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Advanced Materials for Optics and Electronics aims to provide a forum for the exchange of knowledge of those
materials—inorganic, organic, polymeric and biological—whose focus of interest is the emerging discipline of
Information Technology in its broadest sense. Its purpose is to bring about the integration and interaction of the science
and technology of advanced materials whose scope includes:

MATERIALS: Semiconductors; linear and non-linear optical materials; glasses; photoactive materials; laser materials;
luminescent, photochromic and electrochromic materials; ceramics including high T superconductors; magnetic
materials; low dimensional solids; polymer encapsulants; LB films; biological materials; electro-rheological fluids; liquid
crystals; chemically modified electrodes; resists; metallic conductors

PREPARATION: Synthesis of precursors for advanced materials and structure preparation; synthesis of
organometallics for MOCVD; chemicals for the electronics industry; mesogens; monomers and polymers; biological
processes; genetic manipulation; novel synthetic strategies; hybrid semiconductor/molecular materials; molecular
modelling, functionalisation

PROCESSING: Purification of advanced materials; crystal growth; homo and hetero structural epitaxy; chemistry of
epitaxy, deposition and etching processes; laser assisted deposition, ablation, etching and annealing; laser treatments;
defect chemistry and solid state reactions; chemical aspects of device fabrication including VLSI; microlithography;
passivation and surface treatment; photolytic and plasma processing; electromigration and corrosion; LB film
deposition; molecular self assembly

CHARACTERISATION: Chemical analysis; electrical properties; linear and non-linear optical properties; spectroscopic
properties; optical and electron microscopy; sensing and molecular recognition; x-ray and electron diffraction; STM and
AFM studies; electro-rheology

APPLICATIONS AND DEVICES: Electronic devices; bioelectronics; optoelectronic devices; integrated optics; logic
devices; microwave devices; magnetic devices; display devices; data storage devices; liquid crystals; chemical and
biological sensors and transducers; supermolecular information processing; biocomputing

MICRON Ex.1026 p.2



Recognised by the
European Physical Society

for ®[FirD(88 and
o8
Com[nmj Ch(wcronlcs L Journ)golechr Iectromcs
CONTENTS
Volume 10 Issue No. 3-5 May-October 2000

Recent Developments in the MOCVD of Electronic Materials
Editorial — - — - —_- - - - = = = = = = 91

MOCVD of High-A: Dielectrics, Tantalum Nitride, and Copper from Directly Injected
Liquid Precursors
Y. Senzaki, A. Hochberg and J. Norman _ - = = e = = = 93

Chemical Vapor Deposition of the Oxides of Titanium, Zirconium and Hafnium for use as
High-A™ Materials in Microelectronic Devices. A Carbon-free Precursor for the Synthesis of

Hafnium Dioxide
R. Smith, T. Ma, M. Hoilien, L. Y. Tsung, M. J. Sevan, L. Colombo, J. Roberts, S. A.

Campbell and W. D. Gladfelter . . . . . . . . . . 105

Ultraviolet Assisted Injection Liquid Source Chemical Vapour Deposition (UVILS-CVD) of
Tantalum Pentoxide

P. V. Kelly, M. B. Mooney, J. T. Beechinor, B. J. O'Sullivan, P. K. Hurley, G. M. Crean,

J.-Y. Zhang, I. W. Boyd, M. Paillous, C. Jimenez and J.-P. Senateur . . . 115

Photo-MOCVD of Copper Thin Films using Cu(ll) and Cu(l) Precursors for Low-
Temperature Metallization
F. Maury, S. Vidal and A. Gleizes . . . . . . . . 123

OWILEY journal is online

InterSi»ience

vAvw.interscience.wiley.com

Indexed or abstracted by Cambridge Scientific Abstracts, Chemical Abstracts Service, Chemistry Citation Index (ISI), Current

Contents/Engineering, Computing & Technology (ISI), Ei Page One, Ei COMPENDEX PLUS, INSPEC, ISI Alerting Services

Materials Science Citation Index (ISI), Reaction Citation Index (ISI), Research Alert (ISI), SciSearch (also known as Science
Citation Index-Expanded) (ISI), VINITI-Russian Academy of Science.

AMELE7 10(3-5) 91-232 (2000)
ISSN 1057-9257

MICRON Ex.1026 p.3



CVD of Conformal Alumina Thin Films via Hydrolysis of AlHs(NMe:zEt)
B. D. Fahlman and A. R. Barron . 135

Liquid-delivery MOCVD: Chemical and Process Perspectives on Ferro-electric Thin Film
Growth
J. F. Boeder, T. H. Baum, S. M. Bolodeau, G. T. Stauf, C. Ragaglia, M. W. Russell and
P. C. Van Buskirk — _— - _—_ - _—_ - - - - - - 145

Pulsed Injection MOCVD of Functional Electronic Oxides
J.-P. Senateur, C. Dubourdieu, F. Weiss, M. Rosina and A. Abrutis . . . . 155

Deposition of Electroceramic Thin Films by MOCVD
J. Lindner, M. Schumacher, M. Dauelsberg, F. Schienle, S. Miedl, D. Burgess E. Merz,
G. Strauch and H. Juergensen . . . . . . . . 163

MOCVD of Perovskite Thin Films Using an Aerosol-Assisted Liquid Delivery System
P. Schafer and R. Waser — _ _ _ _ - _— - = = = 169

An Investigation into the Growth of Magnesium Niobium Oxide and Lead Magnesium
Niobate by Liquid-injection MOCVD Using a Magnesium-Niobium alkoxide precursor

H. O. Davies, A. C. Jones, T. J. Leedham, P. J. erght M. J. Croshie, P. A. Lane,

A. Steiner and J. F. Bickley . . . . . . . . A77

Metal-organic Chemical Vapour Deposition of Ferro-electric SrBi2Ta=o0o Thin Films
C. Isobe, K. Hironaka and S. Hishikawa . . . . . . . .183

Preparation of Bismuth Layer-structured Ferroelectric Thin Films by MOCVD and their

Characterization
H. Funakubo, K. Ishikawa, T. Watanabe, M. Mitsuya and N. Nukaga . . . 193

Synthesis and Solution Decomposition Kinetics of Flash-vaporizable Liquid Barium Beta-
diketonates
R. G. Gordon, S. Barry, R. N. R. Broomhall-Dillard and D. Teff . . . 201

Metal Amides: Versatile Dopant Precursors for Electronic Materials
O. Just and W. S. Rees, Jr - - - - - = = = = . 213

Substituent Effects on the Volatility of Metal ~-diketonates
B. D. Fahlman and A. R. Barron 223

MICRON Ex.1026 p.4



CONTENTS—ADVANCED MATERIALS (Sister Journal to Adv. Mater. Opt. Electron.)

Advanced Materials Vol. 12, No. 17 (September 2000)

Organogels and Low Molecular Mass Organic Gelators

D. J. Abdallah and R. G. Weiss 1237
Application of Screen Printing in the Fabrication of Organic Light-Emitting Devices

D. A. Pardo, G. E. Jabbour and N. Peyghambarian 1249
Fabrication of Nanometer-Scale Patterns by lon-Milling with Porous Anodic Alumina Masks

D. Almawlawi, K. A. Bosnick, A. Osika and M. Moskovits 1252

Preferential Self-Assembly of Surface-Modified Si/SiOx Nanoparticles on UV/Ozone Micropatterned
Poly(dimethylsiloxane) Films

T. S. Phely-Bobin, R. J. Muisener, J. T. Koberstein and F. Papadimitrakopoulos 1257
Microfabrication of Ceramics by Filling of Photoresist Molds

U. P. Schdnholzer, R. Hummel and L. J. Gauckler 1261
Electrodeposited Nanocomposite n-p Heterojunctions for Solid-State Dye-Sensitized Photovoltaics

B. O'Regan, D. T. Schwartz, S. M. Zakeeruddin and M. Grdtzel 1263
Electrooptic Effects in the Nematic and Isotropic Phases of Aqueous V205 Suspensions

S. Lamarque-Forget, O. Pelletier, /. Dozov, P. Davidson, P. Martinot-Lagarde and J. Livage 1267
Electron Trapping in Dye/Polymer Blend Photovoltaic Cells

J. J. Dittmer, E. A. Marseglia and R. H. Friend 1270
Highly Photoconductive Nanocomposites of Metallophthalocyanines and Conjugated Polymers

S. A. Jenekhe and S. Yi 1274
Polygermyne—A Prototype System for Layered Germanium Polymers

G. Vogg, M. S. Brandt and M. Stutzmann 1278
Amplified Spontaneous Emission from Fluorescent-Dye-Doped DNA-Surfactant Complex Films

Y. Kawabe, L. Wang, S. Horinouchi and N. Ogata 1281
Glassy Liquid-Crystal Films with Opposite Chirality as High-Performance Optical Notch Filters and Reflectors

H. P. Chen, D. Katsis, J. C. Mastrangelo, S. H. Chen, S. D. Jacobs and P. J. Hood 1283
Vesicle-Directed Growth of Silica

D. H. W. Hubert, M. Jung, P. M. Frederik, P. H. H. Bomans, J. Meuldijk and A. L. German 1286
Vesicle Templating

D. H. W. Hubert, M. Jung and A. L. German 1291
Characterizing the Structure and Properties of Individual Wire-Like Nanoentities

Z. L. Wang 1295
Manipulation and Imaging of Individual Single-Walled Carbon Nanotubes with an Atomic Force Microscope

H. W. C. Postma, A. Sellmeijer and C. Dekker 1299

Advanced Materials Vol. 12, No. 18 (September 2000)

Deep Impact

A. Green 1313
Sensor Functionalities in Self-Assembled Monolayers

S. Flink, F. C. J. M. van Veggel and D. N. Reinhoudt 1315
Fabrication and Characterization of Chirped 3D Photonic Crystals

B. Gates an” Y. Xia 1329
Direct Conversion of Bulk Materials into MFI Zeolites by a Bulk-Material Dissolution Technique

S. Shimizu and H. Hamada 1332
A Thiophene Liquid Crystal as a Novel-Conjugated Dye for Photo-Manipulation of Molecular Alignment

H. Zhang, S. Shiino, A. Shishido, A. Kanazawa, O. Tsutsumi, T. Shiono and T. Ikeda 1336
Synthesis and Magnetic Tuning in Superparamagnetic Cobaltocene-Mesoporous Niobium Oxide Composites

S. Murray, M. Trudeau and D. M. Antonelli 1339
Synthesis of Large Areas of Highly Oriented, Very Long Silicon Nanowires

W. S. Shi, H. Y. Peng, Y. F. Zheng, N. Wang, N. G. Shang, Z. W. Pan, C. S. Lee and S. T. Lee 1343

MICRON Ex.1026 p.5



Synthesis of Gallium Phosphide Nanorods
C. Tang, S. Fan, M. Lamy de la Chapelle, H. Dang and P. Li 1346

Polymer-Controlled Growth of CdS Nanowires
J. H. Zhan, X. G. Yang, D. W. Wang, S. D. Li, Y. Xie, Y. Xia and Y. Qian 1348

Epitaxial Electrodeposition of Fe304 on Single-Crystal Au(lIl)
M. P. Nikiforov, A. A. Vertegel, M. G. Shumsky and J. A. Switzer 1351

Photoinduced Cluster Formation of Coumarin-Laheled Organosilicon Micronetworks
C. Graf, W. Schdrtl and N. Hugenberg 1353

Carhon Nanotuhes as Nanoreactors for Bonding Iron Nanowires
W. Han, P. Kohler-Redlich, C. Scheu, F. Ernst, M. Riihle, N. Grobert, M. Terrones, H. W. Kroto and D. R. M.
Walton 1356

Combustion Synthesis of BaFei20i9 in an External Magnetic Field: Time-Resolved X-ray Diffraction (TRXRD)
Studies
L. Affleck, M. D Aguas, Q. A. Pankhurst, I. P. Parkin and W. A. Steer 1359

Self-Assembled Diode Junctions Prepared from a Ruthenium Tris(Bipyridyl) Polymer, n-Type TiOi Nanoparticles,
and Graphite Oxide Sheets
T. Cassagneau, J. H. Fendler, S. A. Johnson and T. E. Mallouk 1363

Polymer Photovoltaic Devices from Stratified Multilayers of Donor-Acceptor Blends
L. C. Chen, D. Godovsky, O. Ingands, J. C. Hummelen, R. A. J. Janssens, M. Svensson and M. R. Andersson 1367

A Sol-Gel-Derived Glass as a Fuel Cell Electrolyte
M. Nogami, H. Matsushita, Y. Goto and T. Kasuga 1370

Dendrimers with Attached Helical Peptides
N. Higashi, T. Koga and M. Niwa 1373

A Combinatorial and Informatics Approach to CdS Nanoclusters
J. M. Whitling, G. Spreitzer and D. W. Wright 1377

Metal Nanoparticles with a Knack for Molecular Recognition
J. Liu, J. Alvarez and A. E. Kaifer 1381

Advanced Materials Vol. 12, No. 19 (October 2000)
Advanced Functional Materials: A Full-Paper Journal
P. Gregory, E. Levy and A. Green 1401

Hybrid Inorganic-Organic Mesoporous Silicates—Nanoscopic Reactors Coming of Age
A. Stein, B. J. Melde and R. C. Schroden 1403

Patterned Microstructure of Sol-Gel Derived Complex Oxides Using Soft Lithography
S. Seraji, Y. Wu, N. E. Jewell-Larson, M. J. Forbess, S. J. Limmer, T. P. Chou and G. Cao 1421

Novel Chromogenic Polymer Gel Networks for Hybrid Transparency and Color Control with Temperature
A. Seeboth, J. Kriwanek and R. Vetter 1424

A Soft Lithography Approach to the Fabrication of Nanostructures of Single Crystalline Silicon with Well-Defined
Dimensions and Shapes
Y. Yin, B. Gates and Y. Xia 1426

Carbon Nanotube Templated Self-Assembly and Thermal Processing of Gold Nanowires
S. Fullam, D. Cottell, H. Rensmo and D. Fitzmaurice 1430

Straight and Smooth GaN Nanowires
X.Chen, J. Li, Y- Cao, Y. Lan, H. Li, M. He, C. Wang, Z. Zhang and Z. Qiao 1432

Novel Method for Solution Growth of Thin Silica Films from Tetraethoxysilane
D. L. J. Vossen, M. J. A. de Dood, T. van Dillen, T. Zijlstra, E. van der Drift, A. Polman and A. van Blaaderen 1434

Two-Photon Photographic Production of Three-Dimensional Metallic Structures within a Dielectric Matrix
P.-W. Wu, W. Cheng, I. B. Martini, B. Dunn, B. J. Schwartz and E. Yablonovitch 1438

A Novel Route for the Preparation of Nanocomposite Magnets
X. Zhang, J. Zhang and W. Wang 1441

Carbon Nanotube RLC Circuits
N.A. Prokudina, E. R. Shishchenko, O.-S. Joo, D. Y. Kim and S. H. Han 1444

MICRON Ex.1026 p.6



Polymethacrylate-Silica Hybrid Nanoporous Materials: A Bridge Between Inorganic and Polymeric Molecular
Sieves

Y. Wei, Q. Feng, J. Xu, H. Dong, K.-Y. Qiu, S. A. Jansen, R. Yin and K. K. Ong 1448
Fast Response Photochromic Mesostructures

G. Wirnsberger, B. J. Scott, B. F. Chmelka and G. D. Stucky 1450
Molecular Batteries: Harnessing Fe(CN)6~ Electroactivity in Hybrid Polyaniline-Hexacyanoferrate Electrodes

P. Gomez-Romero and G. Torres-Gomez 1454
High-Quality Alkyl Monolayers on Silicon Surfaces

A. B. Sieval, R. Linke, H. Zuilhofand E. J. R. Sudhdlter 1457
Towards Self-Assembling Inorganic Molecular Wires

N. Kimizuka 1461
Anodes for Direct Oxidation of Dry Hydrocarbons in a Solid-Oxide Fuel Cell

R. J. Gorte, S. Park, J. M. Vohs and C. Wang 1465

MICRON Ex.1026 p.7



Advanced Materials for Optics and Electronics

Subscriptions

Advanced Materials for Optics and Electronics is
published bi-monthly by John Wiley & Sons, Ltd.

Subscription Rates

Volume 10 2000 6 issues

US$1015.00

To subscribe, please contact Journals Subscriptions
Department, John Wiley & Sons, Ltd, | Oldlands
Way, Bognor Regis, West Sussex P022 9SA, UK
Tel: -H44 (0) 1243 779777,

Fax: -"44 (0) 1243 843232,

E-mail: cs-journals@wiley.co.uk

Sample Copies

If you are interested in subscribing, you may obtain a
free sample copy by contacting John Wiley & Sons,
Ltd. at the above address.

Services

Advertising

To advertise in Advanced Materialsfor Optics and
Electronics, contact Jackie Sibley, John Wiley & Sons,
Ltd, Baffins Lane, Chichester, West Sussex P019
IUD, UK.

Tel: +44 (0) 1243 770351,

Fax: +44(0) 1243 770432,

e-mail: adsales@wiley.co.uk

For US-based advertising enquiries contact Susan
Levey, Advertising Department, John Wiley & Sons,
Inc., 605 Third Avenue, New York, NY 10158-0012,
USA, Tel: +1 (212) 850 8833,

Fax: +1 (212) 850 8888.

Mailing Lists

Our high quality, profiled subscription lists may be
rented for use with targeted mailing campaigns. For a
quotation, contact Jackie Sibley at the above UK

address.
«

Reprints

Do you wish to purchase reprints of any article from
Advanced Materialsfor Optics and Electronics!
Reprints from this journal or any previous issue are
available to order. Contact Jackie Sibley at the above
UK address for details of this service.

Copyright

Copyright © 2000 John Wiley & Sons, Ltd.

All Rights Reserved. No part of this publication may
be reproduced, stored in a retrieval system, or
transmitted, in any form or by any means, electronic,
mechanical, photocopying, recording, scanning or
otherwise, except as described below, without the
permission in writing of the Publisher.

Copying of articles is not permitted except for
personal and internal use, to the extent permitted by
national copyright law, or under the terms of a licence
issued by the national Reproduction Rights
Organization (such as Copyright Licensing Agency,
90 Tottenham Court Road, London WIP OLP, UK or
Copyright Clearance Center Inc., 27 Congress Street,
Salem, MA 01970, USA). The cost per copy is $30.
Requests for permission for other kinds of copying,
such as copying for general distribution, for
advertising or promotional purposes, for creating new
collective works or for resale, and other enquiries
should be addressed to the Publisher.

Statements and opinions expressed in the articles and
communications *re those of the individual
contributors and not the statements and opinions of
John Wiley & Sons, Ltd. Wiley assumes no
responsibility or liability for any damage or injury to
persons or property arising out of the use of any
materials, instructions, methods or ideas contained
herein. Wiley expressly disclaims any implied
warranties of merchantability or fitness for a
particular purpose. If expert assistance is required, the
services of a competent professional person should be
sought.

Abstracting and Indexing

Advanced Materialsfor Optics and Electronics is
covered by the following abstracting and indexing
services: Cambridge Scientific Abstracts, Chemical
Abstracts Service, Chemistry Citation Index (ISI),
Current Contents/Engineering, Computing &
Technology (ISI), Ei Page One, Ei COMPENDEX
PLUS, INSPEC, ISl Alerting Services Materials
Science Citation Index (ISI), Reaction Citation Index
(1SI), Research Alert (1SI), SciSearch (also known as
Science Citation Index-Expanded) (ISI), VINITI-
Russian Academy of Science.

Production Information

Production Details

Printed on acid-free paper.

Typeset by Scientifica, Exeter, Devon, UK.
Printed and bound in Great Britain by Scientifica,
Exeter, Devon.

Identification Statement

Advanced Materialsfor Optics and Electronics (Print
ISSN 1057-9257; Online ISSN 1099-0712 at Wiley
InterScience, www.interscience.wiley.com) USPS (008/
371) is published bi-monthly by John Wiley & Sons,
Ltd, Baffins Lane, Chichester, West Sussex P019 IUD,
UK. Periodicals postage paid at Rahway, NJ. Air
freight and mailing in the USA by Mercury Airfreight
International Ltd Inc., 2323 Randolph Ave., Avenel,
New Jersey, NJ 07001, USA.

USA Postmaster—send address changes to Advanced
Materials for Optics and Electronics, c/o Mercury
Airfreight International Ltd Inc., 2323 Randolph
Ave., Avenel, New Jersey, NJ 07001, USA.

MICRON Ex.1026 p.8


mailto:cs-journals@wiley.co.uk
mailto:adsales@wiley.co.uk
http://www.interscience.wiley.com

ADVANCED MATERIALS FOR OPTICS AND ELECTRONICS
Adv. Mater. Opt. Electron. 10, 105-114 (2000)

Chemical Vapour Deposition of the Oxides
of Titanium, Zirconium and Hafnium for
Use as High-k Materials in Microelectronic
Devices. ACarbon-free Precursor for the
Synthesis of Hafnium Dioxide

Ryan C. Smith,* Tiezhong Ma," Noel Hoilien,® Lancy VATsung, Malcolm J. Sevan.®
Luigi Coiombo,® Jeffrey Roberts,» Stephen A. Campbell® and Wayne L. Gladfelter*
‘Department of Chemistry, University of Minnesota, Minneapolis, MN 55455, USA
~Department of Electrical and Computer Engineering, University of Minnesota, Minneapolis, MN 55455, USA
~Texas Instruments, 13570 N. Central Expressway, MS 3701, Dallas, TX 75243, USA

A brief survey of the precursors used for the chemical vapour deposition of the dioxides of
titanium, zirconium and hafnium is presented. The review covers precursors used for the closely
related process known as atomic layer chemical vapour deposition (ALCVD or ALD). Precursors
delivered by standard carrier gas transport and by direct liquid injection (DLI) methods are
included. The complexes fall into four classes based upon the ligands; halides, alkoxides,
acetylacetonates (acac) and nitrates. Compounds bearing a mixture of ligand types have also
found application in this area. The impact of the ligand on the microstructure of the metal oxide
film is greatest at lower temperatures where the deposition rate is limited by the surface reactivity.
The first use of anhydrous hafnium nitrate, Hf(N03)4, to deposit films of hafnium oxide on silicon is
reported. The films are characterized by Rutherford backscattering and X-ray photoelectron
spectroscopy. X-ray diffraction and transmission electron microscopy. Copyright (c) 2000 John
Wiley & Sons, Ltd.

KEYWORDS CVD; metal nitrates; titanium; zirconium; hafnium dioxide; precursors

high leakage currents. One alternative involves
replacing the ultra-thin SiO2 films with a thicker
film of a material having a higher dielectric
constant. Materials of interest include the group
IV metal oxides Ti02, Zr02 and Hf02. The
chemical vapour deposition of these films is often

INTRODUCTION

As the gate length in field-effect transistors
decreases, the thickness of the gate Si02 must
also decrease. This trend faces an abrupt limit as

the gate oxide thickness approaches ~2 nm, at
which point direct tunnelling leads to unacceptably

* Correspondence to: W. L. Gladfelter, Department of Chem-
istry, University of Minnesota, Minneapolis, MN 55455, USA.

Contract/grant sponsor: Semiconductor Research Corporation.
Contract/grant sponsor: National Science Foundation.
Contract/grant number: CHE-9616501.

Copyright © 2000 John Wiley & Sons, Ltd.

carried out using metal alkoxides or )S-diketonates
as precursors. Recently, the deposition of high-
quality oxide films has been demonstrated using
carbon- and hydrogen-free anhydrous metal nitrate
precursors. In this article we give an overview of the
compounds used as precursors in the CVD of
group 1V metal oxide films, discuss the effect of the
precursor structures on the composition and

Accepted 29 June 2000
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microstructure of the resulting films, and describe
the use of anhydrous hafnium(IV) nitrate to
deposit thin Hf02 films.

CVD PRECURSORS FOR GROUP IV
METALOXIDES

Precursors used for group IV metal oxides are
listed in Table 1. Metal chlorides were among
the first compounds used in CVD processing.

Liquid TiCl4 has a relatively low boiling point
(136.4°C), while ZrCl4 and HfCI4 are solids that
sublime near 300°C. Oxide films can be
prepared from the chlorides either by hydrolysis,
equation (1), or direct oxidation, equation (2).
In the case of deposition from zirconium and
hafnium chloride, temperatures greater than
800°C are often necessary and may lead to
oxidation of the silicon substrate by the reactant
gases.For these reasons interest in using
group 1V chlorides in the CVD of metal oxides
for microelectronics applications is limited.
Metal oxide films can also be obtained from
the chlorides by the ALCVD method using the

chemistry shown in equation (1).* Temperatures

for these ALCVD processes are considerably
lower than for the standard CVD methods.

TiCl4 + 2H2017Ti02 + 4HC1 1

TiCl4 + 02-~Ti02 + 2CI2 2

Metal alkoxides (Fig. 1) are attractive as
precursors due to their high vapour pressures
and lower deposition temperatures. Titanium
isopropoxide, Ti(0-Pr)4, has been the most
widely used precursor for the deposition of
titanium dioxide.High-quality films can be
deposited from Ti(0-Pr)4 either by direct
thermolysis, equations (3 and 4), or by hydroly-
sis, equation (5). Similarly, Zr(0ON-Bu)4™NMeg
and Hf(0'-Bu)4™™* can be used to deposit
zirconium and hafnium dioxide, respectively.
Most metal alkoxides are sensitive to moisture
and must be handled under inert atmosphere
conditions. Recently, the stable, solid «co-pent-
oxides of titanium and zirconium were used to
deposit the corresponding oxides in a MOCVD

process.

Table 1. Precursors for chemical vapour deposition of group IV oxides

Precursor b.p. (°C) r,(“C) Minimum  (°C) References
TiCfi 136.4 nr. 200 6, 7
Ti(0-Pr)4 232 80-120 250 8-15
[Ti(/r-ONep)(ONep)3]2 nr. 120 300 22
Ti(NO3)4 40 (subl.)/0.2 mm 22-40 230 42, 44
ZrCfi 331 (subl.) 158-200 800 3-5
Zr(0'-Bu)4 81/3 mm 50-70 300 1, 16-20
[Zr(/i-ONep)(ONep)3]2 nr. 170 300 22
Zr(acac)4 171-173 (m.p.) 150-220 350 23-26
Zr(tfac)4 130 (subl.)/0.005 mm 130-180 300 23, 24, 27, 29, 30
Zr(thd)4 180 (subl.)/0.1 mm 200-230 500 26, 31-34
Zr(acac)2(hfip)2 dist. 80°/10*“* mm 715 350 38, 39
Zr(0'-Pr)2(thd)2 110-111 (m.p.) 195 350 40
Zr(0-Bu)2(thd)2 261-263 (m.p.) 195 350 40
Zr2(0'-Pr)6(thd)2 160-163 (m.p.) 200 350 35, 36
Zr(N03)4 95 (subl.)/0.2 mm 75-85 285 41, 43
HfCfi 320 (subl.) nr. nr. 1
Hf(0'-Bu)4 90/5 mm nr. nr. 1,21
Hf(tfac)4 nr. 190 300 24, 28, 29
Hf(N03)4 95 (subl.)/0.2 mm 75 250 4

rj,=bubbler temperature, r*=deposition temperature, n.r.=not reported.

Copyright © 2000 John Wiley & Sons, Ltd.
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OBu’

Pro*
Pro

OBuU'

M = Zr, Hf

Fig. 1. Schematic drawing of group IV alkoxide precursors: M(0'-Bu)4, Ti(0'-Pr)4, and [M(/i-ONep)(ONep)]2

Ti[0CH(CH3)2]4/Ti02 + 2CH3CHCH?2

+ 2(CH3)2CHOH 3

Ti[OCH(CH3)2]4-"Ti02 + 4CH3CHCH2

+ 2H20 4

TI[OCH(CH3)2]4 + 2H20~Ti02
+ 4(CH3)2CHOH 5

In )S-diketonate complexes (Fig. 2) the metal
centre is surrounded by eight oxygen atoms
making them generally more stable towards

hydrolysis than alkoxides. The zirconium and
hafnium acetylacetonates, Zr(acac)4  and
Hf(acac)4, decompose to give Zr02 and Hf02
at 350°C but require source temperatures around
200°C for sufficient vaporization " The tri-
fluorinated analogues, Zr(tfac)4 and Hf(tfac)4,
are more volatile but the increased risk of
fluorine contamination is undesirable. ANANI
Tetramethylheptanedionato zirconium, Zr(thd)4,
(this precursor is also abbreviated Zr(dpm)4
where dpm stands for dipivaloylmethanato) is
especially stable, can be handled in air, and has
been shown to deposit high-quality films.
Unfortunately, Zr(thd)4 requires source tempera-
tures between 200-230°C and substrate tempera-
tures greater than 500°C. Reduction of carbon
in )?-diketonate-deposited films requires the
addition of 02 during deposition.

The recent development of mixed ligand
precursors (Fig. 3) attempts to combine the

Fig. 2. Schematic drawing of group IV j8-diketonate precursors: Zr(thd)4 and M(acac)4

Copyright © 2000 John Wiley & Sons, Ltd.
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Fig. 3. Schematic drawing of group IV mixed ligand precursors; c«-Zr(acac)2(hfip)2 and M2(0'-Pr)g(thd)2

favourable properties of alkoxides and ~-diketo-
nate complexes.M*“™ The liquid compound
Zr(acac)2(hfip)2, where hfip=OCH(CF3)2, has
been used to deposit Zr02 as low as

The compound is reported to be
more stable towards hydrolysis than Zr(0'-Bu)4
and the vapour pressure lies between the
zirconium j9-diketonates and tcr?-butoxide. The

mixed tetramethylheptanedionato-alcoholato
complexes,  Zr(0'-Pr)2(thd)2 and [Zr(0O'-
Pr)3(thd)]2, have been wused in direct liquid

injection The volatilities of Zr(0'-
Pr)2(thd)2 and [Zr(0'-Pr)3(thd)]2 do not appear
to be a significant improvement over the
acetylacetonates, as evaporator temperatures for
the depositions were 195°C. Zirconium dioxide
films could be deposited, however, between 300
and 600°C from 0.1 M THF solutions of the
compounds.  [Zr(0'-Pr)3(thd)]2 and Ti(0'-
Pr)2(thd)2 have also been used to deposit lead
zirconate titanate using direct liquid injection
CcvD.M

The anhydrous metal nitrates are the only
precursors that are completely carbon-, hydrogen-
and halogen-free."”~"" The volatility of tKe anhy-
drous nitrates arises from the covalent nature ofthe
interaction between the metal centre and the
oxygen atoms of the chelating nitrato groups
(Fig. 4). Typical source temperatures range from
40°C for titanium nitrate to 80°C for zirconium
and hafnium nitrate. No additional oxygen is
required for deposition, and high-quality films of
Ti02, Zr02 and Hf02 have been grown at substrate
temperatures below 250°C. Because the nitrate
ligands themselves are strongly oxidizing, the

Copyright © 2000 John Wiley & Sons, Ltd.

anhydrous group 1V metal nitrates should not be
mixed with liquid or solid organic compounds or
other readily oxidized materials. In pure form,
however, we have seen no evidence that anhydrous
metal nitrates are shock sensitive or subject to
violent decomposition upon heating. There have
been no reports of using anhydrous metal nitrates
in a direct liquid injection CVD process.

THE CRITICAL SILICON-MO2
INTERFACE

In the studies of devices produced with high k
oxides in direct contact with the silicon substrate, a
1-2 nm interfacial layer has been observed by

Fig. 4. Schematic drawing of group IV anhydrous metal nitrate
precursors
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cross-sectional  transmission electron  micro-
scopy. As even very thin interfacial layers
of a low K material will seriously decrease the
capacitance of the stack, the existence of this layer
may significantly impact the electrical properties of
the device. The effective permittivity for multiple
layers is given by

" d""E{d"E" ~I' d"E" 6

where d and e are the thickness and permittivity of
the layers. Also, for a gate oxide of a given
thickness, an increase in the interfacial thickness
effectively decreases the thickness of the high k
layer, which may lead to higher leakage currents.
Therefore, to benefit from the high permittivity
replacement, the thickness of any interfacial layer
must be limited.

In the cases of Ti02 and Ta205, the interfacial
layer, as evaluated by medium energy ion scattering
and secondary ion mass spectrometry, exhibits a
compositional gradient from pure Si02 to pure
metal oxide. Thermodynamics predicts
that the silicon interface with both these oxides
will be unstable with respect to silicon oxidation

1727 “C 727 »C 394 @C 227 °C 127 “C

Fig. 5. Plot showing the temperature dependence of the growth
rate. The individual data points are from the experimental
measurements and the solid lines are derived from the model
discussed in the text

Copyright © 2000 John Wiley & Sons, Ltd.
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and/or metal silicidation around 700°C."* Similar

thermodynamic considerations suggest the inter-

face to be stable between silicon and Zr02, Al203
or Hf02."*" Interfacial layers are observed for these

oxides as well.""™ In contrast to the case of Ti02,
however, MEIS studies suggest that the interface
formed between zirconium dioxide and silicon is
pure Si02.M

Processes leading to the formation of interfacial
layers include (1) reaction between the metal oxide
film and the silicon substrate, (2) oxidation of the
silicon surface prior to or during the deposition of
the oxide film by the precursor or a contaminant,
and (3) oxygen diffusion through the thin metal
oxide membrane during or after deposition. Several
approaches to eliminating these pathways are being
considered. A barrier layer of SIO®N” or Si3N4 can
be deposited onto the silicon prior to the oxide
growth. ldeally, such a layer would separate the
metal oxide and the silicon, thus preventing direct
reaction. Also, the nitride layer can serve as a
barrier to the diffusion of oxidants into the silicon.
An alternative approach towards improving the
interface characteristics involves incorporating
silicon oxide into the high k film. Though these
materials are expected to have_dielectric constants
lower than the pure metal oxides, studies on Zr-Si-
O and Hf-Si-O mixtures indicate that they may be
a promising substitute. Additionally, the pre-
sence of silicon also inhibits the crystallization of
the metal oxide, thus reducing grain boundaries
and surface roughness that can lead to dielectric
breakdown and higher leakage currents. Finally,
atomic layer CVD techniques could potentially be
used to control the composition of the oxide films
at the atomic level. Recently, ALCVD using metal
alkoxides as the oxygen source (in place of 03, H20
or H202) in conjunction with metal chlorides was
reported.The interfacial layer thickness was
reduced.

IMPACT OF PRECURSOR STRUCTURE
AND KINETICS ON FILM
MICROSTRUCTURE

The performance of metal oxide films as dielectrics
depends on composition (stoichiometry and
purity) and microstructure. One might reasonably
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ask whether variation in precursor structure exerts
any influence on the composition and microstruc-
ture of the resulting film. Especially among
precursors that deposit compositionally correct
films, does the variation of the ligand change the
microstructure?

In an attempt to answer this question, a side-hy-
side comparison of the TiO2 deposition kinetics
and the corresponding microstructures was studied
using titanium(lV) isopropoxide and anhydrous
titanium(IV) nitrate.~* All depositions were con-
ducted at low pressures (<10“" Torr) in an ultra-
high vacuum chemical vapour deposition reactor.

Deposition Kinetics

From the data in Fig. 5, we identify three regimes
of CVD growth: (i) a low temperature regime
(<250°C for TN and <400°C for TTIP) in which
the TiO2 deposition rate increases rapidly with
temperature, (ii) an intermediate regime (250-600
and 400-700°C for TN and TTIP, respectively) in
which the deposition rate is roughly independent of
temperature, and (iii) a high temperature regime,
for which the deposition rate decreases with
increasing temperature. Similar growth rate trends
have been reported for many other CVD systems.
The low temperature regime is usually attributed to
reaction-limited deposition, i.e.,, to CVD growth,
which is limited by the rate of precursor decompo-
sition. The growth rate increases with temperature
due to Arrhenius dependence on thermal energy.
At intermediate temperatures, growth becomes
limited by the precursor-substrate collision rate.
In this regime, growth is said to beflux-limited, and
the growth rate is independent of temperature.
The Ti02 growth rate trends for both TTIP and
TN can be rationalized by invoking rapid precursor
desorption at high substrate temperatures. Scheme
1 summarizes the generic events involved in an
UHV-CVD process. We analyse the growth
kinetics in terms of a two step model. The first
step is reversible adsorption of the precursor (P) on
the growth surface, and the second is irreversible
reaction of adsorbed P to form solid Ti02:

ad
P(g)fP(ad) 7
"des

Copyright © 2000 John Wiley & Sons, Ltd.
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P(ad)-ATi02(,) -h by-products(g) 8

where and k™ are the rate constants for
adsorption, desorption and reaction, respectively.

The precise nature of the chemisorbed precursor,
is unknown.

600 nm

Fig. 6. Scanning electron micrographs comparing Ti02 grown
using Ti(0'-Pr)4 (TTIP) and TiCNOQj)* (TN)

Adv. Mater. Opt. Electron. 10, 105-114 (2000)
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Scheme 1. Summary of the kinetic events involved in the
Ti02 UHV-CVD

Fig. 6 shows the scanning electron micrographs
of films deposited under similar conditions. The
vital result reflected in this figure is that below
500°C the microstructures depend on the nature of
the precursor, whereas above this temperature the
microstructures are indistinguishable.

From the above kinetic analysis, we begin to
see how the microstructure of a Ti02 CVD film
might be temperature- and precursor-specific. At
low temperatures, the adsorbed precursors will
sample a wide range of surface sites before
reacting, as the characteristic reaction time is
quite long. The diffusional path explored by an
adsorbed molecule is a strong function of the
adsorbate-surface potential energy surface. For
TN and TTIP, which have very different
structures, one might expect analogously differ-
ent diffusional paths. For example, the nitrate
ligands on TN have lone electron pairs that
could participate in specific donor-acceptor
interactions with the Ti02 surface, whereas the
hydrocarbon nature of the TTIP ligands pre-
cludes such interactions. If the structure of the
Ti02 surface were highly anisotropic (as is the
case for anatase and rutile)), TN surface
migration could be more rapid in some direc-
tions than in others, while TTIP migration
could be isotropic. Under such conditions, one
might predict equiaxed microcrystallites from
TTIP and more unusually shaped crystallites
from TN. «

As temperature increases, the adsorbed pre-
cursors undergo fewer and fewer diffusional
hops before reacting. Eventually, the character-
istic migration length will become so short that

Copyright © 2000 John Wiley & Sons, Ltd.
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the precursor will react at or desorb from the
site on which it adsorbs. One would expect no
influence of the precursor on film microstructure
under such conditions, which is just what is
observed for flux-limited Ti0O2 deposition from
TN and TTIP. At these higher temperatures
diffusion of titanium and/or oxygen atoms (or
ions) on a clean Ti0O2 surface or along grain
boundaries, represented by in Scheme 1,
will alter the microstructure.

In summary, comparison of the microstructures
of films deposited at similar temperatures for TTIP
and TN revealed significant differences in the
reaction rate limited regime. As the growth rates
of the two precursors converged in the flux-limited
regime, the respective microstructures became
indistinguishable. In the reaction rate limited
regime the differences in microstructures were
attributed to differences in the precursor lifetime
on the surface, its characteristic diffusion length
and its selectivity. These effects also explain why
the grain size of the Ti02 decreased with increasing
temperature for both precursors. At higher tem-
peratures in the flux-limited regime and beyond,
grain size increases with increasing temperature. In
this regime, microstructure is dominated by diffu-
sion of titanium and/or oxygen atoms on the
surface or along grain boundaries. This work
suggests that the search for a dependence of film
microstructure and properties on the structure of
the molecular precursor should focus on the
reaction rate limited kinetic regime.

CVD OF HAFNIUM DIOXIDE USING
HF(N03)4

Thin films of Hf02 were grown using anhydrous
hafnium (IV) nitrate, HN, which was synthesized
from HfCI4 and N205 using literature procedures
and purified by sublimation. The HN was
stored and precursor vessels were loaded under an
inert atmosphere.

All depositions were performed in a stainless
steel low-pressure reactor which consists of a
six-way cross equipped with 4.5-inch diameter
Conflat flanges. Using only the mechanical
pump the base pressure of the reactor was <1
mTorr. Two of the flanges were unused. One
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flange was equipped with a viton O-ring sealed
door for wafer loading. The precursor line
enters the chamber through the top flange and
the bottom flange is capped with a 1/4-inch
fused silica window sealed to the flange knife-
edge with a viton O-ring. The Si(100) substrates
were cleaned by standard procedures and placed
onto a circular molybdenum susceptor (1/8-inch
thick) situated at the centre of the reactor. The
Mo susceptor was heated with a Variac-con-
trolled, 1000 W, quartz halogen lamp located in
a parabolic aluminium reflector and directed
through the fused silica window. The tempera-
ture of the susceptor was measured with a K-
type thermocouple embedded | cm into the side
of the susceptor. The final flange was connected
to a Lindberg tube furnace set to 500°C. A
thermocouple gauge located between the six-way
cross and the cracking furnace measured the
reactor pressure.

The HN precursor vessel was heated to 82°C
by Variac-controlled heating tape. High purity
nitrogen was used as the carrier gas. The flow
of carrier gas was maintained at 20 seem using
a mass flow controller. The chamber pressure
during deposition was 0.20 Torr. The films in
this study were deposited at susceptor tempera-
tures between 300 and 500°C. Under these
conditions the observed growth rates ranged
from 25 to 10.0 nm per minute.

Film crystallinity was studied using a Siemans D-
5005 X-ray diffractometer and showed that films
grown at 450°C were polycrystalline, monoclinic

Fig. 7. Cross-sectional TEM of Hf02 deposited on Si(I00)

Copyright © 2000 John Wiley & Sons, Ltd.
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Hf02. The observed preferential orientation was
difficult to determine because of the close d-spacing
and broadening of many of the reflections. The
four strongest reflections occurred at 24.5, 28.6,
31.6 and 35.0°. The low-angle peak could be
attributed to either the 011 or 110 reflections, and
the high angle peak could be due to the 002 or 200
reflections. The peaks at 28.6° and 31.6° could be
uniquely assigned to the 111 and 111 reflections,
respectively.

Cross-sectional, high resolution transmission
electron microscopy (Fig. 7), using a Philips
CM200 field emission electron microscope oper-
ated at an accelerating voltage of 200 kV, suggested
the films were polycrystalline and provided evi-
dence that an amorphous interfacial layer, 1.1-1.5
nm thick, was present between the silicon substrate
and the Hf02.

The Rutherford backscattering spectrum was
obtained on a spectrometer purchased from NEC
that was equipped with an MAS 1700 end station.
The He+ beam had an energy of 2.0 MeV, and the
charge collected was typically 10 pC using a beam
current of 15 nA. Medium energy ion scattering
data using a He+ beam suggest that the ratio of O
to metal in such high permittivity films is high by
approximately 10% (M. Copel, personal communi-
cation, 2000). After adjusting the RBS data, the
stoichiometry of the as-deposited filnh ranged
from Hf022 to Hf024. The observed ratio of O
to Hf was higher for films that were deposited at
lower temperatures. Other metal oxides deposited
using anhydrous metal nitrates were reported to
contain excess oxygen, which could be removed by
heating the films under an inert atmosphere.

Three hafnium dioxide films were studied by X-
ray photoelectron spectroscopy on a Phi 5802
Multitechnique Electron Spectrometer using 350
W monochromatic Al X-rays. Carbon was
present at the surface of all the films and was
essentially removed by sputtering away the top 20
A. Angular resolved XPS, obtained at 15, 25 and
45° take-off angles, probed the composition at
increasing film depths. At 45° no nitrogen was
detected in the films. Zirconium was found in all
the films and varied between 0.5 and 5.28 at. %.
The observed Zr comes from zirconium impurities
in the HfCI4 used to synthesize the HN precursor.
The variation in Zr concentration is likely to be due
to a heterogeneous distribution of Zr(N03)4 in the
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Hf(NO03)4 precursor vessel. Correct evaluation of
the film stoichiometry requires that we examine O/
(Hf+Zr). For 45° data these values were 2.29, 2.06
and 2.31, respectively, in agreement with the values
obtained by RBS.

SUMMARY

Anhydrous hafnium nitrate was found to be an
effective precursor for the chemical vapour depo-
sition of Hf02- The conditions probed in this study
included growth temperatures as low as 300°C, and
no additional oxygen source was necessary to
promote deposition. Under all conditions, RBS
and XPS indicated that the films contained
approximately 10-20% excess oxygen.
Zirconium, present in the HfCI4 used to synthesize
Hf(N03)4, was the major impurity detected by XPS
in the bulk of the film. Nitrogen concentrations
were at or below the detection limits of XPS (~ 0.2
at. %).

Each group IV metal dioxide has been success-
fully deposited using the corresponding anhydrous
metal nitrate. Thus, these precursors join the metal
chlorides, jS-diketonates and alkoxides as a general
class of precursor useful for depositing metal oxide
films. The decision to use a particular precursor
will depend on the application. Especially during
depositions conducted at lower temperatures where
growth kinetics are limited by surface reaction
rates, variation of the ligand can lead to different
microstructures for compositionally identical films.
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