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Abstract

This project focused on three different aspects of oxide thin film systems: (i) Model metal/oxide
and oxide/oxide interface studies were carried out by depositing ultra-thin metal (Al, K, Mg) and
oxide (MgO, AIOX) films on Ti02, NiO and ~-A1203 single crystal oxide substrates. (ii) Electron
cyclotron resonance (ECR) oxygen plasma deposition was used to fabricate AIOX and Zr02 films
on sapphire substrates, and film growth mechanisms and structural characteristics were
investigated. (iii) The friction and wear characteristics of Zr02 films on sapphire substrates in
unlubricated sliding contact were studied and correlated with film microstructure. In these
studies, thin film and interracial regions were characterized using diffraction (RHEED, L13ED,
XRD), electron spectroscopes (XPS, UPS, AES), microscopy (AFM) and tribology instruments
(pin-on-disk, friction microprobe, and scratch tester). By precise control of thin film
microstructure, an increased understanding of the structural and chemical stability of interface
regions and tribological perfornxince of ultra-thin oxide films was achieved in these important
ceramic systems.
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I 1. Introduction

Grant #DE-FG-02-90ER45417

Oxide-based ceramic films are important technological materials in a wide range of applications
including hard and wear-resistant coatings, passivation layers for high temperature structural
materials, nanolaminate composites, catalytic supports, and solid state sensors and transducers.
In this research project, fimdamental studies were carried out to investigate the structural,
electronic, chemical, and mechanical properties of metal/oxide interfaces and oxide/oxide
interfaces. In addition to studying interracial phenomena such as thermal stability, chemical
reactivity, interdiffusion and interracial impurity effects, the synthesis/property relationships of
ultra-thin oxide films were investigated. In particular, ECR oxygen-plasma-assisted growth was
used to manipulate the microstructure of heteroepitaxial oxide films. Thin oxide films grown in
this manner have well-defined structures and controlled defect distributions thereby allowing one
to study fundamental properties of these complex systems. We exploited this ability to control
film microstructure in order to understanding chemical reactivity of interfaces and ftiction and
wear behavior of ultra-thin oxide films.

I Highlights of the results are discussed in the following sections; the reference numbers refer to
journal publications that resulted from the project as listed in Section 11.

I 2. Metal/Ti02 Interfaces

Potassium / TiO? Interfaces - Submonolayer and multilayer amounts of potassium were
deposited onto ~i02 (1 10) surfaces. Potassium interacts strongly with the stoichiometric surface
causing reduction of Ti4+ cations at the interface region and a large change in work function
[1,6,7. At submonolayer coverages, the potassium donates charge to the oxygen anions thereby
reducing the Ti cations. At larger K coverages, stable K20 multilayers are formed at room
temperature via oxygen diffusion from the substrate, leaving behind an oxygen deficient TiOz.X
interracial composition. On defective Ti02 surfaces, the surface Ti cations are already in the Ti3+
valence state and the K is found to be less reactive.

Aluminum / Ti02 Interfaces - Aluminum interacts strongly with both stoichiometric and sub-
stoichiometric T~02 (11 O) surfaces at room temperature. For monolayer Al doses, charge
transfer occurs from the Alto the surface Ti cations causing reduction of Ti02 and oxidation of
the Al layer. At larger Al doses, an amorphous aluminum oxide film continues to grow by
extracting oxygen anions from the Ti02 substrate, producing an AIOX/Ti02.X “interphase” region
across the A1/Ti02 interface [2,6,7,19].

Irntmritv Effects at the Al / TiOz Interface - The presence of intentionally-placed submonolayer
amounts of carbon and potassium influences the A1/Ti02 interracial chemistry. Carbon interacts
weakly with the Ti02 surface but retards the oxidation rate of the aluminum and decreases the
thermal stability of the AIOX interphase [5,7]. Deposition of Al in the presence of sub-monolayer
potassium impurities has minimal effect on the Al oxidation reaction but oxidized potassium
species become incorporated in the aluminum oxide overlayer [7].

I 3. Metal/NiO Interfaces

Ma,mesium / NiO Interfaces - Mg deposited onto NiO (100) in UHV interacts with the oxygen
anions of the NiO substrate in the initial stages, forming an MgO layer by extracting anions from
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the substrate [6,9, 15]. Metallic Mg layers grow upon subsequent depositions. Annealing studies
below the Mg resorption temperature show that MgO continually forms with further reduction of
the Ni cations. A simple atomistic model suggests that the MgO is formed primarily by oxide
extraction, and that the reduced Ni species are concentrated at the interface and do not diffise
into the overlayer.

Aluminum / NiO Interfaces - Aluminum does not become oxidized as it is deposited onto a NiO
(100) surface, in contrast to the Al/ TiOz system. An intermetallic NiqAl phase forms at the
interface with the same (100) orientation as the NiO substrate and the reaction is controlled by
the extraction of Ni out of the NiO subsurface region [3,6,15]. At large doses of aluminum,
metallic Al is formed on top of the Ni3Al phase and the overlayer has a very heterogeneous
morphology. Defects and nonstoichiometry on the NiO (100) surface intentionally created
prior to growth affect the disorder and roughness of the growing film but do not change the
overall growth mechanism. Based on relative free energy of formation for bulk compounds, the
aluminum is predicted to be oxidized. Therefore, this system demonstrates that interracial
thermodynamics and kinetics are important in controlling interface structure and composition.

4. Metal/A1203 Interfaces

Ma~esium / Sapphire Interfaces - During the initial deposition of Mg onto a r-cut sapphire [ot-
A1203) surface, very little interaction between the Mg and the A120~ substrate occurs and a very
abrupt interface is formed. The first Mg monolayer exhibits spectroscopic features similar to
MgO but all additional layers remain as metallic Mg [4,6,8,20]. The metallic Mg film has a

textured polycrystalline structure and desorbs from the surface upon annealing above -300”C.

5. Oxide/NiO Interfaces

MRO / NiO Interfaces - The less than 1‘ZO lattice mismatch between MgO and NiO allows for
extremely high quality epitaxial MgO films to be grown on NiO (100) [9,11,15,18]. Negligible
intermixing occurs at the substrate/overlayer interface and the MgO/NiO structure remains stable

up to 600”C. High quality multilayered nanolaminate MgO/NiO structures can be grown with

excellent epitaxy. Above 600°C, interdiffusion becomes significant leading to a ternary Mg-Ni-
0 structure.

Aluminum Oxide / NiO Interfaces - The structure and composition of the aluminum oxide/ NiO

interface is strongly temperature dependent. Deposition of Al in an 02 ambient at 800”C is
accompanied by a vigorous interracial reaction to form a NiA1204 spinel phase [15,16]. The
spi.nel phase is highly epitaxial with NiA1204 (100) growing parallel to NiO (100). At lower
temperature (250”C), little interaction with the NiO substrate occurs and a homogeneous
amorphous AIOXphase is produced. Post-deposition annealing of the amorphous AIOX layer
results in strong reaction with the NiO substrate leading to the crystallization of the NiA1204
spinel phase.

6. 0xide/A1203 Interfaces

MEO / a-Al@3 Interfaces - Magnesium deposition onto r-cut sapphire in an Oz background
leads to the formation of a random polycrystalline MgO overlayer [6,8]. After extended high
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temperature annealing (>60 min at 900”C) the polycrystalline MgO phase recrystallizes into
MgO clusters oriented with MgO (100) parallel to the r-cut sapphire substrate.

7. ECR-P1asma-Assisted Growth of Oxide Films

Al(O) A11OYSand AIOZ Films - A1203 and A1O, layers were grown on Si (100) substrates using
ECR oxygen-plasma-assisted e-beam evaporation of aluminum. Deposition temperature and ion
energy markedly affect the surface texture and film microstructure. The A1203 films consist of

amorphous and/or small grain nanocrystalline ‘/-A1203 microstructure, whereas the

substoichiometnc AIOX films are larger grain polycrystalline Al containing a fine dispersion of y-
A1203 precipitates [12,14]. These films exhibit very high hardness and yield stress [13]. This
work was done in collaboration with J. Charles Barbour at Sandia-Albuquerque.

Heteroe~itaxial Zirconia Films on Sapphire Substrates - Stoichiometric Zr02 films were grown
on r-cut sapphire substrates by evaporating Zr in the presence of an ECR oxygen plasma. High
quality epitaxial monoclinic or cubic Zr02 phases were produced depending on growth
temperature and deposition rate [17,22,23]. The films are highly epitaxial and exhibit a three
dimensional surface morphology. Above 475°C, the r-cut sapphire lattice induces epitaxial c-
Zr02 film growth without the addition of stabilizing dopants as long as the deposition rate is
maintained below 0.5 ~s. At higher growth rates, the thermodynamically favored m-ZrOz phase
forms epitaxially due to limited surface migration of adsorbed species during growth.

Cubic Zirconia Films on SiOX Substrates - Pure stoichiometric Zr02 films were deposited onto
amorphous silica substrates by electron beam evaporation of Zr in the presence of an electron
cyclotron resonance (ECR) oxygen plasma. Grain size, strain and texture were analyzed by X-
ray diffraction (XRD) and reflection high energy electron diffraction (RHEED). Films grown at
room temperature are polycrystalline and exist in the cubic phase [23,25]. Growth at elevated
temperatures produces coexisting cubic and monoclinic phases and shows a maximum critical
grain size of- 10 nm for stabilization of the cubic phase. Pole figure analysis indicates a
preferred cubic [200] fiber axis for room temperature growth and dual monoclinic {11 1} and

{111} in-plane textures for films grown at 400 “C. Post deposition annealing experiments

confirm the existence of a critical grain size and suggest mechanisms for grain growth.

8. Friction and Wear of Zirconia Films

Effect of Zr02 Film Microstructure - Unlubricated sliding of sapphire and stainless steel sliders
on zirconia films containing different microstructure show a critical correlation between friction
and wear characteristics and film microstructure [23,24]. Pin-on-disk testing revealed that
“random” polycrystalline films have the highest film wear and fi-iction coefficients <0.35. For a
“highly oriented” polycrystalline zirconia microstructure, similar friction coefficients coupled
with negligible wear on either the counterface or film was observed . The presence of a
“random” polycrys;alline component intermixed with a “highly oriented” microstructure results
in fiction coefficients -1 due to a transfer film of counterface material. Macro-scale pin-on-
disk and micro-scale fiction microprobe tests indicate that fi-ictional phenomena scale
consistently. An “oriented/random” film microstructure causes an anisotropic cracking during
scratch testing which is attributed to fracture primarily in the “oriented” component of the film.
This work was done in collaboration with Peter Blau at Oak Ridge National Lab in the High
Temperature Materials Laboratory General User Facility.
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Tribology Applications,” Molecular Sciences Center, Battelle Pacific Northwest Laboratory,
Richland, WA, September 18, 1996 (Talk by R.J. Lad)

“Controlled Growth of Oxide Films Using Molecular Beam Epitaxy Techniques,” Pacific
Northwest American Vacuum Symposium, Troutdale, OR, September 19, 1996 (Invited talk
by R.J. Lad)

“Structure and Composition of Oxidized Aluminum on NiO (100),” 43rd National
Symposium of the American Vacuum Society, Philadelphia, PA, October 17, 1996 (Talk by
S. Irnaduddin)

“Properties of Zr02 Films on Sapphire Prepared by ECR Oxygen Plasma-Assisted
Deposition,” 43rd National Symposium of the American Vacuum Society, Philadelphia, PA,
October 17, 1996 (Talk by S. Moulzolf)

“ECR Oxygen Plasma-Assisted Growth of Epitaxial Zirconia Films,” 1996 Fall Meeting of the
Materials Research Society, Boston, MA, December 2, 1996 (Talk by S. Moulzolf)

“Initial Stages of Epitaxial Growth of Metastable Zr02 and W03 Films on Sapphire,” 1997
Spring Meeting of the Materials Research Society, San Francisco, CA, April 2, 1997 (Talk
by R.J. Lad)

“Chemical Bonding, Structure, and Morphology of M~u-AlZ03 Interfaces,” 1997 Meeting
of the New England Section - American Physical Society, Orono, ME, April 11, 1997 (Talk
by Y. Yu)

“MBE Synthesis and Tribological Properties of Oxide Films,” Argonne National Laboratory,
May 2, 1997 (Invited Talk by R.J. Lad)
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“Characterization of Ultra-Thin Mg and MgO Films on Sapphire,” Meeting of the American
Physical Society, Los Angeles, CA, March 17, 1998 (Talk by Yan Yu).

“Synthesis and Properties of Ceramic Films Formed by Molecular Beam Epitaxy,”
Department of Chemistry Seminar, University of Maine, March 24, 1998 (Talk by R.J. Lad)

“ECR Oxygen-Plasma-Assisted Growth of Hard Zirconia Films on Sapphire,” 25th
International Conference on Metallurgical Coatings and Thin Films, San Diego, CA, April
28, 1998 (Poster by S. Moulzolf)

“Influence of Sapphire Orientation on Heteroepitaxial Zirconia Film Growth,” Meeting of
the American Physical Society, Atlanta, GA, March 26, 1999 (Talk by S. Moulzolf)

“Room Temperature Growth of Cubic Zirconia Films without Cation Dopants,” Meeting of
the American Physical Society, Atlanta, GA, March 26, 1999 (Talk by S. Moulzolf)


