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Rksumd. Les interface~ mdtal-cdramique interviennent dans de nombreuses technologies, off

l'on recherche des propridtds dlectriques, optique~, magndtiques ou mdcaniques particulidres. Ces

propridtds ddpendent des caractdristiques des interfaces, comme leur structure atomique et leur

composition, ainsi que la nature de~ liaisons interfaciales. L'dtude des dtapes initiales de la

formation de l'interface mdtal-cdramique, par condensation de la vapeur mdtallique sur la surface

cdramique prdparde et caractdrisde in-.<itu, permet d'accdder h ces caractdristiques. Les mdthodes

d'dtude des surfaces qui reposent sur la ddtection des Electrons dmis sous un faisceau de photons ou

d'dlectrons, peuvent alors dtre utilisdes pour obtenir des informations ~ur l'interface, h condition

que la couche mdtallique ddposde ait une dpaisseur infdrieure au libre parcours moyen des dlectrons

ddtectds. Au moyen de quelques exemples, nous montrons comment it est possible de suivre, au

fur et h mesure que l'interface se forme le mode de croissance du film mdtallique sur la surface

cdramique, la structure atomique de l'interface (ordre h longue et courte distance), l'dtablissement

des liaisons chimiques, la composition de l'interface, et la formation dventuelle d'un composd
d'interface.

Abstract. Metal-ceramic interfaces are involved in a great number of technologies, where

specific electrical, optical, magnetic or mechanical properties are required. These properties often

depend on the characteristics of the interfaces, such as their atomic structure and composition, as

well as the nature of the interfacial bonds. Such relevant characteristics can be obtained by
studying the initial stages of the metal-ceramic interface formation, the metallic deposit being

condensed from a vapor phase, onto the in.utu prepared and well characterized ceramic surface.

The usual surface ~cience methods relying on the detection of the electrons emitted under an

electron or photon beam can then be used in situ, and information on the interface can be obtained,

while it is being formed, provided that the deposited metallic layer is thinner than the escape depth

of the detected electrons. Through some examples, we show how it is po~sible to follow, when the

interface is being formed the growth mode of the metallic film onto the ceramic surface, the

atomic structure at the interface (long range and short range order), the chemical bond formation.

the composition of the interface, and the possible formation of an interfacial new compound.

1. Introduction.

Metal-ceramic interfaces are of great importance in various fields such as : heterogeneous
catalysis, cermets, microelectronics, wetting of ceramics by liquid metals, therrrtomechanics
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(metal-ceramic joining), magnetic components based on metallic multilayers, and metallic

coatings for optical devices.

Whatever may be the application, the required property (optical, mechanical, electrical.. )

depends on the interface characteristics.

The relevant characteristics of a given ceramic-metal interface are twofold

I. THE ATOMIC STRUCTURE AND THE ComPosiTioN OF THE INTERFACE. The nature of the

interface can be diffu~e or abrupt. The rble of interdiffusion processes at the interface is of

great importance and should be elucidated. In the case of important lattice parameter misfit

between the ceramic and the metal, interface dislocations may appear, which can affect the

quality of the interface.

Moreover, the possible formation of an interface compound has to be studied.

1.2 THE NATURE OF THE INTERFACE BONDS. Different kinds of bonds can exist at the

interface either chemical bonds (metal-metal or metal-oxygen) or van der Waals. As an

example, figure illustrates the A120~ model surface used by McDonald and Eberhart I ]. For

the adsorbed metal atoms, two types of sites were taken into account : metal atoms directly
above locations that would extend the cation lattice were regarded as being chemically bonded

while the others were considered to be attached only by van der Waals forces. In both cases,

only metal-oxygen bonds were taken into account. Such a model considers neither the possible

chemical reactions at the interface, or the contribution to the adhesion energy of the metal-

cation bonds, which can not be neglected, as was shown for the Pt-A120~ interface for

instance [2]. Some recent works dealing with the nature of the interfacial bonds, and aimed at

evaluating the different contributions of these bonds to the adhesion energy have been

developed and are reviewed in reference [3].

In order to get insight into the interface characteristics, two approaches can be used.

The first one consists in studying an interface already built a buried inteifiace. As far as the

atomic structure of the interface is concerned, high resolution transmission microscopy has

proved to be a powerful method [4].

Another promising technique is the grazing incidence X-ray diffraction [5], which has been

until now widely used for semiconductor interfaces. A very recent work has been carried out

on the Nb (lll)-AI~O~ (0001) interface, and an atomistic model was proposed, which

contains a soliton-type deformed lattice due to the presence of misfit dislocations in the

interface [6].

As concerns the composition at the interface, Rutherford backscattering spectroscopy (RBS)

can be used mainly for deep interfaces. For instance, the interface reactions between titanium

thin films and a
(1102 sapphire surface have been studied [7]. A 200 to 400 nm thick Ti film

° ° ° ° ° O 02- ion first layer
O . GM DO cm

O . O O ffl Q ffl Q . A13+ ion second layer

~ j~ j~ ~J Chemically bonded

O . o . o o .

~~~~~ ~~°~

° ° O . O . O O Van der Waals bonded

metal atom

Fig. I. Al~oi model ~urface used by McDonald and Eberhart model (taken frum [2]).
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was RF sputtered onto a monocristalline (l102) Al~oi surface, the temperature of the

substrate being controlled and ranging from 525 and 660 °C. A further annealing of the

interface led to the formation of an intermetallic compound Ti~Al, the thickness of which

could be derived from the RBS data, and the diffusion controlled growth evidenced. One

advantage of this method is that it is non destructive, but its poor depth resolution (a few tens

Al is a limiting factor. For this reason the methods relying on the sputtering of the material until

the interface is reached, are sometimes preferred either secondary ion mass spectroscopy
(SIMS) or surface analysis methods such as Auger electron (AES) or X-ray photoelectron
(XPS) spectroscopies, coupled with ion bombardment so as to obtain concentration profiles at

the interface. The depth resolution is better (a few Al, but one has to face the differential

sputtering, which can produce changes in the interface composition, if great care is not

taken [8].

Another possibility consists in studying the initial stages of the formation of a model metal-

ceramic inteifiace, in an ultra-high vacuum multichamber apparatus, allowing :

. the in situ preparation of the ceramic surface, and the characterization of the surface

composition, electronic and crystallographic structures

. the condensation of the metallic deposit, from a vapor phase, onto the as-prepared
ceramic surface.

The usual surface science method relying on the detection of the electrons emitted under an

electron or photon beam can then be used in situ, and information on the interface can be

derived, provided that the deposited metallic layer is thinner than the escape depth of the

detected electrons.

This approach, where measurements are performed simultaneously when the interface is

being formed in situ via successive metal deposition cycles, enables one to investigate the

dynamic processes of interface formation. With the use of UHV systems, the influence of

contaminants at the surface can be eliminated, or at least, controlled, which allows to study the

direct interaction between the relevant components [9].

It is then possible to follow, when the interface is being formed

I) the growth mode of the metallic film onto the ceramic surface ;

iii the atomic structure at the interface, from the point of view of the long range order but

also of the short range order ;

iii) the chemical bond formation

iv) the composition of the interface, and the possible formation of an interfacial new

compound.

2. Growth mode.

The different steps of the formation of thin films of metals on ceramic oxide surfaces have been

extensively reviewed in [10].

The initial step in the formation of a metallic film is the impingement of metal atoms on the

substrate. After landing, the metal atoms can immediately be reflected from the substrate

surface. They can also adsorb and either stick permanently to the substrate, or reevaporate

within a finite time. In the two latter cases, the atoms are accomodated, that means that they

give part of their kinetic energy to the substrate.

Condensation can occur only if the flux of adsorbed atoms is larger than the flux of

reevaporated atoms, I-e- if the supersaturation ratio is larger than I. When this ratio reaches I,

the vapor-substrate system is in equilibrium. The mean residence time of an adsorbed atom

before reevaporation is finite and can be written as r~ =

(I/v),exp(AG~~~/kT), where
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AG~~~ is the free activation energy for the desorption process. Then condensation of a

permanent deposit may not be possible even if the substrate temperature is so low that the

evaporation rate, S of the film material in the bulk at that temperature is negligible
(S WI ). However, condensation of a permanent deposit on the substrate does occur at

sufficiently high impingement rates, because the interactions between adsorbed single atoms

cannot be neglected. Due to the diffusion processes, which are highly temperature dependent,

adsorbed atoms can migrate over the surface, giving rise to collisions with other atoms, and

clusters can form. This is the nucleation stage. Figure 2 represents schematically the first

stages of nucleation.

Most nucleation theories postulate an equilibrium or steady state to exist between the

adsorbed monomers, which diffuse on the substrate sut.face for a time r~, constantly colliding

with themselves and other clusters of various sizes. Once a cluster has reached a given critical

size, it will, on the average, no longer dissociate into monomers, but will grow to form a stable

condensate I Ii.

On an ideally perfect surface, without defects, random nucleation can occur. However, if

defects are present at the surface, such as steps for instance, they can act as preferential
nucleation sites. Indeed preferential deposition of metals at steps or extended defects is used to

GROWTH MODES

iz,~
ii,m~ iii,~l

,(,,j,,M (,t,M I,I,,fl

[,I,,@ [,I,,M [,S,,@

1/ Layer mode 2/ Island mode 3/ Layer-island mode

(Frank- (Volmer~weber) (Stranski-Krastanov)
van der Mervve) (3D)

(2D)

Fig. 3. The three main growth mode, of thin metallic iilm~ on oxide~ (from [10]).
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reveal the surface irregularities (decoration) [12]. The nuclei can be either two-dimensional, or

tri-dimensional, depending on the growth mode. In the case of non reactive metal-substrate

systems, three main growth modes are distinguished (Fig. 3)

I) the layer-by-layer mode or Franck-van der Merwe mode (two-dimensional or 2D mode)

corresponds to a strong metal-ceramic adhesion strength compared with cohesion between

metallic atoms ;

iii the island or Volmer-Weber mode (three-dimensional or 3D mode) occurs when the

cohesion energy of the metal is strong compared to the adhesion energy between particle and

substrate ;

iii) the layer-island mode or Stranski-Krastanov mode corresponds to the formation of 3D

nuclei onto a metallic film grown layer by layer.
This describes a model situation, where the metal vapor is condensed onto a substrate at low

temperature T~, under ultra-high-vacuum, with a very low oxygen partial pressure po~, as in a

MBE (Molecular Beam Epitaxy) experiment. If the temperature T, or the oxygen partial

pressure po~ are increased, an interfacial compound may form interdiffusion and alloying then

play an important role.

Then, in a given experiment, the relevant growth parameters are

. the substrate temperature, which will influence all diffusion and possible interdiffusion

processes, as well as the possibility of epitaxy (when a critical temperature for epitaxy exists,

above which epitaxy is no longer possible). It will also play a rble on the defect density at the

surface,

. the impinging i>apor flux, which determines the nucleation rate

. the ambient pressure, and particularly the oxygen partial pressure po, ;

. the subst;ate conditioning the crystallographic structure is a deterrrtir~ing parameter for

epitaxy, the presence of defects may influence the nucleation mode and the quality of the

interface, and the substrate surface composition can change the nature of the chemical

interfacial bonds.

It should be mentioned that such a study of the growth mode has a more general scope

indeed the problem of determining the shape of a solid ~particle in equilibrium with the substrate

is analogous to that of describing the shape of a liquid droplet under similar conditions. This

offers the opportunity to obtain information on the wetting properties of the metal-ceramic

system. This aspect was first argued in [13], and further documented in [10, 14]. Strictly

speaking, for the analogy to be valid, the shape of the particle grown from the vapor phase onto

the substrate should be studied with the substrate at the same temperature than in the wetting

experiment, generally the temperature of the liquid metal. Indeed the growth mode depends on

the substrate temperature, even for metals on metals [15, 16].

The droplet shape is characterized by a contact angle H, which is defined as the angle
between the surface of the droplet at the point of contact with the surface-droplet interface [17].

For crystalline solids, the surface energy y is anisotropic and the contact angle can no longer
uniquely determine the particle shape. However the shape theory of Winterbottom classifies

the substrate-particle configurations into four types, according to the degree of wetting, as

displayed in figure 4 (reproduced from [14]). The liquid droplet shapes are shown on the right
hand side for comparison.

The predicted shape of a single crystal particle expected to be observed in an experiment

appears as a solid line. A measure of the degree of wetting is provided by the quantity

y,~ y~~, where s denotes the substrate, p the particle and v the vapor. Two different heights

can be measured the height h from the substrate surface to the maximum diameter parallel to

the substrate, which is proportional to y,~ y~,, and the height H from the maximum diameter
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parallel to the substrate to the apex of the particle, which is proportional to y~~. Then the work

of adhesion, defined as the energy required to separate the metal from the substrate can be

derived as : E~~
=

y~~(I h/H). This method was applied to obtain values of E~~ for the

interfaces Cu/Al~oi [14], Pd/Al~oi [18].
In the case of the formation of a metallic film onto an oxide ceramic surface, the examples of

layer by layer growth are very scarce, and the 3D growth mode are the more frequent (Stranski-
Krastanov and Volmer-Weber) [10].

The characterization of the growth modes is one of the many prominent uses of electron

spectroscopies. A typical experiment involves a measurement of the intensity of a characteristic

Auger electron line from the substrate, or from the deposit, as a function of overlayer
thickness. In the layer by layer mode, the characteristic shape of these curves is a series of

straight lines with breaks at coverages corresponding to an integral number of monolayers. The

different slopes (positive for the deposit, negative for the substrate) are due to attenuation of

the Auger signal across the different deposited layers. For the substrate, the envelope of points
at integral coverage follows an exponential decay exp(- nd/A ), where d is the thickness of a

metal monolayer and A the inelastic mean free path of the substrate Auger electrons across the

deposit. When the number of deposited layers is large, the signal from the substrate

approaches 0, whereas that of the deposit approaches that of the bulk signal.
In the layer-islanding mode (Stranski-Krastanov), the curves exhibit one (or several) linear

parts in coincidence with those of the layer by layer mode, corresponding to the completion of

one (or several) layers. In the second stage of growth (islanding), like in the Volmer-Weber

mode, the deposited material forms islands of unspecified dimensions and the actual

attenuation depends on the fraction of covered surface. Figure 5, taken from reference [19],

shows typical extinction curves for the Auger signal of the substrate. In these examples, the

inelastic mean free path is taken as 2 monolayers, and for the cases involving islanding, it is

assumed that 50 9l of the surface is covered. It must be noted that in the two latter modes, the

Auger yield from the substrate does not theoretically approach the zero yield associated with

INCIDENT e~ AUGER e'

OVERLAYER-

~
X=2 MONOLAYERS

"~'°
ISLANDS (50% COVERAGE)

O

SUBSTRATE

ONE LAYER PLUS ISLANDS

,,
',

O
OVERLAYEi",,
~ ~ ",,

SUBSTRATE ',-,

O 2 3 4 5

AVERAGE COVERAGE (MONOLAYERS)

Fig. 5. Extinction curves for the Auger signal characteristic of the substrate, as a function of average

coverage of the metallic overlayer the three different modes, layer by layer (Franck-van der Merwe),
layer-islanding (Stranski-Krastanov), and islanding (Volmer-Weber), are represented (from [19]).
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deposition time (on the right). On the left, the different coverages from 0 to 2 ML are represented : the

oscillation period is the time taken to grow a single monolayer (from Ref. [23]).

the layer by layer growth. However, it is sometimes difficult to distinguish between the

Volmer-Weber and the Stranski-Krastanov modes.

This method has been applied for example to the growth of Pd on reduced AI~O~ (0001) and

(l102 ) [20] and Cu on stoichiometric TiO~ (110) [21] in both cases a Stranski-Krastanov

mode was evidenced.

The same formalism can be used to describe the evolution of the photoelectron line

intensities measured in an XPS experiment as an example, a Stranski-Krastanov growth was

also observed for Cu on MgO [22].

Another well-suited method for studying the growth mode is the Reflection High Energy

Electron Diffraction (RHEED), which is an essential surface science tool for routine MBE.
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MBE is used to grow metals, semiconductors and ceramics and is a very general method of

crystal growth with particular application where extreme purity and precision are required.
In RHEED experiments, an electron beam, of energy 5 to 30 kev, strikes a single crystal

held in the centre of an ultra-high-vacuum chamber with a grazing incidence. The electrons

diffracted around the specular direction (glancing detection) fall on a phosphor screen on the

other side of the chamber, giving a typically streaked pattern, if the single crystal surface is

perfectly flat [23]. Due to the geometry of the experiment, RHEED can be performed in situ,

during the evaporation, and the evolution of the surface structure can be followed during the

growth, while the interface is being formed. Growths which give RHEED streaks, not spots,

have a two-dimensional nucleation and growth behaviour, the adatoms remaining in the same

plane. On the contrary, three-dimensional growth involves adatoms jumping on top of islands

and forming three-dimensional crystals which give rise to RHEED spots, as in transmission

experiments.
In the case of a layer by layer growth, the variation of the intensity I of the specular beam

with deposition time displays oscillations, the period of the oscillations being equal to the time

taken to grow a single monolayer of material. A schematic explanation is given in figure 6.

Since the layer thickness is much larger than the de Broglie wavelength of the electrons, the

electrons are easily scattered out of the specular beam by the step edges. The step edge
concentration is minimum for a complete layer (I maximuml and maximum for 0.5 monolayer

coverage (I minimum), hence the oscillations. The damping of the oscillations is due to the

increase in the concentration of steps with growth, tending to a limiting equilibrium value.

The RHEED oscillations are routinely used to calibrate the two-dimensional MBE growth of

Ill-V semiconductors. However, to our knowledge, no such studies are yet reported in the

literature for the growth of metals on ceramics, likely because the two-dimensional growths for

these systems are very scarce. RHEED can nevertheless be useful to get information on the

interface structure, as shown in the following section.

3. Atomic structure at the interface.

The atomic structure of the interface can be envisioned from the point of view of the long range

order or short range order.

3. LONG RANGE ORDER. As concerns the long range order, electron diffraction techniques

like LEED (Low Energy Electron Diffraction) and RHEED can provide useful information on

the structure of the interface, when the thickness of the metal deposit is smaller than the probed

depth. LEED has been widely used in the past to study surface structures, more precisely

surface reconstructions. A new interest is now developing on monocrystalline oxide surface

structure, because of their potential use as substrates to grow perfect metal monocrystals on it.

As an example, reconstructions have been observed using LEED and RHEED on a wide

range of oxide monocrystalline surfaces, such as : AI~O~ (1012) [18], (1120) [24],

(0001) [25], MgO (I II [26], Fe~O~ (0001) and (1012) [27], TiO~ (l10) [21] and

SiO~ (I lo [28].

The interfacial structure obtained by deposing Ni on a monocrystalline AI~O~ (0001)

(1 x ) surface at 800 °C, with an oxygen partial pressure Po~
=

5 x 10~ ? Torr, was studied

by combining LEED and RHEED [29]. The formation of a NiAI~O~ spinel phase was shown,

in good agreement with the XPS measurements (cf. Sect. 4).

In the case of islanding, it is difficult to obtain information from LEED, the pattern of the

bare surface progressively vani~hes, due to the attenuation of the diffracted beams across the

deposit [30]. ln the case of epitaxy, the pattern of the bare surface is progressively replaced by
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that of the metal thin film for instance, the growth of an ultrathin Cu film on room temperature
(I x I ) surfaces of TiO~ (110) has been studied for coverages ranging from 0 to 80 h of

deposited copper [21]. With increasing deposition thicknesses dc~ up to
71, the diffraction

spots of the rectangular substrate pattern were gradually attenuated and the background was

relatively increased. No visible extra spots were observed during the initial Cu deposition. A

weak hexagonal diffraction pattern, consistent with a slightly contracted Cu(I III film,
gradually appeared near dc~

=

7hCu (about 2monolayers). Subsequent Cu deposition
caused further attenuation of the substrate integral spots (completely attenuated for

dc~ above 50 Al and the hexagonal diffraction spots became intense.

3.2 SHORT RANGE ORDER. As concerns the short range order (local order) one important
question is the nature of the adsorption sites at the very beginning of the growth. The methods

probing the local order around a given atom, such as SEELFS (Surface Electron Energy Loss

Fine Structure Spectroscopy) of SEXAFS (Surface Extended X-ray Absorption Fine Structure

Spectroscopy) can be successfully used.

The second method relies on a trustful theoretical background, but requires an incident

photon beam with varying energy, so that synchrotron radiation is required. The first method

presents the advantage to be possibly carried out in a conventional surface science apparatus,
equipped with an electron gun and an electron analyser allowing detection of the electron

distribution derivative (Cylindrical Mirror Analyser). The electron energy loss spectrum

presents, for energy losses immediately above an ionisation edge, oscillations, which are due

to interferences between the wave associated with the emitted electron and the reflected waves

from the neighbouring atoms. The EXAFS formalism can be successfully applied to these

oscillations, although this has not been rigourously theoretically justified until now, and

information on the local structure around the probed atom can be obtained.

The early stages of the growth of Pd clusters on an UHV-cleaved MgO (100) single crystal

were investigated by SEELFS [31]. By comparing the ionization peaks corresponding to the

oxygen and magnesium K edges on bare MgO with those obtained on MgO covered with Pd

clusters of 20 h diameter, the position of the Pd atoms on the MgO surface could be obtained :

the Pd atoms at the interface are on top of the Mg cations,

Due to their sensitivity to the local order around the probed atom, X-ray absorption
measurements at a characteristic edge of the deposited atom may bring important information

on the local order around the deposited atoms in the initial stages of the deposition, and

fruitfully complete other experimental investigations aimed at determining the growth mode,

such as Auger Electron Spectroscopy (AES) or X-ray photoelectron spectroscopy (XPS).

As concerns the Cu/A120~ system, the growth mode was studied by AES and XPS [32-34].

The more recent published work on this topic, carried out on a monocrystalline (0001)

(1 x II a-AI~O~ surface is that of reference [33] from the evolution of the characteristic

Auger signals from substrate and deposit, the authors concluded to a Stranski-Krastanov

growth, with one Cu monolayer followed by the formation of clusters. On the other hand, in a

previous work [32], performed with an oxidized aluminium substrate, a Volmer-Weber growth

mode was evidenced.

Then, X-ray absorption spectroscopy at the CUK edge was used to investigate the first stages

of Cu cluster formation when depositing less than one Cu monolayer onto a monocrystalline

(0001) stoichiometric a-AI~O~ surface [35]. Figures 7 shows the X-ray absorption spectra, in

the range 0-50 eV above the threshold, for respectively a copper reference sample, and 30 fb

(60 %) Cu monolayer (ML) on stoichiometric a-Aljo~ (0001). The 30 9l Cu ML spectrum

was recorded using CUK~ fluorescence yield detection, as charging effects under the photon

beam impeded the use
of the total yield detection. For the 60 % Cu ML deposit, these effects
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Fig. 8. -CUK absorption edge jXANES sj>ectrum) obtained for lo h mean-diameter Cu particles

embedded in a solid argon matrix (from [36]).

were weaker and the total electron yield could be measured as a function of photon energy. The

XANES spectrum of the 30 % deposit resembles closely that reported in reference [36] (Fig. 8)
for clusters with a mean diameter smaller than 15 h. The XANES spectrum of the 60 % Cu

ML deposit is closer to that of metallic copper, with the two characteristic structures A and B

well-defined. These structures were shown to arise from multiple scattering involving the

fourth- and higher- shell contributions and are smoothed in the small clusters [36].
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These results show that even for coverages lower than I Cu ML, tridimensional clusters are

already formed, indicating a Volmer-Weber growth, in agreement with the conclusion of

reference [32]. This was confirmed by the processing of the EXAFS oscillations the

contribution of the first neighbour shell to the EXAFS spectrum could be fitted by using only
Cu atoms, at a mean distance 2.49 h for the 30 % Cu ML deposit. This Cu-Cu distance is

characteristic of Cu clusters with a mean diameter smaller than lo h [35].

Additional information on the local structure around Cu, as a function of the AI~O~ surface

structure could be obtained from XPS measurements [30]. The (0001) a-AI~O~ surface

exhibits after heating at 1000 °C under UHV a fair (I x I ) LEED pattern, with a symmetry

characteristic of an ideal termination of the bulk. After heating at 400 °C under UHV, a more

complex diffraction pattern is obtained, identified as
(,@

x
,@)

R ± 9°. This reconstruction

corresponds to an Al rich surface [25]. The initial stages of the Cu/AI~O~ interface formation

were investigated b~feasuring the evolution of the Cu Auger parameter on respectively the

(I x I ) and the (, 31 x
,I) R ± 9° surface, as a function of the intensity of the Cu 2p~/2

photoelectron line, normalized to the background level (Fig. 9). On the figure, each point
corresponds to a new deposit made on a clean alumina surface, which means that the

depositions were not cumulative. The experimental procedure is described in detail else-

where [30].

The Cu Auger parameter is defined by Ac~=E~,~(CUL~~M~~M~S)- E~,~(Cu2p~j~)+
hv, hv being the photon energy, E~,~(CUL~~M~SM~S the energy of the Auger transition and

E~,~ (Cu 2p~/~ ) the kinetic energy of the Cu 2pi/2 Photoelectron, both defined with respect to the

vacuum level of the spectrometer. It has been shown that this parameter can be determined

with a very good accuracy (0,I eV) [37], and can be used to follow small changes in the

chemical environment of copper [38]. Indeed, for a given element involved in two different

environments, the variation of the Auger parameter AA is related to the variation of the extra-

atomic relaxation energy following the creation of the core hole. For copper atoms in an

infinite solid, the Cu Auger parameter is characteristic for the oxidation state of the copper

atoms [30] characteristic values of Ac~ in CU~O, Cu metal and CUO are indicated on the left of

mean diameter
Al~cu

~~ ~~ , ~~ ~ ~~
of Cu cluster

Cu0 j ~ bulk
Cu.- ~ -* f_.9 251

o
°

,,-,'Q' 161

~o
~~_-5"' 131

"
.,,'

, ii I/ ,'

&"
o

law &lR9°

.
Ii

«
fl

11 2~ 41 al
e

0 2 3 4 5 6 7 R=~~-~~-~
B

Fig. 9. Evolution of the copper Auger parameter A~~ as a function of the number of copper atom~ at

the ~urface, monitored by the ratio of the intensity of the photoelectron line Cu 2pij~ to the background
level. The equivalent thickne~~es depo~ited on the quartz microbalance are indicated. On the left side, the

characteristic Auger parameter~ of copper in difierent compound~ are indicated. On the right side, those

corresponding to Cu cluster~ with different size~.
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figure 9. For copper atoms belonging to a cluster, the Auger parameter depends also on the

cluster size. On the right of figure 9, Ac~ values are indicated as a function of the cluster size,

deduced from the work of reference [39], performed on copper clusters supported on a graphite
surface.

The evolution of Ac~ shows a continuous increase, from Cu(I) to Cu(0) oxidation state. In

the initial stages of the growth, copper atoms are chemically bonded to the oxygen atoms of the

alumina surface. Then the continuous increase of Ac~ is due to the continuous increase of

cluster size, until the value characteristic of bulk Cu is achieved.

Assuming in a first approximation that the Ac~ variation does not depend on the substrate

(this is only an approximation because the polarizability of the substrate will influence the

screening of the core hole, hence the Ac~ variation), and using the correspondence between

Ac~ and the cluster size, we observe that, for a given Cu coverage, the cluster size is larger on

the reduced reconstructed surface than on the stoichiometric (I x I ) one. For both surfaces,

the growth of copper is of the Volmer-Weber type, but the nucleation is different.

This difference in the nucleation of copper clusters with the reconstruction of the A120~
(0001) surface has to be compared with the difference we have observed in the thermal stability
of thin Cu films evaporated on respectively a (I x I ) and a

(,I
x

~/~)
R ± 9° surface Cu

films with an equivalent 15 h thickness were deposited onto each surface, kept at room

temperature. The deposits were then heated in situ under UHV from the room temperature up

to 1300 °C. After each heating, the ratio of the intensities of the Cu2p~~~ to the Al 2p
photoelectron lines was measured (Fig, 10). The temperature corresponding to a complete
desorption of copper, was found to depend on the surface structure for the (I x

surface,

copper was completely desorbed at I loo °C, whereas a temperature of 300 °C had to be

reached on the (,/31
x

,/31 R ± 9° surface.

This result seems to show that the adherence strength of the Cu/AI~O~ interface is larger

when the Cu film is deposited onto the (,ix,@)R±9° surface than on the

(I x one. This result could reveal a difference in the Cu/AI~O~ bonding with the surface

reconstruction. Indeed, as shown by the value of the Ac~ parameter in the initial stages of the

interface formation, and in agreement with previous works [40, 41], Cu bonds to o ~en
atoms. But the higher desorption temperature of copper on the aluminium rich (, 31 x

,/31 R ± 9° surface might be due to the formation of an interfacial compound with increasing

Cu / Al

la, u.)

io

5 ($x@)R~9° a-Al2O3 (COOT

(I x 1) a-Al2O3 IOOOI) ~

550 l100 1300

(OcjTemperature

Fig, lo- Evolution oi the ratio of the intensities of the Cu 2pi~ and Al 2p photoelectron lines, as a

function of temperature, for a
l5iCu thin film deposited on respectively a (I xl and a(,,'I

x
,I)

R ± 9° a-A1201 surface (~ee text).
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temperature, with Cu-Al-O bonds. Indeed such bonds, or even formation of a CUAIO~
compound have been observed when the sapphire substrate has been Ar+ sputtered [42, 43],

and then expected to be more Al rich.

Furthermore, the rble of oxygen in the bond formation between Cu and AI~O~ was

previously studied [9], using Temperature Programmed Desorption, by varying the deposition
conditions : oxygen partial pressure and substrate temperature. The authors showed that the

complete desorption of copper was achieved at a larger temperature (about 280 °C) when an

interfacial CUAIO~ compound has been formed, than when the interface is non reactive (about

1000°C-I loo °C). Comparison between these results and ours seem to strengthen the

hypothesis of the formation of Cu-Al-O bonds on the (,I
x

,@) R ± 9° a-AI~O~ (0001)

surface. Work is currently in progress to make this point more precise.

4. Interfacial compounds formation.

The formation of interfacial compounds at the metal-ceramic interface can be studied in situ,

by varying the deposition conditions, such as the oxygen partial pressure and the substrate

temperature. The chemical composition of the interface can be qualitatively obtained by

following the shape of a given photoelectron line either from the substrate, or from the

deposit [44]. We give herebelow two examples of such studies.

As concerns the TilAl~o~ interface, the evolution of the Al 2p photoelectron line was studied

as a function of Ti coverage, for an AI~O~ ( l102 surface kept either at room temperature or at

000 °C during the Ti evaporation [7]. The appearance of the Al 2p component characteristic

of metallic aluminum shows the reduction of the alumina surface by Ti, the higher the substrate

temperature and the thicker the deposit, in agreement with the RBS and TEM measurements

reported in section I, which showed the formation of a Ti~Al interfacial phase.

The Ni-AI~O~ interfacial reactions were also studied by a detailed inspection of the Al 2p and

Ni 3p photoelectron lines. When Ni was deposited at room temperature under UHV conditions

on the cleaned AI~O~ (0001) surface, no chemical reaction was detected at the NilAl~o~
interface. At 800 °C under UHV conditions, a partial reduction of the alumina surface was

observed. At 800 °C and with an increased oxygen partial pressure of Po~
=

5 x 10~ ~ mbar,

the shape of the Ni 3p photoelectron line was consistent with the formation of the spinel
compound NiAI~O~ observed by LEED and RHEED, reported in section 3 [29].

5. Summary.

The dynamic processes of the metal-ceramic interface formation can be investigated by
condensing a metallic deposit from a vapor phase, onto a monocrystalline ceramic surface

prepared in situ, the composition, electronic and crystallographic structure of which have been

also characterized in.<itu.

The classical surface science methods, relying on the detection of the electrons emitted

under an electron or photon beam can then be used, when the interface is being formed. From a

number of examples taken in the literature, we have shown how information can be gained on

the growth mode, on the local order at the interface (adsorption sites, cluster size...). By
varying in a controlled way the substrate temperature and oxygen partial pressure, a detailed

study of the interfacial reactions can be obtained, including identification of the interfacial

bonds and structure of the interfacial compound.

The progress in the knowledge of the metal-ceramic interfaces requires to complete the

experimental surface science approach with thermodynamical models (comparison between

the growth mode and the wetting properties, prediction of the interfacial chemical reactions
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with substrate temperature and oxygen partial pressure.. ), and with theoretical modelling of

the metal-ceramic electronic structure.
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