. However, further
densification was not possible because of
_ discontinuous grain growth (Fig. 1).

In order to ascertain the causes of
discontinuous grain growth, we have been
conducting TEM examination of sintered PMN-PT
ceramics. Preliminary results indicate the presence
of submicron-sized MgO particles at some triple
points. However, we have not been able to
conclusively identify the presence of liquid phases
along grain boundaries. We will report our TEM
results in detail in the near future.
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Fig. 1 SEM micrograph of the 65PMN-35PT
ceramic preform sintered at 950° C for 10 hours
showing discontinuously grown grains

Compared to sintering results published in
the literature, our PMN-PT powders appear to be
more sinterable. Our sintering temperature of 950°
C is considerably lower than temperatures reported
in the literature for powders synthesized by the
columbite method and is comparable to those
reported in the sintering of PMN powders
synthesized by the alkoxide®, sol-gel®”, and oxalate
methods®. The high sinterability of our PMN-PT
powder may be attributed to its weakly
agglomerated particles with an average particle of
300 nm.

Although extra care was taken during the
synthesis of columbite to make it as stoichiometric
as possible, a small amount of unreacted MgO may
be present in our columbite. This may explain the
presence of submicron-sized particles of MgO in our
ceramics compared to micron-sized particles in the
PMN ceramics with excess MgO. However, it is not
certain whether excess MgO has caused
discontinuous grain growth or not. It is necessary to
perform additional experiments to ascertain the
causes of discontinuous grain growth.

Fig. 2 shows grain growth characteristics of
the 65PMN-35PT ceramics heat-treated at the high
PbO activity. The figure indicates that the PMN-PT
ceramics exhibited normal grain growth at
temperatures less than 825° C for up to 100 hours
and discontinuous grain growth at temperatures
higher than 875° C. At 850° C the ceramics did not
exhibit discontinuous grain growth for up to 20
hours, but did exhibit discontinuous grain growth
when soaked for more than 60 hours. Thus the
results indicate that the PMN-PT ceramics heat-
treated in the high PbO activity undergo a normal to
discontinuous grain growth transition at a
temperature between 825° C and 850° C. It is highly
encouraging to observe a critical temperature lower
than 900° C where the loss of PbO due to
evaporation is minimal.
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Fig.2 Temperature-time-transition curve of the

65PMN-35PT ceramics

Because of extensive void formation when
the hipped PMN-PT preforms were heat-treated at
temperatures higher than 1,000° C, we did not
extensively investigate discontinuous grain growth
characteristics in the low PbO activity. However,
preliminary results indicate that the critical
temperature for the onset of discontinuous grain
growth in the low PbO activity may be significantly
higher than that found in the high PbO activity.

The PMN-PT ceramic preforms mated with
a PMN-PT single crystal seed were heat-treated in
the high PbO activity at 800° C and 900° C. Figs. 3
and 4 show cross-sectional SEM micrographs of the
mated pairs heat-treated at 800° C and 900° C,
respectively. An approximately 25 um thick single
crystal layer was grown when the mated pair was
heat-treated at 800° C. The boundaries between the
as-grown single crystal and ceramic preform were
not straight and conformed to the shapes of grains
in the ceramic preform. Furthermore, the as-grown
single crystal layer contained secondary PMN-PT
grains, as well as large (1 to 2 um in diameter) and
small (< .2 um in diameter) voids.

An approximately 200 pm thick single
crystal layer was grown when heat-treated at 900°
C. The boundaries between the as-grown single
crystal and ceramic preform were much straighter
than those found in the mated pair heat-treated at
800° C. Furthermore, the growth fronts along the
depth and lateral directions intersected with an
angle very close to 90°, suggesting that the as-
grown single crystal may have been grown along
the [001] direction of a cubic crystal. The as-grown
single crystal layer also contained voids and a few
PMN-PT grains. A careful examination indicated
that the density of the number of voids increased

with increasing thickness of the as-grown single
crystal indicating that voids in the ceramic preform
may be dragged along the direction of single crystal
growth before they were isolated and left in the
single crystal layer. Because 900° C > Tg, the
unconverted ceramic preform contained many
discontinuously grown grains along with numerous
large voids. Some discontinuously grown grains
exhibited a well-defined cubic symmetry.

7

Fig. 3  Cross-sectional SEM micrograph of the

seeded ceramic preform heat-treated at 800° C in
the high PbO activity environment showing the
growth of an approximately 25 um thick single
crystal layer
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Fig. 4  Cross-sectional SEM micrograph of the
seeded ceramic preform heat-treated at 900° C in
the high PbO activity environment showing the
growth of an approximately 200 um thick single
crystal layer

The seeded PMN-PT ceramic preforms
were heat-treated in the low PbO activity
environment at temperatures between 900° C and
1,200° C. Even after 100 hours at 900° C, the PMN-




PT ceramic preform did not undergo any single
crystal growth and exhibited normal grain growth.
However, when heat-treated at 1,100° C, the
ceramic preform exhibited a small amount of single
crystal growth, which can be identified by the
presence of etch pits along the boundary between
the single crystal seed and ceramic preform. When
heated at 1,200° C, a thin outer layer of the ceramic
preform decomposed into large discontinuously
grown grains, which are most likely to be a
pyrochlore phase, and MgO-rich porous grain
boundary phase. The central portion of the ceramic
preform maintained the original grain morphology
without any hints of discontinuous grain growth.

The results discussed above indicate that
PbO activity plays a key role in determining the
critical temperature for the onset of discontinuous
grain growth in PMN-PT ceramics. In order to
ascertain this important effect, we conducted a
series of additional single crystal growth runs in the
intermediate PbO activity. In these runs, the PbO
activities have been controlled by compacting the
mated pairs with a large amount of stoichiometric
PMN powder. When heat-treated at 1,000° C, an
approximately 200 pm thick single crystal layer was
grown along its thickness and along lateral
directions of the ceramic preform. The as-grown
single crystal layer contained a distribution of small
voids near the original boundary between the single
crystal seed and the ceramic preform. With
increasing single crystal layer thickness, voids
became larger and their number density decreased,
which is similar to the mated pair heat-treated in the
high PbO activity at 900° C. The unconverted
portion of the ceramic preform exhibited extensive
discontinuous grain growth. Furthermore, the
presence of PbO-rich phase was observed along
the boundaries between the as-grown single crystal
layer and discontinuously grown grains.

4, Conclusions

We have demonstrated that it is possible to
grow PMN-PT single crystals by the solid state
method. However, our ceramic preforms have two
major deficiencies. First, the ceramic preforms have
been contaminated with Zr, which is most likely to
have been introduced by milling with YSZ grinding
media during powder synthesis. The Zr
contamination has significantly lowered the critical
temperature for the onset of discontinuous grain
growth. This lowering of the critical temperature has
prevented the growth of large single crystals without
causing spontaneous discontinuous grain growth in
the ceramic preforms during the single crystal
growth runs. Second, pressureless sintering in air
and subsequent hot isostatic pressing used to
obtain fully dense ceramic preforms, have
introduced a significant amount of nitrogen gas in
the lattice matrix of the ceramic preforms. The
dissolved nitrogen gas molecules coalesced and
formed voids during the single crystal growth runs.
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In our judgement, the formation of the voids has
been most detrimental for single crystal growth. Our
observations to date indicate that the process
proceeded as follows. Initially the small voids were
dragged along single crystal growth fronts.
However, as they grew bigger, they were left as
isolated voids in the as-grown single crystal layer.
Eventually, the voids grew too big to completely
suppress the single crystal growth.
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New material research for La,Ga,SiO,,-type crystals has been carried out by means of the

solid state reaction and the micro pulling-down technique. Based on these results, we have

successfully grown new piezoelectric

single crystals,

La,,Sr,Ta,5,x,Gas 54,014  and

Sr,TaGa,Si,0,,, by the Czochralski technique. These two kinds of crystals showed large

electro-mechanical coupling factors comparable to those of La,Ga,Si0,, and La;Ta,;Ga, ;0.

1. INTRODUCTION

Recent progress in electronic technology requires
new piezoelectric crystals with high thermal
stability of frequency and large electromechanical
coupling factors. La;Ga;Si0,, (langasite, LGS) has
been reported as a leading candidate to satisfy those
requirements [1]. We have developed and succeeded
to grow 2 and 3 inch LasNb,;Gas 0,4 (LNG) and
La;Ta,Gass0,, (LTG) single crystals, which
showed superior piezoelectric properties to those of
LGS [2-5]. However, these LGS-type single
crystals have the potential to show much better
piezoelectric properties by the substition of
constituent cations, as the LSG-type structure has 4
kinds of cation sites. Based on this concept, we
have also been dealing with the development of new
LGS-type single crystals‘. Recently, we have found
that the electro-mechanical coupling factor, k, of
LGS-type crystals increases almost in proportion to
the lattice constant, a [6-8].

In this paper, we report research on new materials
with LGS-type structure based on the almost linear
relation between k and a. Bulk crystal growth and
preliminary investigation of the piezoelectric
properties have both been done.

New materials with better piezoelectric properties
have been designed in the following two ways, with
the aim of increasing the lattice constant, a. One is

A-site substitution. LGS-type- crystals can be
expressed via the chemical formula, A,BC,D,0,,,
where A, B, C and D represent each cation site.
Since we have found that A-site substituion was
most effective to increase lattice constant, this
substition was examined using Sr** and Ba**. These
two cations have larger ionic radii (Sr*:1.26 A,
Ba™:1.38 A) than that of La™ (1.16 A) [9]. Second
way is all-site substition. Since substition of B-,
C-, or D-sites alone is not effective [10],
substitution of all sites at the same time was
investigated. For this purpose, cations such as Ga™,
Nb™ and Ta* for B-site, and Ga*, Ge** and Si** for
C-, and D-site have been examined.

2. EXPERIMENTAL

The langasite phase formation was studied in
various mixtures by the solid state reaction
technique. Single phase polycrystals were used as
starting materials for the growth of fiber-form
micro crystals by the micro pulling-down (u-PD)
method [11], which is convenient for determining
whether single crystals of the material can be grown
by the Czochralski (CZ) technique or not. Growth
of micro crystals was performed at a pulling down
rate of 1.2-6 mm/h in air, with use of Pt or Pt/Rh
crucibles having a nozzle 0.8-1.0 mm in diameter.

Single crystals were then grown by a
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conventional RF-heating CZ technique with a Pt
crucible (50mm in diameter and height) under air
atmosphere. Starting ‘materials were prepared by
mixing 99.99% purity oxide powders. Crystal
pulling and rotation speeds were 0.4-1.5 mm/h and
10 rpm, respectively.

The phase identification, measurement of lattice
constant, and the structure analysis of grown
crystals was performed by the X-ray powder
diffraction method. Chemical composition of the
grown crystals was measured by quantitative X-ray
fluorescence analysis.

3. RESULTS ANDDISCUSSION

3.1 A-site substitution

In order to enlarge the lattice constant of LGS
the chemical formula La,,AE,Gas,Si;,On was
employed. For LNG and LTG, the chemical
formulae Lag xAENbg 512085 552014 and
La, ,AE, T2 5,,,Gas 5.0y Were examined. Solid
state reaction was carried out for St* as AE at
x=0.25, 0.5, 0.75 and 1.0, and for Ba” as AE at
0.25, 0.5 and 1.0. Among these combinations,

La, Sr,Ga,Si;,0 (x=0.25, 0.5 and 0.75),
La, ,Ba,Ga;.,81,:014 (x=0.25),
La, ,St,Nb; 5,x2G25 552014 (x=0.25),

La, 81, Ta0,5,02025 52014 (x=0.25, 0.5 and 0.75),
and La, BaTas,:C8s5x201 (x=0.25), showed
LGS-type single phase.

Growth of micro crystals was performed using
the compositions exhibiting a single phase
mentioned above. Among them, a transparent micro
crystal without cracks was obtained from the
composition  Lay,S1, T2 5,085 50001 LSTG,
x=0.25). Micro crystals with other compositions
were opaque and/or had cracks. Fig.1 shows LSTG
micro crystals with x=0.25 and 0.5. Although
LSTG (x=0.5) had several cracks, LSTG (x=0.25)
did not. The lattice constants a and ¢ of LSTG
(x=0.25) were 8.255 A and 5.122 A, respectively.
Compared with LTG (¢=8.235 A), LSTG (x=0.25)
had a larger lattice constant, as expected.

Sihgle crystals of LSTG (x=0.25) were grown by
the CZ technique. At a pulling speed of 1.5 mm/h,

Fig.l La, ,S1, T2 5,x2Gas 5.020;4 micro crystals,
x=0.5 (a) and 0.25 (b).

the grown crystals had many cracks and inclusions.
Inclusions were determined to be composed of
LaTa0,. LaTa0, is a material which has the highest
melting temperature in the La-Sr-Ta-Ga system.
This formation was also accelerated by the
evaporation of gallium sub-oxide and the small
distribution coefficient of Sr**. In order to grow
LSTG single crystals with better quality, decrease
of the pulling speed and the concentration of Sr*
was examined. At the same pulling speed, decrease
of S* concentration was not effective. Grown
LSTG (x=0.1554) had cracks and LaTaO, as
inclusions.

Fig.2 shows an as-grown LSTG (O 1554) single
crystal pulled at a speed of 0.4 mm/h. Although
crystals pulled at 0.75 mm/h contained cracks at the
shoulder part and no inclusions, the crystal shown
in Fig.2 was transparent without cracks. This
crystal was 18 mm in diameter, and was large
enough for the preliminary examination of
piezoelectric properties.

L ) e 100w
Flg 2 AS -grown Las (St Ty, 5+x/2Ga5 5- x/2014
single crystal (x=0.1554).
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3.2 All-site substitution

Sr;NbGa,Si,0,,  (SNGS), Sr;TaGa,S1,0,,
(STGS) and Sr;TaGa,Ge,0,, (STGG) have shown
single phase among possible combinations using
S*, Ga*, Nb*, Ta™, Ge", Si* based on the
LGS-type structure. -

Growth of SNGS, STGS and STGG micro
crystals was done. Although SNGS and STGS
showed better quality and a smaller number of
cracks, STGG micro crystals were completely
opaque with numerous cracks. Fig.3 shows
as-grown STGS and STGG micro crystals. Lattice
constants g and ¢ of STGS were 8.266 A and 5.081
A, and those of SNGS were 8.257 A and 5.088 A,
respectively. Both STGS and SNGS showed a
lattice constant a larger than LTG, as expected.

(a)

Fig.3 Sr,TaGa,S1,0y, (a) and
Sr;TaGa;Ge,0,, (b) micro crystals.

Single crystals of STGS and SNGS have been
~grown by the CZ technique. Growth of STGS
single crystal was examined at a pulling speed of
1.0 mm/h, using LTG single crystal as seed. This
crystal contained many cracks. For further
experiments, STGS seed crystals were prepared
using this crystal. Fig.4 shows an as-grown STGS
- single crystal pulled at a speed of 0.8 mm/h using
an STGS seed crystal. This crystal was 18 mm in
diameter and large enough for the preliminary
examination of piezoelectric properties, although it

contained a small number of cracks. Growth of

" SNGS single crystals by the CZ technique was

started using an STGS single crystal seed. At a

Fig4 As;grown Sr,TaGa,S1,0,, single crystal.

pulling speed of 1 mm/h, grown SNGS single
crystals were full of cracks. For further growth
experiments with SNGS single crystals, the seed
crystals were prepared from this totally cracked
crystal. Although transparent SNGS single crystals
with small quantity of cracks could be obtained in
this way, further improvement of growth conditions
is required for growth of crystals with better quality.

3.3 Characterization of grown crystals

Structure analysis was done for the grown LSTG
and STGS single crystals in order to understand the
site occupation of each cation, Table 1 shows the
result of structure analysis compared with LGS and
LTG. In the case of LSTG, the A-site is partially
accupied by Sr** as expected. In the case of STGS,
the site occupation of each site is different from that
of LGS and LTG. This also shows that each site
was occupied by different cations, as expected.
These results agree well with the increased lattice
constants of LSTG and STGS...

Fig.5 shows the electro-mechanical coupling
factor, k;,, of each crystal, along with the lattice
constant, . LSTG and STGS showed large k,,
value comparable to LGS, LNG and LTG.
Although k;, of LSTG and STGS was relatively
smaller than the extrapolated value from the linear
dependence between k,, and a4, much larger k,, can
be expected by improvement of crystal quality.
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Table 1 Cation distribution in each site of A,BC;D,0,,-type complex oxide.

A site B site C site D site
La,Ga:SiO,, La Ga Ga 0.99(1),81 0.01 | Ga0.51(1), St 0.49
La,Ta, sGas 5044 La Ga 0.46(1), Ta 0.54 Ga Ga
Las.xerT&_o_.w%as.s.mOu La 0.96(1), St 0.04 Ga 0.44, Ta 056(6) Ga Ga
Sr,TaGa,SkO+, Sr Ga 0.06, Ta 094(1) - | Ga0.94(1),$10.06 Ga0.02(1), St 0.98
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Electro-mechanical coupling factor, k;,
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NGS : NdsGa5SD14y PGS : Pr3G3.5SiO14,
LGAS : La,Gag,Al,SiO,
Fig.5 Electro-mechanical coupling
factor vs. lattice constant.

4, SUMMARY
Research on new materials with LGS-type
structure has been done in order to develop crystals
with better piezoelectric properties than LGS and
LTG, using the solid state reaction and the y-PD
technicjue. Based on these investigations, LSTG and

STGS single crystals 18 mm in diameter have been

grown by the CZ technique. These crystals showed
large k,, comparable to LGS, LNG and LTG. Much
larger k;, of LSTG and STGS can be expected
through improvement of crystal quality.
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Abstract: Crystalline structure and dielectric properties of SrBi,Nb,Oy,(SBN) material system
were investigated with substitution of Ca, and Ba ions to Sr site in this study. X-ray
diffraction analysis revealed that these substitutes formed solid solutions through out the
composition. The Ca substitution heightens the ferroelectric transition temperature, and the
Ba substitution lowers the transition temperatures. Moreover the Sr, ,Ba,Bi,Nb,O, becomes a
relaxor ferroelectrics in Ba rich compositional region, while Sr,,Ca,Bi,Nb,O, maintains a
normal ferroelectric behavior at Ca rich compositions. This paper also describes an electronic
structure for the ferroelectricity in the SBN by a simple discrete variational Hartree-Fock-

Slater (DV-Xa) calculation.

1. INTRODUCTION

Many studies have been done around Bi Jlayer
structured materials for ferroelectric random access
memory (FRAM) applications due to the low coercive
field, large remanent polarization, and high resistance to
fatigue exhibited for these materials [1, 2].

On the other hand, it has been reported that a
randomly orientated StBi,Nb,0, ceramic material (SBN)
can be used in piezoelectric resonator applications with
fine frequency tolerances at high frequencies, because of
the low mechanical coupling coefficient, the high
mechanical quality factor, and the relatively small
temperature  coefficients of the elastic constants
presented in this material [3]. An energy-trapping
phenomenon was successfully achieved for the second
harmonic of the thickness extensional (TE2) mode of an
electrode-buried-type resonator of SBN [3]. Moreover
a highly stable resonator characteristics at high
temperatures may be expected since the measured Curie
temperature for the SBN was around 400°C [3].

Recently, piezoelectric properties in samples of
BaBi,Nb,O; [4], SrBi,Ti,O;; [5], and CaBi,Ti,O; [6]
ceramic materials have also been studied, with very
good values reported. In particular, the obtained values
for the electromechanical coupling factor of randomly
oriented ceramics were between 15% and 20%, and
regarding to the mechanical quality factor, values higher
than 2000 were measured [6]. These values make the
Bi-layer structured materials very appropriate for
practical applications, and present them as very strong
candidates as high quality piezoelectric materials for the
next decade.

However, relations between electric properties and
material compositions in SBN system are not clear yet.
Differences in ferroelectric  properties between
SrBi,Nb,O, and SrBi,Ta,0, were explained from the
viewpoint of electronic states of ions by Miura et al.
with the discrete variational Hartree-Fock-Slater(DV-
Xa) calculation [7]. However there have been few

studies on compositional modifications to Sr site, which
is valuable in material designs for the practical
applications, such as piezoelectric devices. Therefore,
it is important to clarify the effect of substitute ion to the
Sr site on the piezoelectric properties.

In this paper we describe experimental results such
as lattice constants, ferroelectric transition temperatures,
and dielectric and piezoelectric properties for SBN
materials which were compositionally modified at Sr
site. Ca and Ba ions were chosen as the substitute ion
in the compositions.

Electronic states of SrBi,Nb,0,, CaBi,Nb,O,,
BaBi,Nb,O, were also calculated by a simple DV-Xa
method in order to clarify the effect of the substitute ions
on the ferroelectric properties of SBN material system.

2. EXPERIMENTAL PROCEDURE :

The ceramic specimens were prepared by the
conventional powder processing.  SrCO,;, BaCO,,
CaCO,, Bi,0,;, Nb,0O; were chosen as the starting
materials. These materials were weighed and mixed
with ball milling in water. The mixed materials were
calcined at 900°C for 2h. The disc shaped bodies were
prepared by the die pressing of the calcined powder and
fired at 1150°C for 2h in air. Silver electrodes were
formed on both surfaces of the specimens, and the
samples were polarized at SkV/mm during 10 minutes at
150°C.

Dielectric permittivity of each sample was measured
with the impedance analyzer (HP4294A). Ferroelectric
transition temperature of each specimen was determined
by the temperature dependence of dielectric permitivity.
The piezoelectric properties were also investigated.
Piezoelectric dj; constant was measured with the ds;-
meter (Channel Products Inc.) in the polarized
specimens.

The Crystalline structure was investigated by the X
ray diffraction (XRD) with the powder sample, which
was obtained by crushing the sintered specimen.
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3. RESULTS AND DISCUSSION
3-1. Crystalline Structure

All the prepared samples showed tetragonal or pseudo
tetragonal XRD patterns except for CaBi,Nb,0, which
showed an orthorhombic pattern.

Figure 1 (Fig.1) shows the lattice constant changes

with the substitute amounts of Ca and Ba jons. The
lattice constants decrease monotonically with the
-amount of the Ca substitution, while the Ba substitution
increases those. ‘The XRD analysis revealed that
neither phase separation nor segregation phases were
observed in the prepared samples. These results
indicated that Ca and Ba ions exist on the lattice sites
throughout the composition.
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Fig.1. Lattice constant of Sr, ,Me Bi,Nb,0,
ceramic sample (Me: Ca, Ba)

3-2 Dielectric Properties

Fig.2 shows dielectric permittivity as a function of
temperature of SBN material system. The transition
temperature was determined as the temperature where
the dielectric permittivity has a peak value in Fig.2.
Fig.3 shows the transition temperature as a function of
the substitute amount. The ferroelectric transition
temperature decreased by Ba substitution and the shape
of the transition change became smoother in Ba rich
composition. This result agrees well with the previous
study of Subbarao [8). On the other hand, Ca
substitution heightens the transition temperature, and
maintains the transition style normal even with a

depressing of a peak value of the dielectric permittivity,

in Ca rich region.
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Fig. 4 shows a fit of the reciprocal dielectric
susceptibility to a Curie-Weiss form for Sr, Ba Bi,Nb,0,.
It is clear that the Curie-Weiss law could not be applied to
the Ba rich compositions.

On the other hand, dielectric permittivity for the Ba
rich composition changes in manner of A+B (T-T,)
above Ty, where A and B are constants, T is temperature,
and T, is the transition temperature. This tendency has
been observed in the typical relaxor materials such as

Pb(Mg,;Nb,;)0,(PMN) [9].
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Figd4. Reciprocal permittivity as a function of
temperature for Sr, ,Ba Bi,Nb,0,

The discrepancy in the temperature characteristics of
the dielectric permittivity for different frequencies, as
shown in Fig.5, also indicates that (Sr,Ba)Bi,Nb,O,
becomes a relaxor-type ferroelectric at Ba rich
compositions. Considering that the (Sr,Ca)Bi,Nb,0,
system does not change its transition style, the nano
scale compositional disorder of Ba might exist and cause
the diffuse transition.

3-3. Piezoelectric Properties

The piezoelectric d,; constants of the SBN samples
were measured with the d;;-meter and they are tabulated
in Table I.

TableI. dy; constant of Sr, ,Me, Bi,Nb,0, (pC/N)

X
Me - 0.0 0.1 0.2 0.5 1.0
Ba 17.0 17.0 17.0 11.5 S
Sr 17.0 16.5 16.0 9.5 6.5

1000 ——
2
£ goo0 | .
£
& 600 .
2
j~]
2
L 400 | -
e
2
=
E 200 ——at 1IMHz
—o—at 1kHz
0 1 1 ] !
-100 0 100 200 300 400
Temperature/'C

Fig.5. Temperature dependence of the dielectric
permittivity of Sry;Ba,;Bi,Nb,0, ceramic sample at
different frequencies (1 kHz, 1MHz)

Statistically significant differences in the d,; value
were not recognized between the samples of which the
substitute amount x is within 0.2.

BaBi,Nb,0, ceramics showed no piezoelectricity
depending on the relaxor characteristics, and Ca rich
compositions were difficult to polarize because of their
high transition temperatures.

4. DV-Xa CALCULATION

4.1 The models for the calculation

The DV-Xa Calculation[10] was applied to
SrBi,Nb,O;, BaBi,Nb,0;, and CaBi,Nb,0,.  The
cluster models of SrBi,NbgO,,2*, BaBi,Nb;0,2*, and
CaBi,Nb;0;?* were, adapted for the calculations.
Point charges were placed on the rest ion sites of the unit
cell, and the unit cell was surrounded by point charges
placed on each ion site of 11x11x11 unit cells to create
the Madelung potential. The calculation was repeated
until a consistency was obtained between the point
charge values and electric charges of each ion in the
cluster. :
 The lattice constants were assumed to be same in the
three materials in order to clarify the difference
originated from electronic structure of each substitute
ion

4.2 The band structures ’

A couple of reports described the relations between
material compositions and the ferroelectricity by the
calculations of the electronic states in materials which
possess oxygen octahedrons such as perovskite oxide
materials or layered perovskite oxide materials [11, 12].
They described that the strong electronic coupling
between the oxygens of the oxygen octahedrons and
cations surrounded by them stabilizes the ferroelectric
state [7,11].

The valence band is formed of 4d electrons of Nb
and 2p electrons of oxygen. The influence from outer
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oxygens of the model cluster was neglected. Table II
shows the band expansion for the three materials.

Table II. Calculated band expansion of MeBi,Nb,0, (eV)

Me Ca Sr Ba

3.087 3.081 3.055

The band expansion is strongly related to the
coupling between 4d electrons of Nb and 2p electrons of
oxygen in these material systems. The electron
coupling leads to a larger band expansion.

The expansion for BaBi,Nb,O, is the smallest of the
three materials and CaBi,Nb,O, gives the largest. This
calculation result agrees well with the experimental
result that the ferroelectric transition temperature is the
lowest for BaBi,Nb,0O, and is the highest for
CaBi,Nb,O, of the three materials, as shown in Fig.3.

_Even though the lattice constant for each material has
not been taken into account here, an electronic state of
the substituted ion seems to have some effect on
stabilizing the ferroelectricity of the material.

4.3 The effect of the substitution on ferroelectricity

As shown in Fig.1 and Fig.3, the Ca substitution to
the Sr site decreases the lattice constants of SBN,. and
heightens its ferroelectric transition temperature. On
the contrary the Ba substitution increases the lattice
constant and lowers the transition temperature. These
experimental results indicate that the ferroelectric
transition temperature is strongly influenced by the
spacing between the ions in the composition.

The lattice deformation, such as a change in lattice
constants, is considered to enhance the electronic
coupling between jons in the materials, and leads to
stabilizing the ferroelectricity in the SBN material
system.
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The thickness-extensional vibration mode and thickness-shear vibration mode have been investigated in
bismuth layer-structure compounds SrBi2Nb209¢ and SrBisTi4O1s. Also the effects of La substitution and Mn
addition were investigated. The temperature dependence of resonant frequency of SrBi2Nb209 (SBN) is
more stable than that of SrBi4Ti4O1s (SBT) in both thickness-extensional and thickness-shear vibration
modes. On the other hand, self polarization of SBT is 9.4x10-2 C/m? and that of SBN is 4.5x10-2 C/m?2. For
both compositions, La substitution reduced mechanical quality factor Qm, but 0.1mol substitution for SBT
improved its density. Addition of Mn hardened both SBN and SBT piezoelectrically. Qm of SBT increased

with Mn addition while Qm of SBN decreased.

1. INTRODUCTION

Recently, lead containing piezoceramics, such as lead
titanate (PT) or lead zirconate titanate (PZT) have been
used widely in electronic filters, resonators and
actuators. These materials include PbO from 60 to 70
weight %. These devices would be subjected to
exposure to the acid rain after disposal, causing
environmental pollution. Due to this, the development of
lead free electronic devices becomes more important.

As examples of lead free materials, perovskite-
structure tungsten  bronze-structure
compounds and bismuth layer-structure compounds!)
are well known. Among these materials, we have
studied bismuth layer-structure compounds because of
its ease in achieving high density and high Q
characteristics. Since many of the bismuth layer-
structure compounds have higher Curie temperature
compared to PT and PZT, they are thought to have
higher thermal stability and smaller aging rate.

It is general that evaluation of piezoelectric ceramics
are performed in radial vibration mode or thickness-
extentional (TE) vibration mode, which are obtained by
poling disc samples along their thickness direction. On
the other hand, characteristics of thickness-shear (TS)
vibration mode are obtained by poling rectangular
samples along their longitudinal direction. As a result,
poling voltage tends to be higher than that of TE mode.
Therefore, in the past, characteristics of TS mode were
less reported because of its difficulty in poling.

This paper describes the TS characteristics of bismuth
layer-structure compounds, the comparison for TE
characteristics and the results of some compositional
modification.

compounds,

2. EXPERIMENTAL

SrCO3, Bi203, TiO2, Nb20s5, La(OH)3 and MnCO3
were used as the starting materials. Ceramic powders
were synthesized by the conventional oxide mixing
method. These materials were mixed for 16h by ball-
milling, they were calcined at temperatures between 800
and 1000 °C for 2h. The calcined powders were ball-
milled again so that average particle sizes were 1 to 2
um. These powders were pressed into square pellets, 30
x 30 x 7 mm in dimension, then sintered at temperatures
between 1160 and 1290°C for 4h.

These sintered bodies were cut and electroded into
following sizes. TE mode measurement: cut into 6 x
6mm and 0.42mm thickness, then 5 x Smm silver
electrodes were formed on both sides of the specimen by
vacuum deposition. TS mode measurement: cut into 7 x
3mm and 0.33mm thickness after poling, then 1.5mm in
diameter silver electrodes were formed in the same way
as TE mode.

Coercive field strength (Ec) was obtained from
hysteresis measurement.

Poling was carried out 150 to 200°C (SBN) and 250°C
(SBT) in a silicone oil bath. Poling electric field was
about three times of coercive field (TE) and from 1.5 to
2 times the coercive field (TS). Poling time was 1 to
10min.

Impedance characteristics of these samples were
measured at SMHz (TE) and at 4MHz (TS). Mechanical
quality factor (Qm) was calculated by the resonance
anti-resonance method.

Temperature dependence of resonant frequency (fr)
was obtained as follows; fr deviations from -40 to 85°C
versus fr at 20°C were fitted to a straight line using the
least squares method. The temperature coefficient
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(fr'TC) was defined as the slope of that line.

3. RESULTS AND DISCUSSION
3.1 TE and TS characteristics of SBN and SBT
TE and TS characteristics were evaluated in order to
compare the basic properties of SBN and SBT, which
have different numbers of pseudo-perovskite layers.
Table I shows the densities of SBN and SBT used in
this study. The densities were measured by the
Archimedean method. The theoretical densities were
calculated from formula weights and the lattice
constants?).

Table I Density of SBN and SBT

Sinterin : elativ
Compound temperatug}e Density Ifiensitye
()  (A0Ckgm) (%)
SBN 1190 7.18 98.0
SBT 1275 7.18 96.2

SBN has a higher relative density than SBT at lower
temperature. The densities of both samples are more
than 95% of theoretical value. Fig. 1 shows SEM
micrographs of polished surfaces of the samples.
Although less than 10pm diameter pores can be seen in
both samples, larger pores which would affect
piezoelectric properties are not observed. TE and TS
characteristics of plain SBN and SBT are given in Table

L4 & = T 4 x 10 pm
Fig. 1 SEM micrographs of polished surfaces of
(a) SBN, (b) SBT.

II. The comparison of SBN and SBT indicates that
temperature coefficient of resonance frequency (frTC)
of SBN is as about half of that of SBT. This result is
observed in both TE and TS mode.

Table II Thickness-extensional and thickness-shear
characteristics of SBN and SBT

TE TS
Qm frIC | Qm  frIC
(ppm/°C) (ppm/°C)

SBN 1670 -15 |5450 -46
SBT 930 -43 16820  -80 -

Fig. 2 shows the result of hysteresis measurement. The
hysteresis measurement indicates that the self
polarization (Ps) of SBN is 4.5x102 C/m? and that Ps of
SBT is 9.4x102 C/m2. Thus the Ps of SBT is almost
twice of that of SBN.

15 T T T
e B0
& 10F ,..—w‘“"'w A.f"’SBT-
& st /%BN-
= e
= ot A -
2 L
g SE A ; -
= : :;
<] ¢ ¢
T 10l L e i
e gt
_15 ] 1 |
-10 -5 0 5 . 10
Electric field (V/um)

Fig.2 Electric hysteresis loops of SBN and SBT

In bismuth layer-structure compounds, pseudo-
perovskite layers between (Bi202)?- layers are thought
to reflect piezoelectricity. Therefore it is considered that
SBT, which has more pseudo-perovskite layers, exhibits
larger self polarization.

The comparison of TE and TS mode indicates that TE
mode has smaller fr'TC than that of TS mode. On the
other hand, Qm depends on the sample's shape. Qm of
TE and TS mode cannot be compared directly.

3.2 Effect of La substitution

In the case of PT and PZT ceramics, lanthanide
elements are used to shift the Curie temperature, so they
are widely used in practical materials. In order to
investigate the effect of lanthanide elements on SBN and
SBT, La substitution for A site of pseude-perovskite
layers was carried out.

Fig. 3 shows the relationship between TS mode Qm
and the amount of La substitution, when Sr site of SBN
and SBT are substituted by La. In the both cases of SBN
and SBT, Qm decreases with the amount of La
substitution. While the density of SBN did not change
with La substitution, the sinterability of SBT improved
only at 0.1 mol by La substitution.
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Fig.3 The effect of La substitution on SBN and SBT

3.3 Effect of Mn addition

It is well known that Mn is a typical "hardening"
element for PT and PZT. Namely, addition of Mn
increases Ec. On the other hand, the Ec of SBT also
increased by Mn addition, hence improvement of Q
characteristics in TE mode was observed. In the same
way, the effect of Mn addition for SBN was examined.

Table III shows TS mode Qm of SBN with no addition
and with 0.31wt% Mn addition.

Table III Effect of Mn addition to SBN
Density Ec Qm
(10°kg/m’) (V/um)
SBN 7.18 3.1 5450
SBN+MnCO, 0.31wt%  7.14 4.1 3220

More than 0.5wt% Mn addition reduced the resistance
of SBN. Therefore poling became more difficult.
Considering this, 0.31wt% Mn addition was selected. In
contrast with SBT, Mn addition reduces Qm of SBN.
SEM mirograph of polished surface of Mn-doped SBN
is given in Fig. 4.

Fig.4 SEM micrograph of polished surface of
Mn doped SBN

~ Mn doped SBN has the same microstructure as that of
undoped SBN (Fig.1 (a)). Also the density remained
almost the same.

Fig. 5(a) shows the hysteresis curves of SBN with and
without Mn. In the case of SBN, the value of Ec at
150°C increases form 3.1V/um to 4.1V/um by Mn
addition. This indicates that Mn acts as the hardening
additive for SBN. Fig. 5(b) shows that the effect of Mn
addition for SBT. Its density was improved by
substituting 0.1mol La for Sr. In this case, both Ec and
Ps are increased by Mn addition. Qm of TS mode
improved from 4580 to 9930 by 0.5wt% Mn addition.

15 T T T
(a) .
.6; 10} without Mn i
S st -
] o e
g oF e o ]
= 7 s
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101 MnCO, 0.31wt%
-15 1 1 L
-10 -5 0 5 10
Electric field (V/um)
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Ng i
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5
£ o .
2
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15 I 1 i
-10 -5 0 5 10

Electric field (V/um)

Fig.5 The effect of Mn addition on (a) SBN and
(b) SBT substituted by 0.1mol La.

It is interesting that the effect of Mn addition is
different for SBN and SBT. lkegami and Ueda reported
that Mn and Cr showed the opposite effects for SBT and
Na0.5Bi4.5Tia015%). Lambeck and Jonker proposed that
domain structure was stabilized by the defect dipole of
Mnti and oxygen vacancy in perovskite type
compounds?). Nb and Ti, which correspond the B site
atoms in perovskite, have different valence in SBN and
SBT respectively. This difference in valence would be
thought to affect the result of Mn addition to SBN and
SBT. More detailed study is required on the effect of
Mn addition.

4. SUMMARY

TE and TS mode characteristics were investigated in
the bismuth layer-structure compounds: SBN and SBT.
Consequently, the following results were found:
(1) Temperature dependence of resonant frequency of
SBN was more stable than that of SBT.
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(2) Self polarization of SBT had higher value than that
of SBN, hence SBT had larger piezoelectricity.

(3) Generally, La substitution in SBN and SBT reduced
the value fo Qm, but in case of 0.1mol substitution, it
actually improved sinterability of SBT.

(4) Both SBN and SBT were hardened with Mn
addition. Though Qm of SBT increased while Qm of
SBN decreased by Mn addition.
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Additive Effects on Piezoelectric Properties of
(Bi,;;Na, ;) TiO; Ceramics
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Dielectric, ferroelectric and piezoelectric properties of bismuth sodium titanate, (Bi;,Na, ;) TiO; (BNT)
were studied on some additive dopants for a candidate as leadfree piezoclectric ceramics.
Electromechanical coupling factors, £, of BNT ceramics depend on the purity of starting raw materials
andadditivedopants. Theka; in the longitudinal mode for high and normal purities are 0.38 and 0.43,
respectively. It is considered that the difference in the k5; is caused by the impurities in the starting
materials. In the case of Mn addition, the mechanical quality factor, Q,, and resistivity, p, are
enhanced to Q=380 and p=1X 10" (Qcm)(at 40 C) for BNT+MnCO,0.2wt%, respectively.

1. INTRODUCTION

Bismuth sodium titanate, (Bi,Na,,)TiO,
(abbreviated as BNT),'* is considered to be an
excellent candidate as a key material of lead-free
piezoelectric ceramics. The BNT shows strong
ferroelectric  properties of a large remanent
polarization, P,=38 uC/cm’, and a large coercive field,
E(=73kV/cm), and has a Curie temperature 7=320C
anda phase transition 7,=200°C from ferroelectric to
antiferroelectric. However, data on piezoelectric
propetties of the BNT ceramic are scarce because it is
difficult to pole this ceramic dueto the high E_.

Some researchers investigated the effect of small
amount of dopant such as Fe,0,, MnO, and NiO on
dielectric and piezoelectric properties for perovskite
materials.>” T. Kamiyaet al.® reported the effect of
MnQO, addition on piezoelectric properties of
Pb(Zx, 5, Tiy 45)0, (PZT). They found that Mn-doped
PZT possessed both piezoelectric properties of ‘soft’
and ‘hard’ simultaneously.

In this study, basic dielectric, ferroelectric and
piezoelectric properties of the BNT ceramic were
studied on some additive dopants. As a first step of
this investigation, the BNT ceramic was prepared

using two kinds of starting materials with defferent
purities. Table I shows purities of starting materials.
Two grades of normal and high purities were chosen as
starting materials of Na,CO,, Bi,O; and TiO,. These
starting materials of normal pwity include some
impurities such as Si, Al, Fe, Pb and Ca (=0.001~
0.003wt%, respectively). These impurities correspond
to additive dopants for the BNT ceramic. As the
second step of this investigation, small amount of
MnCO, were doped to BNT ceramic as the typical
additive dopant. Some effects on dielectric,
ferroelectric and piezoelectric properties  were
investigated for BNT+MnCO,xwt%.
2. EXPERIMENTAL

The conventional ceramic fabrication technique
was used to prepare doped and no doped BNT ceramics.
Reagent-grade metal oxide or carbonate powders
shown in Table [ were used as starting raw materials.
In the case of preparing BNI+MnCQO; ceramics, the
high purity of starting materials was chosen. These
oxide or carbonate powders were mixed in acetone
with zirconium balls by ball-milling for 10 h. After
calcining, the ground and ball-milled ceramic powders

Table 1 Purities of starting materials for the BNT ceramic.

Starting material Normal purity (%) high purity (%)
Bi,0; 99.7 99.95
(Shin-Nihon Chemical CO. l.td.) | (Soekawa Chemical CO. Ltd.)
Na,CO, 99.8 99.98
(Kanto Chemical CO. INC.) (Soekawa Chemical CO. Ltd.)
TiO, 99.9 99.99
(Toho Titanium CO. Ltd.) (Toho Titanium CO. Ltd.)
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Fig. 1 D-E hysteresis loops of BNT ceramic prepared
by (a) normal purity and (b) high purity.
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Fig. 2 Hectromechanical coupling factor, k;, versus
poling field, E,, on BNT ceramics prepared by using
high and normal purity.
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Fig. 3 X-ray diffraction patterns at room temperature

for BNI[+MnCOxwt% (x=0, 0,01, 0,2, 0.5) and
MnCO,.

were pressed into discs andsinteredat 1200 C for2h
in an air atmosphere. The crystal phase of sintered
ceramics was checked using an X-ray diffractometer.

The specimens were thermally etched at 1100C
1 hour and for the microstructure were observed by
scanning electron microscope (SEM). An average
grain size was obtained using a line intercept method.

Fire-on silver paste was used as the electrode for
electrical measurements such as dielectric and
piezoelectric measurements. Temperature dependence
on the dielectric constant, g, and loss tangent, tand,
were measured for the determination of the Curie
temperature, 7., at IMHz by means of an automated
dielectric measurement system with a multifrequency
LCR meter (YHP 4275A). D-Ehysteresis loops were
observed by a standard Sawyer-Tower circuit at 50Hz.
Specimens for piezoelectric measurements were poled
in astirredsilicone oil. Piezoelectric properties were
measuwred by means of a resonance-antiresonance
method on the basis of IEEE standards uwsing an
impedance  analyzer (YHP  4192A).  The
electromechanical coupling factor, k,;, were calculated
from the resonance and antiresonance frequencies
using Onoe's formula. Temperature dependence of
resistivity was measured by using a high resistance
meter (YHP 4329A).

3. RESULTS ANDDISCUSSION
3.1 Effects of the purity of starting materials

Figwe 1 shows D-E hysteresis loops of BNTI
ceramic prepared by (a) normal purity and (b) high
purity.  The remanent polarization, F,, and the
coercive field, E, of the high purity sample are higher
than those of the normal purity sample. Especially,
the E, of the high purity sample is twice as large as
that of the normal purity sample. Figure 2 shows the
electromechanical coupling factor, ky;, as a function
of a poling field, E,, on BNT ceramics prepared by
using the high andnormal purity. The k,, of the high
andnormal purity are 0.38 and0.43, respectively. The
BNT ceramic of the normal purity is easily poled at a
low applied poling filed Therefore, the BNT ceramic
which was prepared by normal purity seem to be easily
poledand to have the relative high k,, because of the
low E, It is considered that impurities in starting
materials are influence for ferroelectric and
piezoelectric properties.

3.2 Mn-doped BNT ceramics

1t is not necessary with these ceramics to control
the atmosphere during the sintering process, which is
not the case with PZT ceramics. Figure 3 shows X-ray
diffraction patterns at room temperature for BNT+
MnCO,xwt% (x=0, 0,01, 0,2, 0.5) andMnCQO,. These
patterns show a single phase of perovskite structure
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Fig. 4 Average grain size of Mn doped BNT as a
function of the MnCO, content.
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Fig. 5 Temperature dependence on dielectric constant,
g,, and loss tangent, tand, for BNT+MnCO,xwt% (x=0,
0,01, 0,2, 0.5) ceramics at IMHz.

with a thombohedral symmetry. These ceramics were
very easy to sinter the ceramic body with a high
measured density ratio more than 90% to the
theoretical density. A color of pure BNT specimen is
white, and those of BNT+MnCO ceramics become
darker with increasing the amount of MnCO, content.
These results indicate that BNT+MnCO, ceramics are
reduced with increasing the MnCO, content.

Figure 4 shows an average grain size with of
MnCO,; content. The average grain size of BNT+
MnCO,xwt% (x=0.01 and 0.02) becomes smaller than
that of pure BNT, and those of BNT+MnCO,xwt%
(x=0.05, 0.1 and0.5) become larger than that of pure
BNT. Therefore, a grain growth was suppressed for a

~ little amount of Mn-doped BNT ceramics (x=0.01 and
0.02), and was promoted for much amount of Mn-
doped BNT ceramics (x=0.05, 0.1 and 0.5).

Figure 5 shows the temperature dependencie on
dielectric constant, ¢, and loss tangent, tand, for
BNT+MnCOxwt% (x=0, 0,01, 0,2, 0.5) ceramics
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Fig. 6 Curie temperature, T, of Mn doped BNT versus
MnCO, content.
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Fig. 7 Coercive field, E, of Mn doped BNT versus
MnCO, content.

at IMHz. The ¢ (=500 at RT.) are smaller than
those of conventional PZT or PZT-based ceramics. The
€, -temperature curves display a broad shape near the
Curie point, T, The value of ¢,y at T, and loss
tangent, tand, at RT becomes lower with increasing
the MnCO, content.

Figure 6 shows the T, at IMHz of BNT+ MnCO,
ceramics versus MnCO, content. The 7, of BNT+
MnCQO, xwt% are almost a constant in the range of
x=0 to 0.05 and become lower with increasing the
amount of MnCO, content in the range of x=0.1 to 0.5.
Therefore, Mn ions seem to exist on the grain
boundary in the range of x=0 to 0.05, and substitute
on A- or B-site of perovskite structure in the range of
x=0.1to 0.5 wth lower lattice ditortion. However, it
is unclear that which site of A or B in perovskite
structure is substituted by the Mn ion.

Figwe 7 shows the E, as a function of MnCO,
content. The E, decreases with increasing MnCO,
content. This tendency is the same as that of the T,

Figure 8 shows the mechanical quality factor, Q,,
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Fig. 9 Temperature dependence on resistivity, p, of
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Fig. 10 Resistivity, p, of Mn doped BNT at 40C
versus MnCO, content.

as a function of MnCO, content. The maximum value
of Q, is 380 for BNI+MnCQ,0.2wt%. Generally, Q,
of Mn-doped PZT are much higher than that of pwe
PZT and this is called the ‘hard” piezoelectrics. On
the other hand, Q, of Mn-doped BNT are almost same
as that of pue BNT. The ’hard’ behavior was not
observed for Mn-doped BNT ceramics as results from
EandQ,.

Figuwes 9 and 10 show the temperature
dependence on resistivity, p, and the p at 40C for
BNT+MnCO,. The maximum value of p is 1X10"
(Qcm) for MnCO,0.2wt% at 40 C . Mn ions
compensate an electrical neutrality on the BNT+
MnCQ,0.2wt% ceramic. However, the valence of Mn
ions in the BNT ceramic is unclear in the present
investigation.

4. CONCLUSIONS

Dielectric, ferroelectric and  piezoelectric
properties of bismuth sodium titanate, (Bi,,Na,,)TiO;
(BNT) are studied on some additive dopants for a
candidate as leadfree piezoelectric ceramics. The
BNT ceramic prepared by normal purity was easily
poled because of the lower E,. The k; is relatively
high comparing with that of the high purity sample.
It is considered that impurities in starting materials
are influence for ferroelectric and piezoelectric
properties. In the case of BNT+MnCO, xwi%, Mn
ions seem to exist on the grain boundary in the range
of x=0 to 0.05, and substitute on A- or B-site of
perovskite structwre in the range of x=0.1 to 0.5.
The resistivity, p, are enhanced to 1X10" (Qcm)(at
40 C) for BNT+ Mn0.2wt%. Mn ions compensate an
electrical neutrality for the BNI+MnCO,0.2wt%
ceramic.
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Perovskite solid solutions, Pb(Ni,;Nb,;)O0;-PbTiO;-PbZrO;, were prepared without the formation of
pyrochlore phase through the process of heat treatment and then acid treatment of oxide mixtures containing
PbO in amount greater than in the perovskite composition. The perovskite phases obtained were
characterized by discrete and cube-shaped particles of 0.5-2um size. The relative density of the ceramics
reached 94% or more after sintering the perovskite particles at 1220°C for 3h in a PbO atmosphere. The
ceramics showed a good electromechanical property near 0.5Pb(Ni,;Nb,;)O, * 0.35PbTiO; 0.15PbZrO,
compositions, as the longitudinal strain was about 0.17% under an electric field of 1500V/mm at room

temperatures and the hysteresis was very little.

1. INTRODUCTION

Relaxor-type ferroelectric perovskites attract much
attention as actuator materials for their electrostrictive
property. The most well-known electrostrictive material
is the solid solution of Pb(Mg,;Nb,;)0; (PMN) with
about 10 mol% PbTiO; (PT) [1]. The present authors
have recently found that the electrostrictive performance
in the PMN-PT ceramics is highly improved by adopting
a synthesis method free from the formation of pyrochlore
phase, which consists of processing scheme of heat
treatment and then acid treatment of oxide mixture
containing PbO in amount greater than in the perovskite
composition [2]. Furthermore, this process lead to
success in the formation of Pb(Ni,;Nb,;)O, (PNN) in
pure phase, which is also relaxor-type ferroelectric
perovskite with the same structure, and as a result it was
found that the solid solutions with PT show an
electrostriction as good as that of PMN-PT solid solution
[3} :
On the other hand, it is known that PNN produces
excellent piezoelectric materials in the combination with
both PbZrO, (PZ) and PT perovskites. Banno et al.
revealed that PNN-PT-PZ ceramics show high dielectric
and piezoelectric properties near the morphotropic phase
boundary (MPB) [4]. Kondo et al. observed that the
electromechanical coupling factor is the highest near the
composition 0.5PNN-0.35PT-0.15PZ [5]. Since their

ceramics are made by solid state reaction, there is a
question whether the contamination with pyrochlore
phase is entirely avoided or not. It is of great interest to
make clear how performance appears in the PNN-PT-PZ
ceramics made by our process free from the formation of
pyrochlore phase.

In this study, the (1-x-y)PNN-xPT+yPZ perovskite
ceramics were prepared in the composition range of
x=0.33-0.36 and y=0.14-0.17, in the vicinity of MPB,
through process of heat treatment and then acid treatment
of oxide mixture containing PbO in amount greater than
in the perovskite composition. The ceramics were made
from the perovskite particles obtained, and the dielectric
and piezoelectric properties were examined.

2. EXPERIMENTS

The starting oxides used were reagent grade powders
of PbO, NiO, Nb,0;, TiO,, and ZrO,. Figure 1 shows the
processing scheme for preparing the perovskite phases
and the ceramics. After heat treatment, the oxide
mixtures were treated with 1IN acetic acid solution to
remove the unreacted oxides. The purified perovskite
powders were pressed into disks by applying pressure of
200MPa and sintered at 1220°C for 3h in a PbO
atmosphere. The relative density of ceramics ranged 94-
97% in sample to sample. The samples were polished
into I mm thickness and electrode-silver paste was
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applied to both faces to measure the dielectric and
piezoelectric properties. The dielectric constants and
dielectric losses were measured at 1, 10 and 100kHz by
an impedance analyzer. The electromechanical coupling
factors (Kp) were measured by the resonant-antiresonant
frequency method, after poling under an electric field of
2000V/mm at room temperature for 30 min in a silicone
oil bath. This electric field was selected in order to make
perfect the poled state. The electric field induced
longitudinal strains were estimated under electric fields.
of 0-1500V/mm by a laser-type displacement meter.

[ Raw materials |
PbO, NiD, Nb,0j, 1i0,, Z10,

| Mixing |
 J

[ Heattreatment |
950°C, 1h

[ Acid treatment |

1N acetic acid solution

rPerovski}e particleil

[ Forming into disk _|
200MPa

[ Sintering ]
1220°C, in PbO atmosphere

[ Measurement |

Dielectric properties
Piezoelectric properties

Fig.1. Processing scheme for obtaining PNN-PT-PZ
ceramics.

3. RESULTS AND DISCUSSION

3.1 Preparation of Perovskite Phases

For the purpose of determining the starting
composition adequate to produce perovskite phase in
high yield, investigation was made through the formation
of perovskite with the composition 0.5PNN-0.35PT-
0.15PZ. Table 1 compares the fractions of 0.5PNN*
0.35PT-0.15PZ perovskite phase to pyrochlore phase
formed in the mixtures with different PbO content, by
heat treatment at 950°C for 1h and then acid treatment.
The fraction of the perovskite was calculated as follows:

Perovskite (%) = I / (Lers+Ipyro) X 100

where, 1., and I, denote XRD intensities of (100) of
perovskite and (222) of pyrochlore, respectively.

Table I. Fractions of 0.5PNN-0.35PT+0.15PZ perovskite
phase to pyrochiore phase formed in the mixtures with
different PbO content

Starting composition Perovskite yield (%)

3PbO+0.5NiO+0.5Nb,0,+1.05TiO,+0.45Z10, 73
4Pb0O+0.5Ni0+0.5Nb,05+1.05Ti0,+0.45Z10, 91
5PbO+0.5Ni0+0.5Nb,0,+1.05Ti0,+0.45Zr0, 100

The stoichiometric composition does not produce the
perovskite phase in reasonable yield because of the
predominance in the formation of pyrochlore phase. The
yield of the perovskite phase is remarkably improved in
the compositions containing excess PbO. Eventually, the
composition,5PbO+0.5Ni0+0.5Nb,0,+1.05Ti0,+0.45Zr
0, (2PbO+perovskite), produced perovskite phase in
almost 100% yield. The solid solutions with the other
compositions could be also obtained in single phase by
adding 2 mol excess of PbO.

In order to confirm the formation mechanism of the
perovskite phase, the starting mixtures were subjected to
DTA. As shown in Fig2, it is found that the excess
addition of PbO causes a sharp endothermic peak on the
DTA curves at around 850°C, which corresponds to the
formation of liquid phase. From the fact that the
perovskite yield was considerably increased beyond this
temperature, no doubt the existence of liquid phase
contributes to promote the perovskite formation.
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Fig.2. DTA curves of the mixtures.

(2) 3PbO+0.5NiO+0.5Nb,0+1.05Ti0,+0.45Zr0,,
(b) 4PbO+0.5Ni0+0.5Nb,05+1.05Ti0,+0.45Zr0,,
(c) SPbO+0.5Ni0+0.5Nb,05+1.05TiO,+0.45ZrO;.
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As can be seen from SEM photograph in Fig.3, the
perovskite phases are crystallized in discrete and cube-
shaped particles of 0.5 to 2um size. High dispersed state
of the particles seems to be because they are formed in
the matrix in plenty without disturbance from each other.

Fig.3. SEM photograph of the 0.5PNN-0.35PT-0.15PZ
perovskite particles obtained from the mixture
5PbO-+0.5Ni0+0.5Nb,0,+1.05Ti0,+0.45Zr0, after
heating at 950°C for 1h and acid treatment.

3.2 Dielectric Properties

As an example, Figure 4 shows the temperature
dependence of dielectric constants and dielectric losses
for 0.5PNN-0.35PT-0.15PZ perovskite ceramic. The
relaxor behavior still remains as the dielectric constant
varies drawing a broad peak and the peak position of
dielectric constant is dependent on the measuring
frequency. The other samples investigated also exhibited
similar dielectric constant curve.

Figure 5 plots the dielectric constants at Curie
temperature (Tc) and isotherms of Tc against the
composition. The dielectric constants are similar to those
already reported [5]. In these Tc values, it seems that
additivity is valid, because the measured values coincide
with those calculated according to the following
equation: :
Te = (1-x-Y)Tonnt XTor+ yTez .
where, Tpq Tpy and Ty are the Curie points of PNN, PT
and PZ, respectively. Therefore, it is considered that the
perovskite particles are crystaliized in desirable
composition.

3.3 Piezoelectric Properties

Table I1 summarizes the electromechanical coupling
factors (Kp) and electric field induced strains under
1500V/mm. Both the values of Kp and longitudinal
strains vary more or less with the composition. It is very
difficult to argue quantitatively this behavior, since these
values are merely obtained at room temperature. Further
high performance should be expected in the vicinity of
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Fig.4. Temperature dependence of dielectric constants
and dielectric losses measured at 1, 10, and 100kHz for
0.5PNN-0.35PT-0.15PZ ceramic.

PNN

Fig.5. Plots of the dielectric constants at Curie
temperature (Tc) and isotherms of Tc against the
composition in the PNN-PT-PZ ceramics.
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Tc, however, these compositions lead to Tc much higher

than room temperature, as can be seen from Fig.5.
Anyhow, the Kp values ranging from 0.55 to 0.7 are
much improved compared to those reported by Banno et
al. [4]. This may be because the absence of pyrochlore
phase is favorable for these performances. It seems likely
that the composition closer to MPB line leads to higher
Kp, and this is consistent with the fact that Kondo et al.
observed higher value of Kp near the 0.5PNN-0.34PT-
0.16PZ composition [5]. In this work, the 0.51PNN-
0.34PT+0.15PZ composition leads to surprisingly high
strain, 0.24%, though exhibited a hysteresis with a small
residual strain on the strain response curve against
electric field, which is relatively large compared to the
others observed, but not so extraordinary as those of the

- popular PZT ceramics.

Table II. Electromechanical properties of the PNN-PT-
PZ céramics at room temperature

Composition Kp Longitudinal
Strain (%)
0.51PNN-0.35PT-0.14PZ  0.61 0.18
0.51PNN-0.34PT-0.15PZ  0.65 0.24
0.51PNN-0.33PT-0.16PZ  0.64 0.12
0.5PNN-0.36PT*0.14PZ 0.55 0.14
0.5PNN-0.35PT-0.15PZ 0.62 0.17
0.5PNN-0.34PT-0.16PZ 0.70 0.17
0.5PNN-0.33PT-0.17PZ 0.65 0.16
0.49PNN-0.36PT-0.15PZ  0.58 0.18
0.49PNN-0.35PT-0.16PZ  0.62 0.16
0.49PNN-0.34PT-0.17PZ  0.66 0.08

For the discussion of the relation between hysteresis
and composition, Figure 6 demonstrates the longitudinal
response curves acquired by the electric field of 0 to
1500V/mm for the ceramics with PNN content held
constant at 0.5 mol. It can be seen at least from this
figure that the hysteresis becomes larger with increase of
PZ content. This phenomenon seems quite reasonable
taking consideration that the PZT ceramics show always
large hysteresis. )

In the practical use of ceramic actuators, of course
large displacement is a very fine thing, but little
hysteresis is also very important matter. Anyhow, the
scale of the hysteresis seen in this composition series is
out of the question compared to those of the PZT
ceramics. Through this work, thus, we could find a way
of making ceramic actuator materials with the natures of
high displacement and little hysteresis in the combination
of electrostrictive  perovskite and  piezoelectric
perovskite.
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Fig.6. Plots of longitudinal strain vs. applied electric
field at room temperature for the PNN-PT-PZ ceramics.
(a) 0.5PNN - 0.36PT - 0.14PZ, (b) 0.5SPNN- 0.35PT -
0.15PZ, (c) 0.5PNN - 0.34PT : 0.16PZ, (d) 0.5PNN -
0.33PT-0.17PZ.

4. CONCLUSIONS

The relaxor-based  ferroelectric  perovskites,
Pb(Ni,;;Nb,;;)0;-PbTiO,-PbZrO, solid solutions could be
obtained without the formation of pyrochlore phase by
heat treatment and then acid treatment of oxide mixtures
containing PbO in amount greater than in the perovskite
composition. The ceramics showed reasonable
piezoelectric  properties in  all samples. Among

* investigated, it was_ found that the ceramics near the

0.5PNN- 0.35PT-0.15PZ composition are suitable for
ceramic actuator materials because of both the
performances of high strain and little hysteresis.
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PROPERTIES OF PMN AND PZT IN COMPRESSION
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Most active ceramics used in Navy sonar transducers are mechanically loaded in compression during fabrication
to ensure that the ceramic does not experience deleterious tensile forces during operation. This research
investigates the effect of compressive stresses on the properties of five electroactive ceramics; 1) poled lead
zirconate titanate (PZT), 2) unpoled PZT, 3) piezoelectric lead magnesium niobate (PMN), 4) barium doped
electrostrictive PMN, and 5) lanthanum doped electrostrictive PMN. Failure strength, Young’s modulus and the
Poisson’s ratio were measured at three load rates. Failure strength increased with increasing load rate in all five
materials. While the electrostrictive PMNs are weaker in compression than either of the PZTs, the piezoelectric
PMN was by far the strongest material. The piezoelectric PMN is at least 48% stronger than the electrostrictive
PMNs and at least 23% stronger that the PZTs. Interrupted tests were also performed in which the specimens
were not loaded to failure. Microstructural analysis performed on lanthanum doped PMN specimens from
interrupted tests indicates that damage occurs in the ceramics at stress levels significantly below the failure
strength. Damage occurs initially as intergranular cracking with intragranular cracking observed at higher stress
levels. Crack densities rise steeply with increasing stress until failure.

more heavily toward mechanical properties [5], not all the
relevant testing issues are addressed.

The structural ceramics community has laid an
extensive groundwork for the accurate mechanical testing
of brittle materials. Much research has been dedicated to
the development of test methodologies for the study of
compressive properties [6-8]. Proper design of the test
specimen and of the loading fixture is paramount for
ensuring both the desired stress state in the sample and the
repeatability and accuracy of the test technique.

Research on the mechanical properties of structural
ceramics in compression has revealed behavior of interest
to the sonar community. Lankford [9] studied high purity
alumina under a monotonically increasing compressive
stress and discovered that a stress threshold exists above
which grain boundary microcracking occurs. In the
Lankford study [9] the stress at which the damage
threshold occurred was approximately half of the
compressive strength of the material. Acoustic emission
results indicated that increasing the stress beyond the
damage threshold led to increasing microstructural
damage.

The existence of a damage threshold at stresses

1. INTRODUCTION

Sonar transducer stacks have traditionally been made
from piezoelectric ceramics and more recently from
electrostrictive ceramics. During transducer operation
these ceramics are subject to dynamic cyclic stresses.
Since ceramics lack ductility and have poor tensile
strength at sonar operating temperatures transducers are
designed to apply a compressive stress to the ceramic
stack. This ensures that the ceramic elements remain in
compression during active driving.

As the requirements on sonar systems change due to
a shift from blue water to littoral arenas, performance
gains need to be realized in the electroactive ceramics.
Performance gains in PZT can be realized by increasing
the magnitude of the electrical field used to drive
transducers. Larger electric fields will necessitate the
application of larger compressive stresses on the stack of
PZT ceramic elements during transducer fabrication and
use. To support the use of PZT under these more severe
mechanical conditions and to aid the transition of
developmental materials such as lead magnesium niobate

(PMN) into Fleet transducers, the mechanical properties of
these materials, especially in compression, need to be
elucidated.

The application of compressive mechanical stress on
electroactive ceramics has received some attention [1-4],
but the focus has been the effect on dielectric and
electromechanical properties. Even when the focus shifts
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significantly below the compression strength of the
material has not been explored in electroactive ceramics.
As compressive stresses on the ceramic stacks are
increased to improve electromechanical performance the
possibility of exceeding the damage threshold increases.
Operating transducers at stresses above the damage
threshold could negatively impact the material properties
and thus transducer performance and lifetime.




The work reported herein utilizes a compression test
technique that was developed by the structural ceramics
community and is the foundation of a proposed American
Society for Testing and Materials (ASTM) standard to
study the behavior of electroactive ceramics under a
uniform compressive stress state. The research focuses on
commercially available PZTs and PMNs that are in use or
under investigation for future use by the U.S. Navy. The
compressive strength, Young’s modulus and Poisson’s
ratio at several load rates are measured on specimens
having a reduced gage section geometry optimized to
minimize variations in the stress state through the gage
section. Microstructural analysis of lanthanum doped
PMN specimens subjected to peak loads below failure
(interrupted tests) are employed to examine
microstructural damage at stress levels below the
compression strength.

2. EXPERIMENTAL PROCEDURE

The compressive properties of five electroactive
ceramics were investigated; a poled and unpoled Navy
Type IIl PZT from EDO Corporation, an unpoled
piezoelectric PMN (PMN-unpoled) from EDO
Corporation, and barium and lanthanum doped
electrostrictive PMNs (PMNw/Ba and PMNw/La,
respectively) from TRS Ceramics.

Bulk materials were machined into reduced gage
section dumbbel! shaped specimens as described by Tracy
[6] and Duntay et al. [7]. The two electrostrictive PMNs
were machined into large dumbbells (3.6 cm tall x 1.3 cm
outer diameter) and the other three ceramics were
machined into small dumbbells (3 cm tall x 1 cm outer
diameter). In the case of the poled PZT the specimens
were machined with the poling direction perpendicular to
the long axis of the specimen. Thus, during testing the
poling direction was perpendicular to the axis of
compression. The current research verified through finite
element analysis that the variation in the compressive
stresses through the gage section of the specimens is less
than 7%. To minimize misalignment a double ball joint
fixture was used to load the load train and the specimens.

On all specimens the end faces, where the
compressive loads were applied, were electroded.
Specimens were tested under short circuit conditions. The
application of three biaxial strain gages spaced 120° apart
in the same cross sectional plane in the middle of the
reduced gage section allowed the measurement of both the
Young’s modutus and the Poisson’s ratio. The gaged
specimens were encapsulated to help retain the broken
picces of the test specimens for further analysis. The
encapsulation procedure entailed priming the specimens
with Dow Corning Z 6020 silane and then potting them
with Composite Polymer Design 9130 polyurethane.

The specimens were tested in a servohydraulic test
machine (Instron load frame model 1332 and control
system 8500). The standard testing rate was 6 kN/min.
To examine the effect of load rate on the mechanical
properties specimens were also tested at 0.6 kN/min and
60 kKN/min. However, the presented results represent

specimens tested at 6 KN/min unless otherwise specified.
At least three specimens per load rate were tested to
failure.

Microstructural studies were performed on
PMNw/La. Four PMNw/La specimens were loaded in
compression to a specific peak stress and unloaded. The
four peak stresses were 92, 253, 568 and 726 MPa. Along
with an untested PMNw/La specimen, these specimens
were cut at 45° to the loading axis, polished, chemically
etched and examined in the scanning electron microscope
for microstructural defects and damage.

3. RESULTS

The five electroactive ceramics exhibited a large
range of strengths. The electrostrictive PMNs have the
lowest compressive strengths of the five materials tested
(Table T). Despite the difference in dopant composition
and quantity the two electrostrictive PMNs have
essentially the same strength (= 874 MPa). In comparison,
however, the process of poling has a significant effect on
the strength of PZT. When the poling direction is oriented
perpendicular to the applied compressive stress the
strength drops 10% from 1045 MPa for the unpoled
ceramic to 944 MPa for the poled PZT. The PMN-
unpoled, at a compressive strength of 1309 MPa, is 25 to
39 percent stronger than the PZTs, depending upon
electrical history, and 48% stronger than the
electrostrictive PMNSs.

Table I: Materials and Compressive Mechanical Properties

Material Failure Young’s | Poisson’s

Strength at | Modulus Ratio

6 kN/min (GPa)
(MPa)

PMNw/Ba 877+ 117 13144 0.30£0.02

PMNw/La 871+43 132+4 | 0.30:£0.02

PMN 1309 + 41 111+4 | 0.46+0.02

PZT Unpoled 1045 £ 45 76+ 1 0.43 £0.02

PZT Poled L 944 £ 50 83+4 0.44 £ 0.06

The stress-strain behavior of the materials varied
greatly as did their Young’s modulus and Poisson’s ratio
(Table I). Both of the electrostrictive PMNs responded
linearly to the compressive loading up to failure. Their
Young’s modulus and Poisson’s ratio values, 131 GPa and
0.30 respectively, were essentially the same. The PMN-
unpoled appears to have two linear regions (Fig.1). The
initial part of the stress-strain curve is linear to
approximately 200 MPa. Beyond this stress the stress-
strain curve deviates to a slope higher than the Young’s
modulus of 111 GPa. The PMN-unpoled had the largest
Poisson’s ratio of 0.46. '

The initial linear region of the PZTs was very small
(Fig. 1). The poled PZT was linear up to approximately
150 MPa giving a Young’s modulus of 83 GPa and a
Poisson’s ratio of 0.44 (see Table I). The unpoled PZT
was linear only up to approximately 60 MPa. The
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Fig. 1 Stress-Strain Curves at 6 kN/min

resulting Young’s modulus was 76 GPa with a Poisson’s
ratio of 0.43.

The effect of load rate on the compressive strength of
the ceramics was investigated. For all five materials the
compression strength increased with increasing load rate.
The PMN-unpoled showed the strongest response to a
change in load rate.

Microstructural analysis of PMNw/La specimens
from the interrupted tests revealed that grain boundary
microcracking can occur at loads as low as 92 MPa. The
density of microcracks increased with increasing peak
stress. At 726 MPa intragranular cracking was also
observed.

4, DISCUSSION

The two electrostrictive PMNs had the lowest
compressive strengths of all five ceramics (Table I). In
flexural strength studies [10, 11] comparing
electrostrictive PMNw/Ba and PMNw/La to PZT (all
materials from the same manufacturers as in this study),
the PMNss also had similar strengths and were weak
compared to the PZTs. Fractographic analysis identifying
the native flaw at each fracture origin was able to guide
processing changes that reduced flaw sizes and
significantly raised the PMN strengths. Failure in
compression leads to pulverization of the test specimen.
Thus, there is essentially no specimen left for post-mortem
examinations to allow identification of the flaw that led to
final fracture, its size or its orientation.

Interestingly, the PMN-unpoled is, by far, the
strongest of the five ceramics in compression. One
possible reason for the high compressive strength is that
the PMN-unpoled has the largest fracture toughness
value(s) (K¢ in tension and/or Kyc in shear) of all five
materials. Both K¢ and Kyyc are considered because a
fracture criterion for failure in compression has not been
established. Cracks do not grow in compression. Under
far-field compressive loads local tensile and shear stresses
govern crack initiation and propagation. It is not known
whether K;¢ and/or Ky dominates the local fracture
process. The local fracture process is stable because the
bulk of the material is in compression. Failure occurs
when K¢ and/or K¢ for the material is exceeded locally
and conditions for unstable propagation are achieved in -
the bulk.

A comparison of numerous studies in the literature
reveals that various compositions of PMN have a lower
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Kjc than PZT regardless of its electrical state [10, 12-15].
Studies of PMN have focused on electrostrictive
compositions so a definitive statement on the K;¢ of the
PMN-unpoled relative to PZT cannot be made.
Measurements of Ky for these materials have not been
made. However, the same vendor manufactured the
PMN-unpoled and the two PZTs. Thus, it is reasonable to
assume that the native flaw population introduced during
processing is similar, especially in size, for the PMN-
unpoled and the PZTs. This would imply that the PMN-
unpoled does indeed have the largest fracture toughness
value(s). This possibility is further supported by the idea,
suggested in the literature, that the fracture process in
compression is not dominated by the native flaw
population but rather by the initiation and coalescence of
microcracks. The process of microcrack coalescence and
final fracture would then be governed by the fracture
toughness value(s) of the material.

A comparison of the PZTs reveals that the unpoled
material is stronger. Since these PZTs are from the same
batch of material, processing variations cannot explain the
difference. The strength difference between the unpoled
and poled PZTs can be explained based upon the effect of
electrical history on the fracture toughness of PZT.
Studies have shown that poling affects the K¢ of PZT as
does the relationship of poling direction to the direction of
crack propagation [10, 12-15]. The literature indicates
that the K¢ is highest when cracks propagate parallel to
the poling direction and lowest when cracks grow
perpendicular to the poling direction. The K¢ value of
unpoled PZT falls between the two poled cases. Since
local tensile and shear forces drive crack propagation,
crack orientation is expected to be parallel to and 45° to
the compression axis. For the poled PZT this means that
crack growth occurs perpendicular to and at 45° to the
poling direction (since the poling direction is
perpendicular to the compression axis). Thus, the poled
PZT is expected to have a K¢ value smaller than the
unpoled PZT. Assuming either that the PZTs have a
similar native flaw sizes or that the native flaw population
does not dominate failure, a smaller fracture toughness
value equates to a lower strength.

All five of the materials have strengths that exceed
the expected stress levels in naval transducers in use. For
most devices the static compressive stress applied to the
ceramic elements during fabrication does not exceed 82
MPa, although in a few designs the ceramic elements may
be subjected to stresses as high as 345 MPa. The static
stress is sufficiently large in magnitude to avoid the
development of tensile stresses during excitation with an
oscillating signal. Thus, the largest oscillating signal
would cause stresses to vary from zero to twice the static
compressive stress, or 164 to 690 MPa, depending upon
transducer type. While the compressive strength of all
five materials exceeded 690 MPa, the wide range of
strengths in the PMNw/Ba, 877 + 177 MPa, is of concern.

All five materials were sensitive to changes in the
strain rate. In alumina [16] microstructural evidence
suggests that the strain rate sensitivity is due to the role of



microplasticity, in the form of twinning and slip, in
initiating microcracks. In electroactive ceramics detailed
mirostructural analysis of as tested specimens is needed to
determine the cause of the strain rate sensitivity.
Microstructural analysis of tested PMNw/La
specimens that were polished and etched revealed
microcracking at stress levels well below the compression
strength. Occasional grain boundary microcracks were
observed at loads as low as 10% of the compression
strength. While these microcracks occurred at stress
levels experienced by U.S. Navy transducers, the density
of microcracks was very low. The first observations of
intragranular cracking occurred at stress levels 83% of the
compression strength. The observation of mechanical
damage at these stress levels warrants the exploration of
the combined effect of mechanical stress and electric field
on the initiation of microcracks in electroactive ceramics.

5. SUMMARY

The five electroactive ceramics studied had a
spectrum of strengths. The electrostrictive PMNs were the
weakest with average strengths in the 870 MPa (126 ksi)
range. They were followed in order of increasing strength
by PZT poled perpendicular to the loading axis, unpoled
PZT, and piezoelectric PMN. There is a 48% increase in
strength from the electrostrictive PMNs to the
piezoelectric PMN. It is argued that the differences in
strength between all 5 materials are due mainly to
differences in the fracture toughness value(s).

In each of the five electroactive ceramics, the
compressive strength is a function of load rate similar to
behavior seen in structural ceramics. The specific
relationship is one in which strength increases with
increasing load rate.

In PMNw/La microstructural damage, in the form of
microcracking, was observed. Intergranular
microcracking occurred at low loads with intragranular
cracking also observed at loads close to the failure
strength. Further studies examining the effect of electric
field on the initiation of microcracking in electroactive
ceramics is needed.
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Abstract

Four-layered piezoelectric plates of PbTiOs; and Pb(Zr,Ti)O; ceramics were prepared to evaluate the
piezoelectric characteristics in high frequency region. These monolithic plates prepared with co-fired with
inner electrodes generate the fourth harmonic thickness extensional vibration. A single resonance was
obtained around 60MHz without spurious between the resonance and antiresonance frequency. Especially,
high electromechanical coupling factor and low-loss characteristics were shown in the PbTiO; ceramics. We
proposed that the high frequency resonators are possible by using high order harmonic vibration.

1. Introduction

Piezoelectric materials have been widely used for the
various electronic devices such as filters, resonators,
sensors and so on. Piezoelectric ceramics have many
advantages over single crystals: they have high
piezoelectricity and are easy to machine into desired
shapes. Especially, lead titanate (PbTiO3, PT) and lead
zirconate titanate (Pb(Zr,Ti)O3, PZT) are useful piezo-
electric ceramics because they are able to have various
properties due to minor chemical modifications.!™”

Recent developments in applications of the
microprocessors and mobile appliances working at high
speed require high frequency piezoelectric ceramics
oscillators. The driving frequency of the piezoelectric
oscillators depends on the materials, the vibration mode
and the effective length. In the frequency range of MHz
ceramics oscillators the thickness extension or shear
vibration modes are normally used. When PZT ceramics
are used as the 10 MHz oscillator by the thickness
extensional mode, the thickness of the ceramics plate is
about 200 um. In order to develop the higher frequency
oscillators the thickness of the ceramics bodies have to
decrease to less than 100 um. In these thin ceramics body
the mechanical strength decreases, therefore it is difficult
to machine the desired thickness accurately. It is well
known that the other method to develop the higher
frequency oscillators is the use of the surface acoustic
wave (SAW). However, the miniaturization of the SAW
devices is difficult because of they need the reflectors.

Two of the authors (A.A. and Y. S.) in the present

study have already reported the new piezoelectric.

oscillators using the second harmonic thickness
extensional vibration in a two-layered monolithic
piezoelectric ceramics plate.”) This has an inner electrode
placed at the middle of the ceramic plate. There are
several advantages in the oscillator we proposed against
the thickness mode resonators of the single plate and the
SAW devices. Firstly, this two-layered type has twice the
thickness of the single type for the same resonant
frequency. Therefore, the ceramics body has sufficient

mechanical strength for machining. Secondly, the various
piezoelectric ceramics can be adopted in this mode
because the energy trapping occurs even in the materials
with the effective Poisson’s ratio smaller than 1/3.
Finally, this is easy to minimize, compared to the SAW
oscillators.

The two-layered type piezoelectric oscillator
mentioned above has the characteristics promising the
high frequency applications. In addition, it is expected
that the same characteristics of the two-layered type can
be performed when the number of layer is increased. The
multilayered oscillator with increased number of layers
can be used as the oscillators at the higher frequencies
because the thickness of an individual layer determining
the resonance frequency can be decreased without the
decreasing the total thickness of the ceramic plate by
increasing the number of layers. )

In the present study, four-layered monolithic piezo-
electric plates of the PT and PZT ceramics were prepared
to investigate the characteristics of the fourth harmonic
thickness extensional vibration at high frequencies.

2. Experimental Procedure

PT and PZT ceramics specimens were prepared with
the conventional powder processing. The composition of
the PT ceramics is modified with small quantities La and
Mn ions. The composition is based on assumption that
the La ions substitute Pb ions, and the Mn ions are
incorporation on the Ti ion sites. It has been well known
as the useful material with the high electromechanical
coupling factor (kt) of the thickness extensional vibration
and high mechanical quality factor (Qm).>® The PZT
specimens having the composition of the 0.5PbTiO3-
0.4PbZr03-0.1Pb(Mnj/3Nby/3)O3 were prepared. The
PZT ceramics has high Qm and a tetragonal structure
with its effective Poisson's ratio less than 1/3 as same as
the PT.

High purity PbO, TiO2, ZrO2, MnO3, Lap03, NbyOs
were used as the starting raw materials. These raw
materials were weighed to the desired composition and
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milled for 20 hours in a ball mill with the pulverizing
media. After drying, the mixed powder was calcined at
900°C for 2 hours.

The obtained powder was milled in water and mixed
with organic binder by ball-milling to prepare a slurry,
the slurry was cast into green sheets about S0um thick by
the conventional doctor blade method. The green sheets
were stripped from the carrier film and the inner electrode
patterns were screen-printed on them with platina paste.
The sheets laminated into plates under a pressure of
Zton/cmz. After the binder burning out, the PT and the
PZT were sintered at 1200°C and 1150°C, respectively in
sealed alumina crucibles for 2 hours.

Cu and Ag was evaporated as the electrodes on the
both surfaces of the sintered plates and Ag paste was
applied on the edges to obtain the electrical connection
between the surface and inner electrodes. The poling of
the PT and PZT plates were performed in an insulator oil
bath for 30 min. The poling condition was an under
electric field of 5000kV/m at 100°C in the case of the PT
and under 3000kV/m at 80°C in PZT for 30 min. In
order to generate the fourth harmonic thickness
extensional vibration, the poling direction was opposite
between the nearest layers. The plates were cut into the
square plates with 4x4mm after removing the Ag paste on
the edges. Configuration of these prepared oscillators
with four-layered monolithic structure is shown in Figure

1.
ﬁ Inner electrodes
Figure 1  Configuration of four-layered monolithic

piezoelectric plate. Arrows indicate the poling direction.

The characterizations of the vibration were evaluated
from the impedance frequency characteristics of
resonators around their resonance frequency. The
impedance was measured in a frequency range between
100 Hz and 100MHz by HP 4194A impedance analyzer
with an impedance probe.

3. Results and Discussion
Material constants of the PT and PZT measured in
single layered plate with the same composition in this

study are shown in Table 1. The frequency constant of the .

PT is higher than that of the PZT. The resonance
frequency of piezoelectric oscillators is determined from
the frequency constant. Therefore, the PT with the higher
value is expediency for the high frequency oscillator
applications. Both specimens with the effective Poisson's
smaller than 1/3 were not able to obtain the energy-
trapping oscillators in the single plate of the thickness
extensional mode. The Poisson's ratio of the PT is much
small for its large piezoelectric anisotropy.

Table I
Material constants of the single plate.

- Pb(Zr,Ti)0Os-
(Pb,La)TiO3+Mn Pb(May:Nbys)Os

£33/€0 180 510

k(%) 495 38.8
Frequency
constant (Hzem) 2320 1830
Eff.ecnv:a . 0.24 031
Poisson’s ratio

Table I shows the thickness of the obtained four-
layered specimens after the sintering without lapping.
The thickness of the layers was determined by the
observation with SEM of the polished cross section. The
whole and one layer thickness of the sintered PT
specimens were thinner than that of the PZT.

Table II
The whole and one layer thickness of
the monolithic plates.
. Pb(Zr,Ti)Os-
(Pb,La)TiO3+Mn Pb(MnyNb22)0;
The whole
thickness (um) 144 153
The mean
thickness of one 36 38
layer (um)

Figure 2(a) and (b) show SEM photographs of the
fracture surfaces. The mean grin size is about 1um in the
PT and a few um in the PZT.

Figure 2 SEM photographs of the fracture surface in the
(2) (Pb,La)TiOz+Mn and
(b) Pb(Zr,Ti)O}'Pb(MI‘l1/3Nb2/3)O3
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The impedance characteristics of the four layered
monolithic PT plates are shown in Figure 3 (a) and (b) in

the different frequency range. A single mode resonance is .

observed around 60MHz in (2) and there is no spurious or
ripples between resonance and antiresonance frequencies.
The antiresonance frequency appears at 63.8MHz which
corresponds to 4 times of what can be obtained with
single plate resonator with same thickness as entire four
layered type. These indicate obviously that the fourth
harmonic thickness extensional vibration is generated in
the resonator.
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Impeadance (chm)

1000
100 .
)
<
2
10 8
=
&
1
o 20 40 60 80 100
Frequency (MHz)
1000 T T T T 90
100 -
oy
S
10 45 g
=
1
] ]
0.1 ! 1 0

55.5 58.5 61.5 64.5 675
Frequency (MHz)

Figure 3 Impedance characteristic of the (Pb,La)TiO3;+Mn
in the frequency of (a) 1IMHz - 100MHz and (b)
52.5MHz -67.5MHz

Figure 4(a) and (b) show the impedance obtained
from the PZT four layered plates. A resonance signal is
observed around 55MHz which matches that expected
from the frequency constant and the thickness of one
layer. However, the impedance at resonance frequency
seems to be high value compared to that of single plate
and the PT.
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Figure 4 Impedance characteristic of the Pb(Zr,Ti)0s-
Pb(Mn,3Nb;/3)Osin the frequency of
(2) IMHz — 100MHz and (b) SOMHz -59MHz. *

The obtained piezoelectric properties of the layered
plates are shown in Table IL The impedance ratio in the
table is defined as 20log(Za/Zr), where Zr and Za is
impedance at the resonance and antiresonance frequencies, -
respectively. This value has been used to evaluate the
quality of oscillators.

Table IIL
Piezoelectric properties of four-layered plates.
(Pb,La)TiO5+ Pb(Zr,Ti)O5- -
Mn Pb(Mn;3Nb,,3)0;

Resonance
frequency (MHz) 57.93 52.98
Antiresonance
frequency (MH) 64.11 56.19
Effective  electro-
mechanical coupling 49.0 37.6
factor (%)
Impedance ratio

(dB) 60.7 377
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The effective electromechanical coupling factor of
four-layered plates in the PT and PZT is almost equal to
kt of the single plates with same composition as shown in
Table 1. Additionally, the impedance characteristics in
both specimens show a single resonance and this means
that it enables us a high frequency piezoelectric resonator
application with a simple structure and a thermally stable
material such a PT or tetragonal PZT. The fourth-
harmonic thickness extensional oscillators as the PT
ceramics show a high impedance ratio and low-loss. On
the contrary, an impedance ratio of the PZT has about
40dB that is much smaller than the value expected from
single plates (60dB). The reason of increasing the loss in
the layered PZT plates has not been clarified yet.
However, it can be thought that the PT ceramics are very
promising materials for the high frequency applications
because of the low dielectric constant, large piezoelectric
anisotropy and fine grain. Furthermore, differences in
domain structure might lead to the difference in the high
frequency resonant properties. They are under investi-
gation. .

The four-layered oscillator with the PT ceramics
prepared in this study shows excellent performance as the
high frequency device. Further, the realization of higher
frequency oscillators is expected by using high order
harmonic vibration and decreasing the thickness of one
layer.

4. Conclusion

High frequency oscillators of four-layer PT and PZT
ceramics have been studied. These showed a single
resonance without spurious around 60MHz. In the case
of PT, these have had a high electromechanical coupling
factor and low-loss. It is thought that the oscillator can
be used as the commercial high frequency resonators.
Furthermore studies to realize higher frequency
oscillators than that of this will be needed.

References

1) D. Betlincourt: J. Acoust. Soc. Am. 70 (1981) 1586.

2) L. E. Cross: Ferroelectric Ceramics, eds. N. Setter and
E. L. Colla (Brinkhaser Verlag Basel 1993)

3)I. Ueda and S. Ikegami: Jpn. J. Appl. Phys. 7 (1968)

236.

4) 1. Ueda: Jpn. J. Appl. Phys. 11 (1972) 450.

5) S. Takahashi and M. Takahashi: Jpn. J. Appl. Phys. 11

(1972) 31.

6) S. Takahashi: Ferroelectrics 41 (1982) 143.

7) K. Hase, M. Saitoh, T. Kittaka and K. Tomono: Jpn. J.
Appl. Phys. 32 (1993) 4227.

8) A. Ando, T. Kittaka, T. Okada, Y. Sakabe and

K. Wakino: Ferroelectrics 112 (1990) 141.

— 138 —




Composites and Medical Imaging Arrays for Frequencies
Above 20 MHz

T. Ritter, K.K. Shung, R.L. Tutwiler, and T.R. Shrout

NIH Resource Center for Medical Ultrasonic Transducer Technology
Bioengineering Program, Penn State University
205 Hallowell Building
University Park, PA 16802
Fax: 814 863 0490, e-mail: tarl45@psu.edu

Abstract — Methods for designing and fabricating high frequency 2-2 composites and arrays are presented.
The composites were found to be suitable not only for arrays but also for small aperture, single element
devices. Coupling coefficients of 0.60 and lateral mode frequencies above 70 MHz were achieved.
Prototype 30 MHz linear arrays were designed and built using this composite. Backing and matching
layers were fabricated and characterized while coaxial cable was used to impedance match the elements to
a 50-ohm imaging system. The measured properties of passive and active components were used to
analyze the design in both an equivalent circuit model and a time-domain finite element analysis program.
Bandwidths of 70% and crosstalk levels less than -30dB were achieved.

1. INTRODUCTION

Ultrasonic imaging at frequencies from 20 to 100
MHz can provide high spatial resolution for
dermatological, opthalmological, articular, and
intravascular applications [1].  In addition, it has
found use in the evaluation and manipulation of small
animal models in biological research [2, 3]. Current
high frequency imaging systems rely on single
element transducer technology. For enhanced
performance imaging arrays are desired [1]. In
response to this need, the focus of this research is the
design and fabrication of high frequency arrays.

Previous array achievements in this frequency
range include a pair of 20 MHz PZT arrays [4][5], a
100 MHz array incorporating a sapphire lens and thin
film ZnO [6], and a polymer array with built-in
transmit and receive circuitry [7]. O’Donnel et al, in
cooperation with Endosonics Corporation, describes
the operation of a 20 MHz phased array imaging
system for catheter use [8][9]. In addition, novel sol-
gel composite PZT has been used in combination with
laser dicing to produce array elements at frequencies
above 50 MHz [10].

The focus of this paper is the design, fabrication,
and testing of 30 MHz arrays incorporating 2-2
composite elements. The 2-2 composite is
manufactured using a new technique and incorporates
fine grain PZT-5H equivalent ceramic. Matching,
backing, electrical impedance matching, and elevation
focusing are used to provide optimum performance.
Prototypes of the 30 MHz design have shown
bandwidths of 71% and crosstalk levels of less than

30dB. A 48-clement array is currently under
construction and will be discussed in this paper. In
addition to this device a 50 MHz array is also being
developed.

2. DESIGN AND FABRICATION

The 30 MHz array incorporates 2-2 composite
piezoelectric elements, a conductive backing, two
matching layers, and a lens for elevation focusing.
Table I lists the performance specifications for this
array.  Both one-dimensional models and finite
element analysis were used to optimize the design.
High impedance coax was used to provide both
electrical impedance matching and interconnect to
each element through a custom flex circuit.

TableI  Performance specifications for the 30 MHz
array.

Center Frequency 30 MHz
Element Pitch 0.100 mm
Number of Elements 48
Elevation Aperture 1.5mm
Elevation Focus 7.5mm
Bandwidth >50%
-20dB Pulse Length <150 nsec
Crosstalk <-30dB

Array elements with widths more than half the
height suffer from degraded performance due to
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coupling to the width resonance [11]. In order to avoid
this dilemma a 2-2 composite can be utilized. The
design of the composite involves choosing a polymer
filler with the proper elastic properties and selecting
the spatial scale of each constituent to avoid lamb
waves within the passband of the device [12].
Traditional dice-and-fill technology cannot achieve
the spatial scale required for operation above 20 MHz,
so a novel fabrication technique was developed. Fine
grain PZT-5H equivalent material (TRS 600, TRS
Ceramics, State College, PA) was lapped to a
thickness equal to the desired element width in the
composite. For the 48-clement array this was 25
microns. Plates of this material were stacked and
bonded, with the plate-to-plate spacing controlled by
incorporating polystyrene spheres into the bonding
epoxy. Thin sections were then diced from the stack
to form a 2-2 composite with the element width
determined by the thickness of the individual plates.
These composites were then lapped to a thickness of
0.100mm, electroded with 2000A° of Au over a thin
Cr layer, and poled at 2000V/mm and 50°C.

The next step in the fabrication was the addition of
an electrically conductive backing material with high
acoustic attenuation and an impedance of 6.0 MRayls.
A silver epoxy (E-3022, Von Rolla Isola, New Haven
CT, USA) was centrifuged to achieve the desired
properties. After adding the backing, a low dielectric
ceramic was used to provide a rigid frame around the
backed composite. Brass posts (50 microns square)
were bonded into the frame to provide interconnect to
the elements. The face was then lapped flat to achieve
a composite thickness of 53 microns. Figure 1 shows
the backed composite with the rigid ceramic frame and
the brass posts.

Preliminary acoustic matching was selected using
the Redwood equivalent circuit [13]. In order to
investigate the impact of complex vibrations a time-
domain finite element package was used (PZFLEX,
Weidlinger Associates, Los Altos, CA, USA). Based
on these studies a two-layer acoustic matching scheme
was adopted and materials were developed and
characterized to meet design specifications. The first
matching layer was cast onto the surface of the array
and lapped to the proper thickness (14 microns). This
layer was electrically conductive and provided
enhanced interconnect across each element of the
array. A dicing saw was then used to cut a 16 micron
kerf through the first matching layer and the
composite, and into the backing to define the
individual elements of the array. The kerfs were
diced to different depths in order to reduce the impact
of inter-element resonances through the backing [14].
The positions of the kerfs are shown (before dicing)
as dashed lines in Figure 1.
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Figure 1 Top and side views of the array under
construction.

The second matching layer was bonded to the
array after the kerfs were diced, and this necessitated
special care in selecting a kerf filler. Air was used for
prototype devices with good results, but special high
attenuation and low impedance materials are currently
being researched for improved reliability. Once the
second matching layer (20 microns thick) was in
place, a 0.250mm TPX layer was bonded to the face.
A precision milling process was used to machine a
cylindrical concave surface of 2.38mm radius into the
lens for elevation focusing. This surface was then
lapped using a custom lapping fixture to provide a 1
micron finish and a 20 micron thickness at the lens
center.  Figure 2 shows a cut-away view of the
device.

Electrical impedance matching was provided by
high impedance micro-coax. Low capacitance 42
gauge coax from Precision Interconnect (Portland,
OR, USA) was tested and found to have an electrical
impedance of 85 -5j ohms. Transmission line
equations were used to determine the optimum length
of coax to impedance match the 200 ohm array
elements to a 50 ohm imaging system.
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Figure2 A cut-away view of the array.

The coaxial cables were soldered to the brass
posts using an intermediate flex circuit and a low
temperature solder process. The finished array
assembly was housed in a cylindrical case with a
length of 88mm, a diameter of 15mm, and an integral
RF shield.

3. RESULTS

Composite materials were designed and fabricated
with a variety of polymer and ceramic dimensions.
Resonance techniques were used to characterize the
electromechanical properties. Typical test results are
displayed in Table II.

Several four-element prototype arrays were
constructed and tested.  Pulse-echo testing was
performed using a polished flat plate target placed at
the focal point of the elevation lens. A Panametrics
pulser, model 5900, on the 2 ul energy setting was
used to excite the device. Electrical and acoustic
crosstalk was characterized over the passband using
tonebursts from a Wavetek model 81 function
generator. Electrical impedance was measured using
an HP 4194 impedance analyzer.

Figure 3 shows the electrical impedance of a.

typical element, and Figure 4 shows the pulse-echo
impulse response. Both of these devices incorporated
an air kerf. Maximum crosstalk levels of -31dB were

recorded for adjacent elements and -32 dB for next
nearest elements.

Table II Representative 2-2 composite properties.

Volume Fraction 80%
Kerf width 6.5um
Ceramic width 26.0pm
Dielectric constant, €35 /¢, 1100
Thickness velocity at Fy* 4000 m/s
1% lateral mode frequency >70 MHz

Coupling coefficient k, 0.60

*Fp is the parallel resonance frequency
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Figure 3  Electrical impedance magnitude (solid line)
and phase angle (dashed line) for a typical array
element.

0.08
33 MHz
70% Bandwidth
= 0.04 1 e et ]
3
[
g 0 A
._é
< 004 e ]
-0.08

0 0.1 0.2 0.3 0.4 0.5
Time (usec)

Figure 4 Pulse-echo impulse response for a typical
array element.
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4. DISCUSSSION AND CONCLUSIONS

Table II demonstrates that high electromechanical
coupling and fine spatial scale can be achieved in a 2-
2 composite structure.  In addition, a highly uniform
structure resulted, with the kerf and ceramic widths
displaying standard deviations of 0.3 microns and 0.5
microns, respectively. The 1Ist lateral mode
frequencies in excess of 70 MHz indicate that arrays
and single element devices with center frequencics
above 30 MHz can easily be constructed [15].

The present array design displays short impulse
responses and acceptable levels of crosstalk. An
improved interconnect method may reduce crosstalk
even further and is currently being investigated. ~ The
broad bandwidth will not only increase axial
resolution but will serve to ameliorate problems with
grating lobes[16]. A 48-element array based on this
design is under construction. Testing of this array will
reveal information on acceptance angle, grating lobe
amplitude, and element-to-element uniformity.
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Abstract — Many researchers have focused on
growing large relaxor single crystals, fabricating
compositions with high electromechanical
properties, and optimizing the crystal cuts for best
properties. In this work PMN-PT and PZN-PT
single crystals with different compositions were
studied. One of the important characteristics
studied was the composition variation from lot to lot
and within different regions of a single crystal. The
compositional inhomogeneity and its impact on
electrical properties were correlated. The presence
of inclusions and defects, and their effect on dicing
capability of the crystals was also looked into. The
temperature stability of polarization and
electromechanical properties were studied to
identify the impact on device applications. The
single crystal acoustic parameters were determined
for transducer modeling. The agreement between
the measured and the theoretical prediction was
excellent. When single crystals replace the
traditional PZT ceramics in a transducer, a 20-25%
- bandwidth improvement can be obtained. The
expanded frequency range allows the single crystal
transducers to cover the frequencies of two
traditional PZT-type transducers. An experimental
phased array transducer has been built and used for
imaging to demonstrate the performance of single
crystal transducers. .

1. INTRODUCTION

The development of relaxor-type single crystals
including PZN-PT, PMN-PT, and PSN-PT materials has
generated a lot of interest in the last few years. These
single crystals exhibit very high coupling coefficients (k33
> 90%) and provide better sensitivity and bandwidth for
medical imaging applications [1-3]. They offer the
possibility of dramatic improvements in ultrasonic
transducer performance.

It would be impossible to make transducers
with consistent properties if the single crystal properties
varied from lot to lot and sample to sample. Therefore,
tests were conducted to study the chemical composition of
single crystals from various lots. It is important to study
the mechanical integrity of the single crystals to ensure
high manufacturing yields. Also, the effect of any
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microcracking, chipping and breakage on the electrical
properties needs to be studied. The ultrasound
transducers would be used in the field under varying
temperature conditions, hence, it is crucial to understand
the stability of the electrical properties as a function of
temperature. Finally, before building an ultrasonic
transducer for medical imaging, it is important to develop
a few models and study them to determine the advantages
and disadvantages of the design and chosen components
such as the piezoelectric material matching and backing
layer, etc. The finite element models and the images
obtained from a single crystal transducer fabricated are
also described.

2. RESULTS AND DISCUSSION
2.1 Uniformity of Single Crystals:

The properties of PZT-5H ceramic, and PMN-
32% PT and PZN-4.5% PT single crystal sliver (length
>>> thickness > width) specimens are shown in Table I.
It can be seen that the thickness coupling factor k of
single crystals is much larger than traditionally used PZT-
SH type ceramics. Also, the single crystal samples
(especially PZN-PT) have a lower longitudinal velocity
and acoustic impedance compared to PZT-5H ceramic.
This makes it easy for the acoustic impedance matching
of the piezoelectric crystal to the body. However, the
Curie temperature of the PMN-PT single crystals is only
155°C making it more prone to depoling under
environmental cycling.

Table I: Properties of ceramic and single crystal materials.

Single Single
Parameters (?Zr.?';'li_f) Crystal Crystal
(PMN-PT) (PZN-PT)
Acoustic
Impedance 'Z’ 31 26 22
[sliver] (MRayl)
Longitudinal
Velocity 3750 3200 2480
[sliver] (m/s)
Coupling
Factor 0.66 0.82 0.83
[sliver] (k)
Curie Temp.
¢c) 190 1565 174




The values shown in Table I were taken from
sliver specimens that showed good properties. However,
one of the concerns working with single crystal materials
is the property variation within a plate, between different
plates from the same batch and between plates from
different growth runs. In many instances single crystal
plates received from different growth runs showed large
composition variations. Also, in some of the plates
obtained recently, wide variations were seen within the
same plate. Slivers cut from different ends (10 mm apart)
of the same plate showed completely different coupling
constants. On a closer examination it was observed that
the slivers that showed a high coupling k" (~0.82) had a
very uniform elemental distribution across the length
(Figure 1(a)). On the other hand as shown in figure 1(b),
slivers with low coupling and spurious modes had a wide
fluctuation in the chemical composition within a region as
small as 3 mm. The chemical homogeneity and
consistency of properties for single crystals have to be
improved significantly to be able to put them in devices
that are reliable for medical imaging applications.
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Figure 1: Distribution of elements along the length of
PMN-PT single crystal slivers with (a) high k,’ and (b)
low k,’.

. 2.2 Processability of Single Crystals:

For achieving a high manufacturing yield of
transducers the single crystals should resist damage
during the dicing process. The crystals are diced into fine
slivers when making phased arrays. Before building
actual transducers it was necessary to conduct a few
experiments to observe the effect of dicing speed and

crystal chipping, etc. on the electrical properties. The
crystals were diced at different speeds to find the ease of
diceability. It was observed that with the traditional
dicing speeds used for PZT ceramic plates, the single
crystal samples got heavily damaged. Because of the
short supply of samples and to make sure that most of the
sliver samples were available for electrical property
measurement, the plates were diced using much lower
speeds (five to six times slower). Also, care was taken to
minimize blade vibrations during dicing to aveid any
damage to the slivers.

Some of the crystal plates shattered into a large
number of pieces even on dicing at low speeds. This was
attributed to the presence of inhomogeneties in the sample
including inclusions and microcracks. High quality single
crystals with no defects were relatively easy to dice,
producing sliver samples with minimal or no cracking and
chipping. Figure 2(a) shows slivers of width 120 pm and
90 um diced from a single crystal plate. For these
crystals even higher speeds up to 50% of the value used
for ceramic plates were also tried. Samples of the same
width shown in Figure 2(a), survived without any
problems. For crystals of moderately good quality there
was heavy chipping damage observed at 