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ABSTRACT

One of the most fundamental aspects of the metal/ceramic couple
applications is strong adhesion. For this reason, a substatial effort has been made

in this work to establish the processing conditions that enhance the adhesion

between two dissimilar materials and discover the adhesion mechanisms

responsible for the strong bonding. In this work, representative systems chosen
included gold and copper as the metallic films and AI2O3 and AIN as the ceramic

substrates. These metals and ceramics are non-reactive with each other under

thermodynamic equilibrium and, for this reason, the ceramic surfaces were

modified to increase the reactivity between the ceramics and the metals. Laser

irradiation and ion bombardment methods were used for the surface modifications

and aimed at disordering and debonding the surface atomic arrangement and

chemical changes of the ceramics. The surface characterizations were conducted

with X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy
(AES) before and after surface modifications. The results were compared with
TEM analysis. These ceramics were decomposed leaving metallic aluminum and/or

substoichiometric ceramics on the surface, followed by the reoxidation of the
utmost layers. The metallic films were sputter-deposited on the as-received and

surface modified ceramic substrates, and the film/substrate couples were annealed
to increase the atomic mobility at the interface. Pull adhesion testing was
conducted next, and then the interfaces of the strongly and weakly adhered
couples were analyzed with AES technique. The analysis of the interface of the

metal/ceramic couples using AES is usually not easy due to the sample charging
and decomposition of ceramic substrates. Hence, a new method was devised, in

which the analysis is performed on the film using the Auger electron escape
depth. This method can also eliminate the problems during the AES analysis of
the ceramics. The analysis takes advantage of various film thickness and the

variation of Auger electron kinetic energies of the elements of interest.
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The interfacial reactions of the metallic films and alumina and aluminum

nitride couples were greatly affected by the laser energy densities and irradiation

atmospheres used for the substrate treatment and annealing temperatures of the
couples. Also, the surface contaminants played a very important role for the
enhanced adhesion. In the copper/AI2O3 couple, the strong bonding mechanisms

were i) the formation of double oxides at the interface which could be achieved

by the laser irradiation of the ceramics in air followed by the low temperature
(300'C) annealing of the couple and ii) direct interaction between the copper film
and metallic aluminum and/or substoichiometric alumina that could be obtained

by the laser irradiation in Ar-4%H2 followed by SOO'C annealing of the couple.
In the gold film/Al203 couple, the gold was also reacted with the substrate when

the substrate was irradiated in the oxygen atmosphere at 1 J/cm^ energy density
and the couple was annealed at SOO'C.

The amount of the metallic aluminum that formed by the decomposition of
AIN was much more than that formed in alumina. Since the metallic aluminum is

easily reoxidized, the bonding mechanism in these couples were not much
different to the copper-alumina couples. In the strongly bonded couple, Cu-O-Al

compound was always found at the interface. Gold reacted with laser irradiated

AIN substrate in the strongly bonded Au/AIN couple.

When Ar-f ions bombardment of sapphire (single crystalline AI2O3) and

gold film deposition were conducted simultaneously, pull adhesion testing of the

couple also showed very strong bonding without a following anneal of the

couple. The effects of ion beam bombardment on the sapphire substrate were

investigated in situ with AES. Metallic aluminum was detected on the surface of

sapphire substrate after irradiating for 3 min. with 7 keV Ar+ - ions. These results

were consistent with TRIM calculations that yield preferential sputtering of
oxygen. An AES analysis revealed that Au-Al-0 compound formed at the

interface that may have caused the strong bonding. The compound must have
been favored by the surface cleaning and the reduction of the sapphire due to the

ion bombardment prior to the gold film deposition.



A study on the copper diffusion into Si02 substrate was also conducted in

this work. Copper deposited on the thermally grown Si02 substrate drifted into

the substrate upon annealing at 300'C under 1 MV /cm2 electric field

application. AES analysis showed formation of a copper oxide at the interface of

this couple.
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CHAPTER 1

INTRODUCTION

In response to the growing applications of metals bonded to insulators,

such as microelectronics, electronic packaging systems, magnetic and optical
devices, composites, and hybrid structural materials, extensive studies have been

performed to improve the quality of metal/ceramic couples. In these couples, the
interfaces are often required to resist internal/external stresses without failure or

debond in a controlled way. In their electronic packaging applications, thermal
expansion of the conductive path by the heat generated during the service may
give arise to stresses at the interface and then result in a system failure. Therefore,
strong adhesion between two dissimilar materials in these couples is of great
importance among the many other aspects that affect service performance.

Good adhesion at the interface between mutually reactive materials can be
easily obtained; however, reactions of metals and ceramics are very restricted
because ceramics are thermodynamically so stable that most metals cannot reduce
them. Thus, the near surface of ceramic substrates or metal/ceramic couples should
be properly treated to facilitate interfacial reactions between metals and ceramics.

Past efforts pursued in our research group have successfully produced
strongly adherent copper, gold, and nickel films to alumina substrates; However,
the mechanisms leading to such a strong adhesion were not clearly understood.
In this work the mechanisms were investigated and adhesion of different couples,
e.g., metallic films/AlN, have also been studied. This research was motivated by
the electronic packaging application of thin metallic films/ceramics. The film

materials used were pure copper and gold and the substrates were alumina,
sapphire, aluminum nitride, and silicon oxides.

The overall experimental scheme consisted of surface modification of

ceramics, metallic film deposition, post-deposition annealing, adhesion testing, and
surface and interface analyses. Additionally, dielectric loss of Si02 due to copper



drift under the electric field in the copper/Si02 couple has also been studied, A

brief summary of the experimental program follows:

1) The substrate surface was modified by the laser-irradiation at various laser
energy densities in oxygen and Ar-4%H2 atmospheres. Then, copper and gold

films approximately 80 nm thick were sputter-deposited onto the irradiated

substrates. After deposition, metallic film/ceramic couples were annealed at 300'C
or 500°C in vacuum for Ih to increase the atomic mobility in the interface and
assist interfacial reactions. Pull-testing was subsequently performed to measure
the adhesion strength.

Surface analytical techniques such as X-ray photoelectron spectroscopy
(XPS) and Auger electron spectroscopy (AES) were employed to analyze the
substrate surfaces laser-irradiated at various energy densities and atmospheres
prior to film deposition. After pull-testing, the interfaces of strongly and weakly
bonded couples were analyzed with AES to investigate the adhesion mechanism.
In the analyses, the metallic films were sputter - etched with an Ar+ gun till the
interface was revealed and then the Auger peaks were scanned on the fresh
surface at each sputtering cycle. Surface topographical changes due to the laser
irradiation were observed with Secondary Electron Microscopy (SEM) as well.

2) The surface modification of sapphire substrate was also performed using ion
beam bombardment. Pre-sputtering of the substrate and film deposition were
conducted in situ and then pull adhesion tests were made. The effects of ion

beam bombardment on the substrate and the film/substrate interface were

analyzed with AES. Since the thickness of the interface in this couple was
expected to be very thin ( one or two monolayers thick), a new technique taking
advantage of various film thickness at the sputter crater edge and the Auger
electron escape depth was devised for the interfacial analysis.

Surface sputtering and subsurface damage produced during ion beam
bombardment was evaluated using TRIM calculations.

3) Decomposition and charging effects that are two important drawbacks in AES



analysis of ceramic materials were studied. Detailed investigations were carried

out to reduce and/or eliminate the sample charging and the electron beam
induced decomposition on AI2O3 was studied in situ.

4) The low temperature electric field driven diffusion of copper in Si02 was

studied using Secondary Ion Mass Spectroscopy (SIMS). Copper drifting into
Si02 substrate under an applied electric field results in a dielectric loss of Si02,

eventually leading to failure of electronic devices. The reaction of copper with
the surface of Si02 substrate is also investigated with AES. The results of this

study provided useful information for future studies on surface modifications

and/or the application of a diffusion barrier coating on the surface to prevent the
dielectric loss of insulating substrates.



CHAPTER 2

REVIEW OF THE LITERATURE

2.1 Metallization in the ultra-large-scale integration (ULSI) structure

Currently, increasing demand for high circuit speed, high packing density,
and low power dissipation in the integrated circuit (IC) devices requires a
miniaturization of the feature sizes in ULSI structure. As the chip size is becoming
smaller, the propagation delay time decreases. However, increase of on-chip
interconnect resistance capacitance (RC) delay time limits the enhancement of
high circuit speeds. The reason why shrinking the chip size causes an increase in
the RC delay time is due to the reduction of the wiring pitch which increases
current densities and the wiring resistance. Interconnect resistance in a

conductive path increases with decrease of its cross sectional area. The decrease

of the aspect ratio (the metallic line height to width ratio) may produce poor step
coverage of metal in deep via holes which can be another cause of the increase of

interconnect resistance. Therefore, it is needed to increase the aspect ratio to
reduce the resistance of the interconnect. Increasing the aspect ratio requires
adding more metallization levels. However, adding more levels with the same
metal may cause several adverse effects such as planarization, pattern transfer,
and process yield, because it increases the wiring density.

Therefore, along with the reduction in the chip size, the development of a
new device with lower resistance interconnecting materials and materials with

lower dielectric constant are required. Currently, A1 and its alloys as interconnect
materials and Si02 as a dielectric material are being replaced by lower resistance
metals and lower dielectric constant materials.

Copper is the main candidate to replace aluminum and aluminum alloys as
interconnect material due to its lower resistivity, lower electromigration, and
better mechanical properties. Possible materials for the interconnect are listed in

table 2.1 [1] and their main properties for this application are compared. Gold has
the best properties in electromigration and corrosion resistances: however, its



Table 2.1

Comparison of materials properties and problems in processing among possible

interconnect materials.

Properties A1 W Au Ag Cu

Resistivity (pQ

cm)

2.66 5.65 2.35 1.59 1.67

Electromigration

resistance (O.Spm)

low very high very high very low high

Corrosion

resistance in air

high high very high low low



higher electric resistivity than copper may be a restriction in the application.
Silver exhibits the best electrical conductivity, but its corrosion and
electromigration resistances are very poor.

In this work, gold and copper are studied for thin film metallization.

2.2 Substrate materials in the electronic packaging applications

Heat is generated in the conductive path during power application and it
must be effectively dissipated not only to decrease the resistivity, but also to
prevent possible system failure. Complex cooling systems have been developed
to dissipate the heat generated in the circuit [2], but the simpler and better way to
dissipate the heat is to use a high thermal conductivity ceramic substrate.

Although Matthiessen's rule for the metal conductivity was formulated for
the bulk materials, it may be also assumed to be valid for thin metallic films. That is,
the total electric resistivity (pj) is given by

Pt = pTh + Pi+PD, eq.(2.1)

where pxh. Pi, and po are respectively thermal , impurity , and defect
contributions. Since the thermal resistivity is caused by electron collisions with
vibrating atoms displaced from their equilibrium position, it increases linearly with
temperature. However, the impurity and defect contributions to the resistivity are
independent of temperature, provided the concentration of impurities and defects
are low.

Generally the substrates used in the electronic packaging applications
require high thermal conductivity, low thermal expansion coefficient, low
dielectric coefficient, and must be good insulators. Some properties of ceramics,
e.g., BeO, SiC, AIN which can replace alumina are tabulated in table 2.2 [3].
Although alumina has the lowest thermal conductivity, it has been used most
widely in the packaging applications due to its low processing cost and the lack
of stringent requirement for thermal conductivity so far. Nowadays, however,
ceramics exhibiting higher thermal conductivity and reasonable processing cost



Table 2.2

Properties of some substrate materials comparable to alumina

Property AIN iBeO SiC AI2O3

Crystal Structure Hex. Cub. Cub. Hex.

Density (g/cm^) 3.3 2.9 3.3 3.9

Melting Point ("C) 2400 2530 2700 2030

Youngs Modulus (10^ Kg/mm^) 30-31 30-35 38 30-38

Bend Strength (Kg/mm^) 30-50 17-25 45-50 25-30

Hardness (Knoop) 1200 1000 2000 2000

Thermal Conductivity (W/m.K) 320 250 270 20-30

CTE (10-6 / 'O* 4.2 7.5 3.7 8.1

Electrical Resistivity at 298 K

(ohnLcm)

1014 1014 1013 1013

Dielectric Constant at 1 MHz 8.8 6.5 40 9.7

Dielectric loss at 1 MHz (10*4) 8 2 500 3-4

Dielectric Strength (kV/mm) 14-17 10-14 0.7 10

Problems Easy

oxidation

Toxicity Semi

conductor

-

= 17X10-6/''C



are replacing alumina. It seems that aluminum nitride is the most promising
material among other ceramics, because SiC may lose the dielectric property easily
and BeO is toxic in its powder form thus presenting safety problems during
processing.

2.3 Surface modification of the ceramics prior to thin film deposition

In many metal -ceramic systems, adhesion of the metals to the ceramic

surfaces is normally weak because metals and ceramics are non-reactive with each
other. For instance, in the CU/AI2O3 couple, copper does not reduce AI2O3
chemically and the solution of Cu in AI2O3 is negligible, so that no chemical
reaction can occur at the interface. For metals to adhere at the ceramic surface,
therefore, it is required to disturb the ordering and break bonding of the surface
atoms. That is, a chemical bonding between metals and ceramics might be
achieved with a change of the electronic structure at the interface. In this work,
excimer laser irradiation and ion beam bombardment techniques are employed to
modify the ceramic surface.

2.3.1 Effects of excimer laser irradiations on ceramics

When a nearly coherent laser beam is incident on a material, a part of the
energy is reflected and the remainder is absorbed by the electrons as a result of
electron-photon interaction [4]. Metallic materials, which have a high density of
conduction electrons, can absorb the laser light in the first few tens of nanometers
[5], while the absorption of the laser light in semiconductor materials is also within
a similar distance when the wave length of the laser light is in the ultravilolet
range (most commonly at 193 nm, 248 nm, or 308 nm) [6]. Ceramic materials,
which have usually very low absorption coefficient in the UV range, can absorb
the energy when the photon energy is higher than the band gap [7]. The energy
can be transferred as heat to the lattice in a very short time (IQ-l ̂ - IQ-l^s) [8]. At
most laser fluences, pulsed laser irradiation incident on the material usually heats
up the surface layers abruptly, causing an extremely high thermal gradient. Thus,



the laser can modify only the near surface region of the materials by heating as
well as stresses resulted from the high thermal gradient (approx. lO^K/cm).

Temperature gradient as a function of the distance from the surface and

possible melting, decomposition, and evaporation can be predicted by process
modeling problem. Excimer laser heating can be regarded as an one-dimensional
heat diffusion model because the irradiated area is of the order of several

millimeters, while the heat affected region is only a few micrometers thick. The
appropriate Fourier equation is

cTT i.
C P- a =«: (tf)+P(x.t), ^(2.2)

where c,p and K are the material specific heat, density emd thermal conductivity,
respectively, P(x,t) represents the heat source term produced by a laser pulse. The
boundary conditions are the initial sample temperature, the limiting temperature
down in the bulk depth, and the radiative loss at the surface, i.e., respectively

T(x,0) = To, T(~,t) = To. f 1,^=0, ^(2.3)

where To is the initial temperature of the material. In the case of melting or
resolidification the condition (x-axis directed toward the sample interior);

pAHmV = Ks "^lx"'"(s,l) - Kl-§-lx-(l,s), eq.(2.4)

must be satisfied at the melt-solid interface. Here, AHm is the heat of melting, V is
rate of advance of the interface at time t, and Ki and Ks are, respectively, the
thermal conductivities of liquid and solid. Moreover,

V = f(Ti-Tm), eq(2 5)

where f is a function of the difference between the solid-liquid interface



temperature Ti and the equilibrium melting temperature Tm.

Past studies of pulsed XeCl (308nm) laser irradiation effects on
polycrystalline AI2O3 of 99.6% purity and on single crystal AI2O3 [9] showed

that laser etching can be achieved above a threshold laser energy density. Above
this threshold, the etching is observed after a certain incubation given by a
number of laser pulses. At a fluence > 0.7 J/cm^ alumina melts and flows under
repeated irradiation. It is reasoned that, during such an incubation period, a
certain threshold concentration of absorption centers are generated by laser.
Subsequently, strong coupling of the laser pulse with the absorption center
occurs in the near-surface region [10]. Melting and thermal evaporation of
alumina are the effects due to this coupling. Surface smoothing of polycrystalline
alumina is due to melt flowing on the surface. XPS studies of the AI2O3 laser-

irradiated at 308nm wavelength showed that AI2O3 can be decomposed by
irradiation under reducing atmosphere (Ar-4%H), leaving some metallic aluminum
on the surface of the alumina [11,12]. Part of the results will be presented in this
thesis and compared with the results obtained by other analytical techniques
such as TEM and AES. Aluminum nitride (AIN), which is decomposed thermally at
a temperature of 2537 K, can also be decomposed by excimer laser irradiation

[13]. The decomposition products are liquid A1 and gaseous N which is ejected to
the atmosphere. Selective metallization was obtained on laser irradiated AIN [13].
In this work, different aspects of the laser irradiated AIN will be examined. If the

temperature is further raised to 2767 'K, the liquid aluminum evaporates [14]. It
was reported that the ablation rate of AIN increases linearly with the laser energy
density in the range of 1 - 6 J/cm^ [15]. Similar to AI2O3, the surface of as received
AIN which exhibits faceted and protruded grains due to the sintering can be
smoothened by the melting caused by the laser irradiation. This will also be

shown in the experimental section.

2.3.2 Effects of ion beam bombardment on ceramics

Ion beam bombardment has been reported to produce several effects in
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materials: 1) atomic collision induced by recoil implantation, cascade mixing,
migration of species followed by trapping at defect sites and vacancies, and
radiation enhanced diffusion [16,17], 2) change of the electronic structure of the
materials surface [18], and 3) cleaning of surface contaminants like hydrocarbon
residue [19].

Ion beam bombardment is also frequently employed for surface
modification of ceramic substrates for thin film metallization. It was reported that
the adhesion of copper thin films to sapphire substrate increases with increasing
ion dose on the sapphire surface prior to film deposition [20]. The adhesion of Au
film (approx. SOOA thick) evaporated on vitreous silica substrates was enhanced
when the substrates were irradiated with 31p ions [21]. Low energy (500eV) Ar+
ion beam bombardment of AI2O3 greatly improved the adhesion of a copper film
deposited on it by forming Cu-Al-0 compounds at the interface [22]. This
compound may have been formed because the AI2O3 surface was enriched in A1

due to preferential sputtering which is caused by different secondary ion yield
between O and A1 in AI2O3. Preferential sputtering effects were studied

experimentally with SIMS [23] and by calculation with a concentration-

dependent surface binding energy model [24] for PtCu and PtSi mixtures, in
which Pt atoms are less easily sputtered than the other species.

It was reported that N and Ni ion implantation in single crystalline a-
alumina resulted in strengthening due to irradiation induced damage and
formation of spinel structure at the surface [25].

In this work, ion beam bombardment effects on the adhesion of gold film to
single crystalline AI2O3 were studied and the bonding mechanism were

investigated with AES.

2.4 Thin film deposition techniques

Thin film deposition techniques used commercially and for research and

development purposes include electro- and electroless-deposition, chemical vapor
deposition (CVD), physical vapor deposition (evaporation and sputtering),
molecular beam epitaxy (MBE), organometallic vapor phase epitaxy (OMVPE). In

11



general, most films prepared by those techniques are not perfect single crystals.

They may contain voids, grain boundaries, short-, intermediate-, and long range

orders, and they can be amorphous and exhibit clustering and compositional

variations, depending on the preparation conditions. Since the functions of each

process are in many aspects overlapping, an eventual selection of the processes

depends on the balance of technical, scientific, and economic considerations.

Some properties of copper films obtained from different deposition processes are

shown and compared in the Table 2.3 [ 26 ].

2.4.1 Physical Vapor Deposition (PVD)

In general, this deposition process can be classified into three steps;

production of the vapor phase, transport of vapor from the target to substrate,

and film growth on the substrate surface.

In PVD technique, there are two vaporization methods, e.g., sputtering and

evaporation [27]. Sputtering is a process in which atoms are ejected from the

surface of a target material as a result of momentum and energy transfer by

bombardment of the surface with energetic particles [28]. Evaporation is a

process of thermal vaporization of the target in which heating is carried out at a

low pressure [29].

During the transport of vapor from the source to the substrate the

following collisional processes take place:

1) elastic scattering processes, which influence the vapor distribution in the

deposition chamber and then the thickness uniformity of the film grown on the

substrate surface,

2) inelastic collisions, e.g., ionization, recombination, and dissociation,

which determine the concentration and flux of species (atoms, ions, radicals)

bombarding the substrate surface.

Depending on the gases present in the chamber, that may have significant

effects on the film properties, the deposition process can be classified into three

processes [30]:

1) vacuum processes (line -of-sight movement of the sputtered particles)
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Table 2.3

Properties of copper film deposited by different deposition processes.

CYD PVD Laser

reflow

Electroless Electrolytic

Resistivity

(WH)

^2 1.75-2 2.6 approx. 2 approx. 2

Impurities C,0 Ar seed layer

Deposition

rate (nm/min.)

approx.

100

>100 <100 approx.

200

Process temp.

CC)

approx.

250

RT melt 50-60 RT

Step coverage good fair good good

Via filling

capability

good poor good fair - poor fair - poor

Environmental

impact (waste)

good good good poor poor
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2) inert processes (scattering of the particles)
3) reactive processes (formation of compound on the surface of the

substrate surface depending on the gas species present in the chamber; oxide,
nitride, carbide, boride, etc.)

The nature of the films grown on the substrate surface can be influenced

not only by the substrate temperature and material but also by the fluxes and
energies of all the particles bombarding the substrate surface, e.g., particles from
the target, the reactive gas particles, and ions. Here, ions and energetic particles
play an important role in advanced thin film deposition techniques because of
their significant effects in non-equilibrium bombardment processes that
accompany film growth and affect its properties. The physical effects of the

energetic particles on the substrate surface and the growing film depend mainly
on the energy and type of the bombarding particle. In general, the following
effects have been observed [31 - 33]:

Near surface effect

a) heating

b) desorption of physically and chemically bonded species
c) enhancement of surface mobility of adatoms

d)enhancement of chemical reactions of adsorbed species
e)sticking of incident particles on the surface

f)ejection of secondary electrons

g) reflection of the incident particles as ions or neutrals

h) sputtering of surface atoms or clusters and re-deposition of sputtered
species

Subsurface effect

a) heating

b)displacement of lattice atoms and creation of lattice defects in collisional

cascades

c) implantation of incident particles
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d) recoil implantation of surface species into the subsurface lattice

e)trapping of mobile species at lattice defects.

Sputtering is one of the main processes in particle interaction with the
surface of a solid using an energy ranging from the threshold energy for
sputtering (10-30 eV) [34] to energies of about 10 keV or higher. Sputtering is
quantified in terms of the sputter yield. The yield depends on the target material,
the bombarding species, and its energy and angle of incidence [35]. Due to the
momentum transfer process, the yield depends on the relative masses of atom and

ion. Also, most of the atoms are sputtered from the top layers. Typical values of
the sputter yield are 0.1- 3 atoms/ion for ion energies up to 1 keV [36].

Depending on the source, there are two sputtering systems, e.g, ion source
sputtering and plasma sputtering. In the plasma system three steps have been
developed: 1) conventional diode or triode sputtering, 2) magnetron sputtering,
and 3) magnetron sputter ion plating. There are two ways to sputter the target
(cathode) materials in a plasma system: direct current (dc) sputtering and radio
frequency (rf) sputtering. The dc negative potential can be used only for the
sputtering of conductive targets. It cannot be used for nonconducting targets
because of charge accumulation at the target surface. In contrast, the rf sputtering
can be used for both conducting and nonconducting materials.

The evaporation method is quite different from the sputtering method. In
evaporation, increasing source temperature is required to produce the metallic
vapor at a pressure of approximately 1 torr [36]. Several methods can be used,

namely, 1) resistance- or induction- heated source, 2) electron beam heated

source, 3) laser beam heating, and 4) cathodic arc discharge [29].

In the processing chamber, the gas pressure must be low enough ( < lO"^
torr) so that the evaporated atoms are not scattered by collisions with the residual
gas [36]. The deposition rate of the vaporized species on the substrate strongly
depends on the chamber vacuum pressure, since the mean free path (MFP) of the
species is a function of the vacuum pressure in the chamber. MFP can be

expressed as [37];
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MFP(cm) = 1.5/P, where P is pressure in pascals. gq q

2.4.2 Chemical vapor deposition (CVD) [38]

In CVD a solid material is deposited from gaseous precursors onto a
substrate. The substrate is typically heated to promote the deposition reaction
and/or provide sufficient mobility of adatoms to form the desired structure.

The main advantages of CVD are high deposition rate ( > tens of microns
per hour) and control over stoichiometry, morphology, crystal structure, and
orientation, which is governed by the deposition parameters. The disadvantages
of CVD include heating of the substrate and corrosiveness and toxicity of the
process gases. Sometimes, the elevated temperature to promote film deposition
and obtain the desired film properties can result in adverse effects for

microelectronics applications such as phase change, grain growth, and diffusion
of the dopants into the substrate. Corrosive reactant and product species in CVD
can attack substrate materials, causing porosity, poor adherence, and
contamination of the coating. CVD is largely a near-equilibrium process
producing crystalline films although it produces amorphous films of certain
materials. Thus, metastable materials which can be easily produced by sputtering
may not be reproduced using CVD techniques.

2.4.3 Electroless depositions

Electroless deposition is one of the chemical plating techniques, in which
the electrons required for the metal reduction are supplied by simultaneous
oxidation of a reducing agent in the solution [39]. In order for this process to take
place, the redox potential of the reducing agent must be more negative than that
of the metal being plated, and the surface for the metallization must be

energetically favorable for oxidation of the reductant and electrically conductive
for the electrons to transfer. The deposition can be started in a number of ways
such as substrate canalization, galvanic displacement, surface activation, using
metal-mediator, etc.. In the substrate catalytic method, the deposition initiates
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from a seed layer which has the catalytic properties for the anodic oxidation

initiation. On the other hand, pre-deposition catalization can be produced by laser
induced activation of the substrate surface for copper metallization, in alumina
and aluminum nitride substrates [40, 41]. In the latter method deposition took

place only on the laser irradiated areas and the deposition rate increases with

increasing laser energy density, implying that the nucleation of copper islands on
the irradiated surface is proportional to the degree of surface activation [41].

2.4.4 Other deposition techniques

2.4.4.1 Molecular Beam Epitaxy (MBE)

MBE is a thin film deposition process in which thermalized beams of atoms

or molecules react on the clean surface of a single crystalline substrate, held at

high temperature under ultrahigh vacuum conditions, to form an epitaxial film
[42]. Thus, MBE is a physical film deposition technique. In MBE, temperature is
the primary parameter controlling high adatom mobility, and ultraclean and ultra

high vacuum conditions allow the atoms to have sufficient time to adjust their
positions on the growing film surface. Also, the ultra high vacuum ( better than
lO'lO torr) prevents the undesirable impurity additions in the film and at the
interface with the substrate. Several vacuum chambers for sample introduction,

deposition, and analysis with attachable surface analytical devices such as Auger
Electron Spectroscopy (AES), X-ray Photoelectron Spectroscopy (XPS),

Secondary Ion Mass Spectroscopy (SIMS), Reflection High Energy Electron
Diffraction (RHEED) allow in situ deposition and analysis to produce high
quality films [43]. RHEED is generally used to monitor and control the growth
process and played a major role in the development of MBE process [44].

2.4.4.2 Organometallic Vapor Phase Epitaxy (OMYPE)

Since most of the compound semiconductors decompose into their
constituent components at high temperature, epitaxial growth in its simplest form
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can be accomplished by transporting individual components at high temperature,

where they react to form the compound semiconductor. Growth of

semiconducting materials at atmospheric pressure is highly advantageous from a
conunercial point of view. However, if one of the components in the compound
has a very low vapor pressure, transport of the components will be very difficult

at atmospheric pressure. Therefore, the use of volatile organometallic compounds

[45, 46] as transport mediums, especially for the Column HI components (Ga, In,
Al) having a very low vapor pressure, has been developed. This technique is
called as OMVPE. Since the compound is required to have an electronic grade
(99.999% or better) after deposition [47], the selection of the compound materials
is very important.

2.5 Bonding theories of metal/ceramic couples

Various interfacial reactions can occur at metal/ceramic interfaces and

equilibrium thermodynamics is useful in predicting possible reactions. Bonding
can take place by either charge transfer between metal and ceramic (chemical

bonding) or mass transport across the metal/ceramic interface (physical bonding).
In this section we will briefly review the surface energies of metals and ceramics

and then discuss the adhesion of metals and ceramics in terms of interfacial

energy and work of adhesion.

2.5.1 Surface energy of metals and ceramics

A certain energy is associated with a solid or liquid surface because the

bonding forces of the surface atoms or ions are unbalanced. The magnitude of the
surface energy increases with the bonding strength between the atoms (the

cohesive energy) and the number of broken bonds per unit area of surface. The

surface energy is also related to physical properties like melting temperature, heat
of vaporization, and heat of sublimation. It has been reported that the heats of

vaporization and sublimation are linearly proportional to the surface energy [48].

The surface energy of ceramics is generally lower than metals as implied by their
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higher melting temperature and Young's modulus [49].

2.5.2 Interfacial energy and work of adhesion of metals and ceramics

The driving force for the formation of a metal/ceramic interface is the

decrease in free energy when the metal is in contact with the ceramic. The free

energy change (AG) by forming the interface can be expressed by Dupre'
equation.

AG = Ym + Yc - Ymc eq.(2.7)

where Ym and Yc are the surface energies of the metal and the ceramic,

respectively, and Ymc is the metal/ceramic interfacial energy. If we confine the

bonding to the chemical bonding and assume no plastic deformation during
debonding, the free energy change will be equal to the work of adhesion (Wad)-
Therefore, by replacing AG in eq.(2.7) with Wad the equation is rearranged as

Ymc = Ym + Yc - Wad eq.(2.8)

So, it is clear that the interfacial energy is oppositely correlated with the work of
adhesion. This correlation is shown in figure 2.1 [48]. When mechanical testing is
used to measure the adhesion strength, a considerable energy is usually dissipated
before debonding, so that Wad ̂  AG, where the work of adhesion includes the

dissipative processes that occur during separation. On the other hand, the
interfacial energy can be derived from the known surface energies of liquid or
solid metal and ceramic substrates by measuring the contact angle (0) (figure 2.2).
At equilibrium, the balance among the interfacial energies is given by the Young -
Dupre equation [49].

Ymc - Yc + Ym cosB = 0 eq.(2.9)

Combining eq.(2.8) with eq.(2.9)
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Wad = Tfna (1 + cosO) eq.(2.10)

These equations show that wetting of the substrate occurs as 0<9O' and
complete spreading occurs as 0 approaches 0°. However, eq.(2.10) is not valid in
many cases, because the surface structure and composition of the metals and

ceramics are usually different from those of the bulk. For instance, chemisorption
of gases at the surface, segregation of impurities or alloying elements to the
surface, and interfacial chemical reactions can occur in some systems. Interfacial
chemicals include a direct interaction between the metal and the ceramic and

formation of an intermediate compound in the interface. In addition, the presence
of surface defects such as cavities or microcracks may change the interface
nature.

2.6 Characterization of the surface and the interface

2.6.1 Introduction to surface and interface analysis

Since the interfacial reaction in the film/substrate couple is, in many cases,
assumed to involve only a few atomic monolayers in each material surface, it is
very important to analyze the elemental composition and chemical binding state
of the outmost atomic layers of a solid substrate before thin film metallization.

After thin film deposition, the analysis of the interface can help to understand the
interfacial reactions that may have occurred during the process.

For the surface analysis, the main factors in selecting the analytical
techniques are spatial resolutions, sampling depths, and detection sensitivities. In
table 2.4 these factors are specified for various surface analytical techniques [50].
In this work , depending on the purpose of analysis, XPS, AES, and SIMS
techniques were employed. Referring to table 2.4 the following comparisons can
be made among the three techniques:

- AES has the highest spatial resolution (as small as 5 nm) since the electron beam
can be focused to a very small spot by adjusting lenses.
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- SIMS is the best in terms of detection sensitivity. Therefore, it is good for
analysis of impurities.

-Due to the high peak-to-background ratio, XPS is better for analyzing chemical

states than the other techniques.

Sometimes, elemental and chemical informations underneath the surface

are required as a function of depth (up to ~lpm). In this case a careful use of a sputter
gun is required to prevent spurious effects such as changing the surface chemical state

due to preferential sputtering, producing defects in the subsurface, intermixing
between dissimilar materials in the interface [51].

In the next sections, XPS, AES, and SIMS are briefly described in terms of
their mechanisms and applications to surface and interface analysis.

2.6.2 X-ray photoelectron spectroscopy (XPS)

2.6.2.1 Principles of XPS

XPS is based on energy spectra from X-ray stimulated electrons. Since this

technique can easily distinguish different chemical states of non-metallic atoms as

well as the oxidation states of the metals, it is also frequently called Electron

Spectroscopy for Chemical Analysis (ESCA). The principles of the XPS analysis
are;

1) X-rays are produced in the X-ray source (commonly A1 or Mg)

2) An individual X-ray line (usually Kai for the analysis) from the
unresolved Kai,2 doublet. X-ray satellites, and Bremsstrallung continuum can be

selected by a single crystalline monochromator.

3) X-ray photons from a nearly monoenergetic beam of energy hv impinge
on the sample.
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4) The photons are absorbed by sample atoms with each absorption event
resulting in the prompt emission of an electron (figure 2.3). In these events, if the

X-ray energy is less than binding energies of an electron from any of the orbitals,
electrons in the atom are not emitted, but excited, followed by only characteristic
X-ray emmision.

5) An electron emitted in this way has a kinetic energy proportional to the

incident X-ray photon energy. A constant electron binding energy in a specific
orbital can be calculated if the X-ray energy is known and the electron kinetic

energy is measured with the electron spectrometer. That is,

Eb = hv - Ek.E.-«<D eq.(2.11)

where Eb= binding energy of an electron in an orbital

Ek.E.= Kinetic energy of ejected photoelectron
hv = characteristic energy of X-ray photon
60= spectrometer work function.

The spectrometer work function must be corrected through the spectrometer

calibration process.

6) The resultant XPS peaks obtained in this way are plotted as a function

of the binding energy. The peak positions are independent of the incident X-ray
photon energy and the target materials.

In the commercial XPS, Mg and A1 targets are often used. The

photoelectron emmision is followed by X-ray fluorescence and/or Auger
transition processes. Therefore, Auger electron spectra are also plotted with the

XPS spectra. However, in XPS the spatial resolution for the Auger spectra is

much lower than that of the spectra from AES due to the limitation in focusing

the X-ray beam.
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Figure 2.3 Energy level diagram depicting KLiL2,3 Auger transition. Once a

sufficiently energetic electron or phonon energy (hv) is incident on the core level
(K) electron, photoelectron is ejected, leaving an electron vacancy. The electron
hole is filled by an uppier level (LI) electron, followed by either X-ray emission or
Auger electron emission (a). Finally, the Auger transition produces two electron
holes in an atom (b).The kinetic energy of an electron (Ea) from L2 level is equal

to Ek - Eli - El2,3.
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2.6.2.2 Quantification of XPS

The number of photoelectrons produced from any given core level of an
element is determined by the photoionization cross-section (a) of that level for

the incident X-ray photons. The photoionization cross-section is a function of the

X-ray photon energy (hv), binding energy (Eb), atomic number (Z), and the X-ray
incident angle (0) to the surface normal [52]. The dependence of the a on 0 is,
by convention, characterized by an asymmetry factor L(0) which describes the

intensity distribution of the photoelectrons ejected from the sample [52].

L(0)) = 1 +iy2-p (3/2- sin20 -1) eq (2.12)

where, b is a constant for given core-level of a given atom and X-ray photon.
From eq.(2.12), we see no asymmetry correction is needed for the angle (0) close
to 54.7', the so-called magic angle. Although calculated values of a and P are
available [ 52 - 54], quantitative interpretation of XPS spectra is mostly obtained
via empirical and experimentally derived atomic sensitivity factors by recording
spectra from standard materials. The quantification of XPS spectra can be given
by

IaISa

Ca = lUnlSn), eq.(2.13)

where Ca : fractional atomic concentration of element A

Ia : peak intensity (peak area over background) of the element A

Sa: atomic sensitivity factor (ASF) of the element A from the standard sample
(usually a ratio of the integrated intensity of the standard sample A to that of the
standard silver sample)

In: measured peak intensity for element n

Sn: relative atomic sensitivity factor (ASF) of the measured peak for element n.

In practice, since the small peak shifts due to various chemical states of an

element in a sample produce a superimposed asymmetrical total peak, careful
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deconvolution procedures are required for the quantitative as well as qualitative
interpretations of the spectra. Computer softwares for this purpose are
commercially available. However, the fact that an accurate quantitative analysis
by XPS requires homogeneous chemical compositions within the analysis volume
can be a restriction in the analysis.

2.6.2.3 Chemical shift in XPS

The chemical shift effect in XPS is the most distinctive feature among other
well known surface analysis techniques. A decrease of the electron density in the
valence region around an atom in a molecule produces an increase in the binding
energy of core level electrons. Therefore, binding energy shifts can be readily
interpreted in terms of well understood chemical concepts.

2.6.2.4 Sample Charging in XPS

The photoelectrons emitted by X-ray irradiation leave positively charged
ions on the surface. The consequent positive sample charging tends to reduce the
kinetic energy of the photo-ejected electrons due to the attractive force between

the charging field and the photoelectron, resulting in higher apparent binding
energies than the true values [57]. Generally, this phenomenon limits the amount
of chemical informations obtainable from the data. Charging can be reduced in
two ways: 1) The electron flooding gun can be used for charge neutralization. In

this way, charging can be reduced to less than 0.1 eV. 2) Electrical equilibrium in
the analysis volume should be obtained. Once the electrical equilibrium is
obtained, the charge on the sample can be accurately traced and compensated
using an internal or external standard. To use an internal standard, a specie is
introduced into the sample matrix or substrate [58]. External standard materials

are typically a vacuum deposited noble metal or carbon contamination on the

sample surface [59]. Since sometimes the carbon reacts with the sample surface
when the surface is chemically active, a noble metal may be the best as an

external standard.
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2.6.3 Auger electron spectroscopy (AES)

2.6.3.1 Auger process

The Auger effect is the de-excitation of an ionized atom by a non-
radiative process. When a sufficiently energized electron impinges on an atom, an
electron can be ejected from the orbitals. The resultant vacancy is subsequently
filled by an electron from one of the outer shells. As a result of this transition the

energy difference produces two effects; 1) release of X-ray photons which can be

used in electron probe micro analysis and in X-ray fluorescence spectroscopy
with the characteristic X-rays, and 2) ejection of another electron from the atom
with an energy, Ea, through the so-called Auger transition which is concerned

with at least two energy states and three electrons. Ea can be expressed as

Ea = El - E2 - E3*. eq.(2.14)

Here, E] and E2 are the binding energies of the atom in the singly ionized state
and E3* is that for the doubly ionized state. This process is schematically
described in figure 2.3. X-ray fluorescence and Auger emmision are competing
processes because they can not occur at the same initial core hole. For lower

energy events leading to a photon or an electron with energy less than 2 keV the

Auger process is dominant with more than 95% of ionizations resulting in the
ejection of Auger electron [60]. The Auger electron loses energy during its
motion through the solid due to inelastic collisions with bound electrons.

Therefore, only Auger electrons ejected sufficiently close to the surface can
escape from the surface. Then, they are detected by an electron spectrometer,
producing the resultant peak spectra. Peak intensities, shapes, and positions in the
Auger spectra are the main factors in analyzing the chemical composition and
bonding states of the unknown materials.

The most pronounced Auger transitions observed in AES are given in
figure 2.4 and these involve electrons of neighboring orbitals, e.g. KLL, LMM,
MNN, NW, MMM, and VW families. The Auger energies for a wxy transition
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have been calculated with an empirical relation [61, 62],

Ewxy = Ew(Z) - l/2{Ex(Z) + Ex(Z+l)} -l/2{Ey(Z) + Ey(Z+l)} - O,

eq.(2.15)

where O is the work function , Z is the atomic number, and Ei denotes the

electron binding energy at the i^^ level.. The energies calculated with eq.(2.15)
are not very accurate. A physically correct expression which introduces the

relaxation energy into the intermediate coupling scheme yields a very accurate
KLL Auger energy [63].

Ezxy = Ez-Ex-Ey- F(xy:a) + Rina + Rex^^ eq.(2.16)

where F(xy:a) is the energy of interaction between the holes in x and y in the
final state a, and the Ri^a and R®*a are intemal and external relaxation energies,
respectively. Eq.(2.16) can be used as a semi-empirical equation as
experimentally determined binding energies, Ei, are incorporated in the equation
together with values for the other terms. Since the calculations may involve a
certain amount of error and, in many cases, the Auger peaks are differentiated to
make the peaks more distinctive, a close agreement between calculated and
observed Auger energies is not expected. Therefore, theoretical calculations can

only identify the kind of Auger transitions for the observed Auger peaks.
Standard samples and/or Auger handbooks are generally used in practical work.

2.6.3.2 Auger electron escape depth

The Auger electron escape depth, which is a function of the Auger
electron kinetic energy, is generally determined empirically by depositing
atomically uniform overlayers on a metallic substrate. The universal escape curve
is shown in the figure 2.5 [64].
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2.6.3.3 Chemical and charging shifts in AES

If strong chemical bonding of two or more atoms occurs, the energies of
core level electrons can change by a few electron volts. In ionic bonding, for
instance, electron levels of electronegative elements shift to lower binding
energies, and the levels of electropositive elements shift to higher binding
energies due to net charge transfer. Binding energy changes can influence the
Auger electron kinetic energies, leading to the Auger peak shifts. Electropositive
elements (usually metals) yield a reduction of the kinetic energy of Auger
electrons coming from core level Auger transition. They combine with
electronegative elements (usually non-metals). For instance, a linear energy shift
of approx. 0.6 eV was found for the L3M23M23 Auger peaks of vanadium
oxides as a function of oxidation number [65]. On the other hand, energy shifts of
valence electrons from the L3M23V transition could not be related to the

oxidation states. This means that Auger peak shifts involving the valence
electrons reflect more the redistribution of the density of states in valence band
than core level energy shift. Although the photoelectron energies ju^e closely
related to the Auger electron energies, the amount of the energy shifts is not the
same because of the extra relaxation energies arising from the polarization of the
electron clouds in the orbitals ejecting Auger electrons. Therefore, the relaxation
energy is a dominant factor influencing large Auger peak shifts associated with
core level transitions.

The Auger peaks can also be shifted due to artificial factors such as

surface charging when analyzing insulating materials. In XPS, an accumulated
charge is often positive and is reduced or eliminated by supplying low energy
electrons [66, 67]. The sample charging is a function of the total electron yield,
the sum of the secondary electron yield and the backscattering coefficient. A
yield higher than unity produces negative sample charge, while a yield less than
unity results in positive sample charge. In both cases. Auger peaks are distorted or
shifted positive (negative charging) or negative (positive charging). The sample
charge will cease when the numbers of incoming and outgoing electrons are
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equal. In an extreme case the surface may be charged to the full incident beam

potential. Several ways have been suggested to surmount the charging problem
[66 - 68]:

1) reduce the primary beam current and/or the current density;
2) reduce the accelerating voltage of the primary electron beam;

3) tilt the sample stage to get a glancing incident electron beam;

4) heat the sample to several hundreds degrees C to reduce the band gap;
5) cover the sample with a conducting mask.

6) use the electron flooding gun when positively charged and supply low
energy (SOOeV) positive charged ions when negatively charged.

However, methods 1) and 2) reduce the Auger peak resolution (low peak-
to-noise ratio), spatial resolution can be reduced with 2) and 3), method 3) may
work or not work depending on the surface roughness, chemical reaction can
occur with 4), parts of relevant area can be hidden with 5), and the frozen period
is temporary with 6). Therefore, the above methods still have problems in the
analysis. In this work a new technique using the surface topography will be
introduced in the experimental section.

2.6.3.4 .Quantitative aspects of AES

Since the sensitivity of Auger electrons from the outer surface layer is
greater than that of electrons from the deeper levels, any quantitative analysis in

AES should be carried out with some assumptions about the distribution of the

elements in the surface region. Therefore, the accuracy of the results will depend
on the assumption. Usually, it is assumed in AES and XPS analyses that the

materials in the near surface are homogeneous. Eq.(2.13) shown in the section

2.6.2.2 is also used in AES. In AES, the intensity term stands for the peak-to-peak
height of the differentiated spectrum.
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2.6.3.5 Crystallographic effects on the Auger spectra

The intensity as well as the shape of the Auger spectra can be strongly
influenced by the crystalline nature of the sample [70] as follows:

1) different atomic planes may yield different composition and density ,
2) anisotropic emission of the Auger electrons may occur,

3) channeling effects related to the electron diffraction may take place.

Effects 1) and 2) can be associated with the Auger intensity change. Effects 3)
may produce intensity changes of the Auger peaks as well as features in the

secondary electron spectrum arising from diffraction. In this case distinctive peaks
which do not stand for the elemental peaks of the sample can appear on the
spectra depending on the electron beam incident angle [71]. Usually, these
conditions are not met on the surface which is unlikely to be well ordered. When
the samples are heated in vacuum condition, the surface may become well ordered
so that these features can be observed.

2.6.3.6 Auger fine structure

Auger fine structure can be seen in the spectra due to chemical effects or
final state effects. Chemical effects in fine structure are associated with the

chemical shift and can arise due to more than one chemical state at the surface

[72, 73]. Final state effect taking part in splitting the Auger peak is associated
with the two holes that are left in the atom at the end of the Auger process [74].
This is intrinsic to certain metals. In such metals the effective interaction energy
between the two holes in the final state is much larger than the width of the
valence band, and therefore the holes can not decay as rapidly as in the case that
their interaction energy is lower.
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2.6.3.7 Electron beam induced decomposition of ceramics

Ceramic materials can be decomposed during electron beam irradiation.
An electron beam causes decomposition of ceramics leaving a metallic film on the

surface. Under these conditions, results obtained during AES analysis contain
artifacts. In general, the decomposition can be prevented by reducing the current
density [75 -78]. However, this will limit the spatial resolution because reduction
of the current density requires an increased analysis area for the same current. In

order to increase the spatial resolution the beam current should be reduced as

well, causing a reduced peak resolution. Therefore, optimized operating
conditions to avoid decomposition and increase the Auger signal resolution
during the data acquisition should be established before analysis.

In this work, it was studied: 1) the threshold electron fluence required to
decompose AI2O3 for several electron fluxes and different rastering areas, 2) the

kinetics of electron-beam-induced decomposition of alumina, 3) the effects of an

adsorbed carbon layer and of pre-sputtering on the decomposition onset, and 4)
back scattered electron effects on the Auger signal.

2.6.4 Secondary ion mass spectroscopy (SIMS)

An energetic ion impinging on a solid target is not only backscattered

from surface atoms, but also it enters the target. Inside the target, the ion
dissipates its energy to lattice atoms through both elastic and inelastic biparticle
collisions. The phenomenon of sputtering takes place when the recoil atoms
produced at or near the surface have the necessary energy and direction to
escape the solid. The sputtered atoms depart the surface in a neutral, an excited,

or an ionic state ( either positive or negative). The positive or negative secondary
ion yield S— for any specific element in the sample matrix is expressed as

Si± = Ti±CiS, eq.(2.17)

where i stands for i element in the matrix, the term T\- is the ratio of secondary
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ions (positive and negative) of element i to the sum of the neutral and charged
particles of element i, Ci is the atomic concentration of i in the matrix, and S is the

total sputter atom yield.

The mean kinetic energy of sputtered particles is typically of the order of
10 eV with the tails of the distribution extending to hundreds of electron volts
[79]. The escape depth of the sputtered particles ranges from the surface to values
greater than 20A and is strongly dependent on the characteristics of the collision
cascade (recoil atom angular and energy distributions) produced in the solid by
the incident ion [80]. Most of the secondary ions are ejected from the first

monolayer (<6A).

2.6.5 Depth profiling

Depth profiling is the technique to analyze the elemental and chemical

state distribution perpendicular to the surface of the sample. It can be obtained
either by non-destructive or by destructive techniques.

Non-destructive methods for depth profiling are based on the electron
escape depth. In this technique, the intensities and energies are used for the

analysis. In AES and XPS, non-destructive profiling methods are based on either
the energy or the emission angle dependence of the mean escape depth of the
emitted electrons. Lower glancing angle generates more electrons, resulting in
higher spectral intensities [81]. Monolayer resolution can be obtained by depth
profiling. By comparison of the intensities between low and high electron kinetic
energy peaks for the same element, the thickness of the segregation layer, an

adsorbate layer, and sputtering rate can be determined [82, 83]. This technique
uses the different electron escape depth for the different energy peaks.

In destructive depth profiling techniques, surface errosion by ion
sputtering is used. This technique also allows monolayer depth resolution. In this
method, the sample is bombarded by ions accelerated in an ion gun to an energy
of typically 0.5 keV - 7 keV. A fraction of the energy is transferred to surface
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atoms and causes them to leave the sample when the energy is sufficient to break
the atomic bonding. Secondary Ion Mass Spectroscopy (SIMS) and Secondary
Neutral Mass Spectroscopy (SNMS) techniques use the emitted particles as a
result of sputtering for surface analysis, while electron spectroscopic techniques
such as AES and XPS use the remaining sample surface for the analysis. Since
sputtering rates at the edge and at the center of the sputter crater are different,
the analysis area must be carefully selected in this method. In most cases, since the

analysis area of AES is much smaller than the sputter crater and the spatial
resolution of AES is much better than that of XPS, AES is often employed for
depth profiling.

2.6.6 Calculation of transport of ions in matter (TRIM calculation)

As already mentioned in previous sections (2.3.2 and 2.4.1), ion

bombardment produces various effects on the surface and subsurface of the

materials. A Monte Carlo computer program simulating the above mentioned
effects has been developed [ 84 - 86] and may render useful preliminary
informations for either processing or characterization of the materials using ion
bombardment.

TRIM was developed to determine ion ranges and damage distributions as
well as angular and energy distribution of backscattered and transmitted ions.

The program is primarily concerned with the quantitative evaluation of how the
ions lose energy to the solid and the final distribution of these ions after they stop
within the solid. The program written in FORTRAN language [85] was translated
to BASIC for the use on a PC and allows the treatment of a solid made of several

elements (up to 7 elements) and for layered structures (up to 3 layers). However,
this program can only be applied to amorphous targets.

To determine the damage produced in the target materials, the atomic
displacements should be calculated. The displacements can be defined as

vacancies plus replacement collisions which reduce the number of vacancies. The

vacancies can be estimated as the sum of interstitial atoms and atoms that leave

the target.
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For sputtering to occur, the energy of the ions impinging on the surface of

the material must be above the surface binding energy. In general, the surface
binding energy can be used as the heat of sublimation . The sputter yield is very
sensitive to the surface binding energy and, for a real surface, the yield changes
during bombardment due to surface roughness and stoichiometry changes of the

compound. If the target is made of several elements, there is a separate sputtering
yield for each element.

The program can calculate the above mentioned phenomena. However,

the simulated results may not predict the actual damage produced and surface

sputtering that takes place in the ion bombarded materials due to the restriction of

the input data such as crystallographic informations (atomic packings and

binding energies among dissimilar materials), actual ion's bombarding energy and

fluence, etc..

2.6.7 AES analysis of metal/ceramic interfaces

Two methods have been used to study film-substrate interfaces with AES.

One technique is to deposit the film in the analysis chamber and monitor the

chemical changes by AES in situ as a function of film coverage. This commonly
used technique has various disadvantages. For instance, the nature of the film can

change as the film is built up monolayer by monolayer [87]. Therefore, the

chemical shift due to interfacial reaction may combine with charging shifts. In the
other method the deposited film is removed layer-by layer by sputter etching until
the interface is revealed and the substrate is exposed [88]. The main problem of
this de-constructive method is the possible ion-beam damage of the interface
under study. Although the damaging problem can be mitigated by reducing the
ion beam energy for sputter etching, the de-constructive method requires a
careful control of the sputtering rate depending on the interface thickness.

Therefore, several trial and error runs may be needed to detect elements at the

interface region. However, this method can be used in analyzing a relatively thick

interface.

In this work, it has been shown that a new method proposed here
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eliminates or mitigates the problems described above.

2.7 Copper/Si02 couple

As introduced in section 2.1, copper is the material that can substitute for

aluminum for better performance metallization level. However, copper can
migrate into the silica under an electric field [ 89 ] causing an increased resistivity
in the metal line and a dielectric loss of the oxide substrate, eventually, it will lead
to the failure of the device. This will be a big restriction in introducing copper for
the future material for multilevel metallization. It was found previously that
adding a layer of titanium between the copper and the Si02 substrate can greatly
reduce the copper drift and that a certain thickness (> 5 nm) of the layer is
required for the prevention of diffusion [ 90 ]. Also, Cu and Ag do not drift into
the silicon oxide when the electric field is applied to the couple in vacuum (~ 10"6

tOIT.)[91 ].

The mechanism of migration is studied here using AES and SIMS without
coating any anti-drift layer at the interface .
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CHAPTER 3

EXPERIMENTS

The experimental sections describe the sample preparation (processing)

and the testing and analysis (characterization). Sample preparation comprises

laser and ion beam surface treatments, thin film deposition, and heat treatment.

Chracterizations include pull adhesion testing and surface and interface analysis
using surface sensitive analytical techniques such as XPS, AES, and SIMS.

3.1 Sample preparation

3.1.1 Sample materials

1) AI2O3 : The alumina (polycrystalline AI2O3) substrates were finished to

a surface roughness of approx. 0.1 |im as measured with a Dektak profilometer
and had a relatively uniform grain size of 2 |im, on the average . The nominal
purity was 99.6% and the main impurities were Si02 and MgO. The alumina

samples were tape-cast processed by the Coors Ceramic Company. Commercial
sapphire (single crystalline AI2O3) samples of 99.6% purity with an optical finish

slightly off the {21 10}plane were supplied by Saphikon Company.

2) AIN : The AIN substrates were > 99% pure. The surface roughness was

< 0.4 |xm, as specified by the manufacturer (ANCeram GmbH & Co. KG of

Germany). The average grain size was approx. 3 pm.

3) Si02 /Si: These substrates are used for the copper drift test. A highly

doped n-type silicon wafer (thickness; approx. 1 mm) was thermally oxidized to
form Si02 with a thickness of approx. 5500 A, as measured with SIMS depth
profiling and profilometry techniques.

4) Pure copper and gold were used for the thin film.
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3.1.2 Surface modification of the substrates

Laser irradiation

Ceramic substrates, e.g., AI2O3, AIN, and Si02, were irradiated with a

pulsed XeCi excimer laser (308nm wavelength and 41 ns pulse duration at
FWHM) in oxidizing or reducing (Ar-4%H2) atmospheres. Substrates were laser-

irradiated at various energy densities 0.3,0.5,1,1.5,2, and 3 J/cm^. Each area was

irradiated with 10 sequential pulses unless otherwise specified. Laser energy
densities were determined from output laser energy as measured by the energy
calorimeter, divided by the irradiation areas. A set-up of the laser processing is
schematically described in figure 3.1

Ion beam bombardment

Sapphire substrates were treated in three different ways: 1) annealed, 2)
sputtered, and 3) annealed and pre-sputtered. Annealing was conducted at

1350'C for 3 days in air to appreciably reduce all possible organic surface
contaminants and surface defects. The sputtering was carried out with Ar ions

and neutrals of 7 keV beam energy, and 1 mA beam current.

3.1.3 Surface cleaning of AIN substrate

Surface cleaning effects of the substrate on film adhesion were

investigated for AIN substrate. The cleaning procedures were as follows.

1) ultrasonic cleaning in water with detergent for 10 min.

2) ultrasonic cleaning in ethanol for 10 min.

3) washing with distilled water

4) drying with hot air

5) additional drying on hot plate at 150''C for 15 min.
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1. Laser source
2. Lenz

3.Sample stage
4.Gas chamber
5. Sample
6.Vacuum pump
7. Processing gas tanks
(oxygen or Ar-H)

Figure 3.1 A schematic of laser processing.
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3.1.4 Thin film deposition

Copper and gold targets were bombarded with Ar neutrals and ions at 7

keV beam energy and 1 mA current. A Paulus and Reverchon type ion gun was

used for sputter-etching [92]. The beam incident on the target is largely

composed of neutral Ar because most of the ions transfer their energy to gas
atoms. Particles from the target were deposited to a thickness of about 800A on
the substrates in a vacuum pressure of approximately 10"'^ torr. The base pressure
of the chamber was 2xl0'6 torr. A schematic of the deposition process is shown
in figure 3.2.

For the pull adhesion test of the gold film/substrate couples, about 200A of
copper film was deposited on the top of gold film, because the adhesion strength

between the gold film and epoxy resin is very weak. Our experiment showed that

the adhesion between copper and gold films is much stronger than that between

copper and epoxy resin.

3.1.5 Annealing and curing of the film - substrate couples

Some of the sapphire substrates were annealed in air at HSO'C for 3 days
to remove organic contaminants and defects. Heating and cooling were done for

8 hours each in order to eliminate the possibility of a thermal shock in the

substrate which may lead to the fracture.

Metallic film/ceramic couples were annealed at 300°C and 500°C in a

vacuum atmosphere (5x10"^ torr) for Ih. For the adhesion pull-testing, an
aluminum-pin coated with epoxy resin was positioned on the film surface of the

test couples (figure 3.3) and cured in an argon atmosphere. Maximum strength of
the copper/epoxy interface was obtained by curing the couples at ISO'C for 1.5

h. The heating and cooling rates were designed to obtain the best adhesion and

avoid residual stresses that could affect the gold/sapphire bonding. The heating-

up time was 30 min and the cooling-down time was 2 hrs.
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3.1.6 Copper drift test into the Si02 layers developed on Si

Copper films of ~ 100 nm thickness were sputter-deposited on a Si02 layer

-550 nm in thickness thermally grown on a Si substrate. Two samples were

prepared; 1) one was annealed at 300'C for 12 hrs under the presence of 1

MV/cm electric field and 2) the other was annealed with no electric field.

3.2 Testing and analysis

3.2.1 Adhesion pull-testing of the couples

Copper and gold films deposited onto laser irradiated AI2O3 and AIN

substrates and gold film deposited onto ion bombarded sapphire substrates were
pull-tested. An aluminum-pin coated with epoxy resin was glued to the metallic
film to be tested. In the case of gold films, as already mentioned, an intermediate

copper film was deposited to ensure good bonding of the metallic film to the

epoxy resin. The interface between copper film and gold film was stronger than
any of the other interfaces in the sample. Each adhesion strength value reported
is the average of measurements done on 5 different specimens. The accounted
error is the standard deviation of these five measurements.

After firmly clamping the epoxy coated aluminum pin attached on the film
of the couple, the pin was pulled down at a speed of 3 pm/sec by means of a
stepping motor. The signals from the load cell were transferred to and recorded by
computer. The strength of the aluminum pin was 10 Ksi and the capacity of a load
cell was 100 lb. The strength of the glue that connects pin and copper film, - 70-
75 MPa, is the test upper limit for the adhesion strength between the film and the
substrate. Since the pulltester utilizes a very rigid frame, an accurate sample
alignment was achieved and possible shear stresses at the interface during
pulltesting could, thus, be avoided . A schematic cross section of the test set-up is
shown in figure 3.3.
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3.2.2 XPS analysis of the surface of the ceramic substrates

As-received, annealed ( 72 hrs at IBSO'C), and laser-irradiated ceramic

substrates were analyzed with XPS . A schematic cross section of the XPS

equipment that was used in this work is shown in figure 3.4. The laser irradiation
was performed in air and Ar-4%H2 atmosphere with laser energy densities of 0.4,
1,3, and 5 J/cm^. The samples were sputtered in order to perform chemical and
damage analysis at different depths from the surface. A Perkin Elmer 5600 ESCA

Spectrometer was used for XPS analysis. By setting the aperture for the analyzer
lens, an analysis area of 400 p,m diameter on the sample was selected . Survey
seems were obtained for each sample using 1253.6 eV Mg Ka X-rays and an

analyzer pass energy of 93.9 eV, over a binding energy range of 0 to 1100 eV.
Measured peaks were corrected for detector sensitivity and photoionization
cross-section differences and subsequently used to estimate the atomic

concentration of the present elements. When necessary, intensity peak positions
were corrected with a carbon peak as an internal reference. To detect the

formation of metallic aluminum as a result of the irradiation assisted

decomposition of the alumina, multiplex scans of the A1 2p core spectrum were
obtained for alumina samples as- received and laser-irradiated at 5J/cm2 in Ar-

4%H2.

3.2.3. Auger Electron Spectroscopy (AES) analysis

The interface of CU/AI2O3, AU/CU/AI2O3,, Cu/AIN, Au/AIN, and Cu/Si02

couples and the surface modification of the substrates were analyzed with a
Scanning Auger Microprobe (SAM) Phi model 660 combined with ion sputtering
gun at a pressure of ~ 5x10" 10 torr. A schematic description of the AES system is
given in the figure 3.5. An accelerating voltage of 3 kV and a beam current of 20
nA were used for the analyses. Unless otherwise mentioned, the Auger peaks are
differentiated. Electron beam induced decomposition and sample charging that
are general problems during AES analysis of the insulating materials were studied
prior to the analyses .
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3.2.3.1 Study of sample charging in AES

Sample charging of the insulating sample is due to secondary electron
yield and backscattering coefficient. The sample charging could be reduced or

eliminated by considering the mechanism of the secondary electron emissions.

The methods are described here and will be discussed in the discussion chapter.

Sample charging of the flat sapphire substrate was eliminated by tilting the
sample stage by 30° in order to increase the electron impingement area and to

generate more secondary electrons in a volume lying closer to the surface.

For polycrystalline ceramic samples, the charging problem was more

complicated due to the surface roughness. A very simple and effective way to

eliminate the charging effect was found as follows;

1) The tilting angle was increased till a SEM image could be clearly

obtained.

2) The magnification of the SEM image was raised to 5000X.

3) The analysis area was reduced as much as possible and the beam current

was adjusted so that no decomposition occurred.

4) The top of the grain was selected as the analysis area.

5) The tilt angle was adjusted to a value that depended on the analysis

areas.

3.2.3.2 Study of decomposition during AES

Commercial sapphire substrates of 99.6% nominal purity having an optical
finish were used in this work. A Perkin Elmer model 660 Scanning Auger

Microprobe (SAM) was employed to perform in-situ electron beam irradiation

and characterization at a pressure of 3xl0'9 torr. A 3 kV accelerating voltage
was used in most of the experiments. For selected experiments, the accelerating

voltage was varied from 2.2 to 10 kV. The sample stage was tilted by 30° in order

to increase the electron impingement area and to get the secondary electrons
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generated in a volume lying closer to the surface. This set-up reduces the electron

accumulation in the insulating sample by generating more secondary electrons

and also reduces, or even eliminates, charging effects. Tilting is also necessary to

produce a geometry suitable for sputter-cleaning. The change in the analysis area
due to stage tilting was accounted for in the electron flux calculations. The beam

currents used in the decomposition study were 21.2, 53,106, 159, and 224 nA as

measured with a Faraday cup for analysis areas of 38, 76 and 140 \im^, and 21.2
to 53 nA for circular areas of 0.4 mm-diameter (the beam cross sectional area at 3

kV). The difference between the sample current and the current measured with

the Faraday cup was 6% at the potential of 3 kV, in the experimental set-up used
here. The electron beam current in the sample was measured under a positive bias

field of 90 V applied to the specimen. All secondary and backscattered electrons

with energy less or equal to 90 eV were trapped in the sample and contributed to

the sample electronic current. The difference between the sample current and the

current in the Faraday cup is due to the fact that ~ 6 % of the secondary and

backscattered electrons had a kinetic energy larger than 90 eV. All the measured

fluxes were corrected for this difference.

The analyzing electron beam was used in a rastering mode. Therefore, the

electron fluences determined in these experiments were averaged over the
analysis area. The electron fluence (j) was calculated as (j) = Jatr where Ja is the

average electron flux in electrons/cm^.s, and tr is the total rastering time in
seconds. The average flux was calculated by dividing the electron current upon
the total rastering area. The fluence can also be expressed as (]) = Jiti where Ji is

the instantaneous flux and ti is the irradiation time for each given region. The

instantaneous flux was calculated by dividing the electron current by the cross
sectional area of the beam. The rastering periods were 0.1, 0.2, and 0.37 ms for

the rastering areas of 38,76, and 140 jim^, respectively.
The analysis area was sputter-cleaned to eliminate surface contamination

effects on the decomposition behavior. Sputter cleaning was done by 1 keV Ar+
ion bombardment until the surface carbon was effectively removed. Non-

sputtered, ethanol-cleaned, areas were also analyzed and the decomposition

kinetics were compared with those of the sputtered area. The decomposition rates
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of alumina were determined under various conditions by calculating the atomic
concentrations from the peak-to-peak values of the differential Auger energy
spectrum. The atomic concentrations, in turn, were determined using the
corresponding atomic sensitivity factors found in the tabulated Perkin Elmer

standard library.

The 54 eV A1 peak from sapphire and the 68 eV A1 peak from metallic
aluminum were monitored for the decomposition onset studies. These peaks are
very sensitive to the near surface condition of the substrate because the

corresponding Auger electron escape depth is approximately 4 A.[ 50 ] . The
decomposition behavior was also examined through the evolution of the higher
kinetic energy peaks of aluminum from sapphire (1388 eV) and from metallic

aluminum (1396 eV) whose escape depth is approx. 20 A [ 50 ] . Each peak
multiplex cycle was an average of peak scans acquired for approximately 30 s.
Generally, one half of the scanning time for a certain multiplex cycle where
metallic aluminum peaks were initially detected was regarded as the
decomposition onset time. Therefore, the accuracy of the decomposition onset
time is about 15 seconds. However, for short decomposition times the relative
error of the onset decomposition time determined in this way becomes large. For
onset times under 200 s, the decomposition onset time was determined during
data acquisition thus reducing the error, due to background fluctuations on the
Auger spectra, to a few seconds.

3.2.3.3 AES Analysis of ion bombarded sapphire surface

The effects of ion beam bombardment on the sapphire substrate were

investigated in situ with a Perkin Elmer model Phi 660 Scanning Auger
Microprobe combined with an ion sputtering gun. The gun was manufactured by
Perkin Elmer and is different from the gun used for pre-sputtering the substrates
prior to gold deposition. The sapphire substrates were irradiated at a pressure of
10"9 Torr with 7 keV Ar+ ions and a beam current of 130 nA, and with 3 keV Ar+
ions and a beam current of 70 nA. The changes in the surface layers were
investigated comparing the A1LVV spectrum before and after irradiation.
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3.2.3.4 AES interface analysis

Two different analytical techniques have been considered as described in
the following.

1. Au/presputtered sapphire couple: Since the interface thickness of this

couple was very thin, a technique using Auger electron escape depth was
devised to analyze the interface.

Gold films deposited on as-received substrates (weakly-bonded) and on
annealed and ion bombarded substrates (strongly-bonded) were analyzed with
AES. Approx. lOOA thickness of gold film was in situ deposited on sapphire
substrates presputtered with 7 keV Ar+ ion energy. AES analysis showed that the
gold film completely covered the sapphire substrate without forming any island
on the substrate when no annealing of the couple was performed. Sputter-
etching of the film in the AES vacuum chamber (approx. 10'9 torr) was performed
at an angle of 53° with respect to the specimen normal using the ion gun. An
area of 200 pm x 200 pm was bombarded with a 0.5 keV ion beam until a portion
of the substrate in the selected area became exposed forming a crater-like region
surrounded by gold film. This process was conducted by detecting A1LVV Auger
signals with AES. The damage produced by sputtering was estimated with TRIM
calculation.

A schematic drawing of the wedge produced by sputtering is shown in

figure 3.6. The edge of the sputter-produced crater can be observed by
secondary electron imaging and the analysis position can be approximately
determined assuming that the slope of the crater edge is linear. The slope
generated by this sputtering gun is very shallow: the film thickness increases by
0.5 nm when the electron beam is displaced 5 mm in the radial direction away
from the film denuded area (figure 3.6 a). As described schematically in figure 3.6
b, different analysis positions on the edge of a sputter-produced crater can
provide different elemental and/or chemical information because the Auger
electron escape depths from different Auger transitions are different. Three main

different positions relative to the crater
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Figure 3.6. a) Schematic of the wedge produced in the gold film by sputter-

etching in the AES chamber, b) Schematic of the relation between the Auger
electron escape depth and the film thickness. Since the wedge length is too long
as compared to the film thickness, atomic layers on the wedge should be ledge

shaped.
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edge were selected to study the gold, oxygen, and aluminum peaks at the

interface. Low kinetic energy Au NVV (71 eV), high kinetic energy Au NVV (249
eV), oxygen KLL (506 eV), and aluminum KLL (1388 eV) Auger spectra were

acquired for analysis. An accelerating voltage of 3kV was used for the analysis.

This method can eliminate the artificial peak shift due to the charging and

decomposition, because the first monolayer at least is a conductive film. In this

method the beam current can also be increased to get higher peak signal

resolution without raising a charging problem.

2. Metallic films / alumina and aluminum nitride couples: In these couples,

there are two problems in interface analysis due to the surface roughness; one is

sample charging, the other is non-uniform interfacial reaction due to non-uniform

melting and decomposition behaviors during laser irradiation. Therefore, the

analysis area should be the top part of a grain. Since most of these couples are

annealed at 300'C or SOO'C, the interface thickness may be relatively thick. The
following method has been devised and used in this case;

1) tilting the sample stage to approx. 60°

2) enlarging SEM image and selecting the analysis area in one grain

3) using an ion beam energy of 500 eV and an ion current of 2 nA

minimize the damage that may be produced during sputtering (TRIM calculations

were also conducted) .

4) removing the metallic film layer-by-layer with an Ar+ gun. The Auger

peaks were scanned after each sputtering cycle. The sputtering cycle lasted 6s

and the sputtering area was 35p.m x 35p,m; in the vicinity of the interface a

thickness of only 1 - 2A was removed per cycle. The sputtering rate was
measured using the number of sputtering cycles and the film thickness.

5) using an accelerating voltage of 3kV and electron beam current of 20

nA for the analysis. These potential and current levels eliminate the

decomposition of alumina and aluminum nitride and reduce sample charging

effects.
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3.2.3.5 Auger mapping

Auger mapping can provide information about the distribution of an

element in a matrix material. The procedure for mapping is as follows;

1) Choose an energy peak for a specific element

2) Set the background to get the integrated intensity properly

3) Select the analysis area and set the data acquisition time.

Metallic aluminum distribution in laser-irradiated AIN was investigated along with

other elements and compared with cross sectional TEM results.

3.3 SIMS study on copper drifted into Si02 and Si

The copper concentration in silica was measured with SIMS techniques
since the concentration was expected to be very low. To evaluate the motion of

copper and other species in the oxides, electrical measurements can also be used

and they are more sensitive than SIMS. However, they can not distinguish copper
from other positive ions such as sodium. SIMS was thus used to measure the

copper concentration. Since the positively charged Ar ions often produce sample

charging during SIMS analysis, a simpler way to surmount this problem was

devised on the basis of the conventional negative ion bombardment technique.

3.4 High Resolution Transmission Electron Microscopy (HRTEM), conventional

TEM (c-TEM), and Scanning Electron Microscopy (SEM) of the surface and

interface

The interface morphology and thickness and phase distributions were

directly observed with HRTEM and/or c-TEM. Parts of this work was correlated

with the results from the AES analysis.

SEM was employed to observe the surface topographic change after laser
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irradiation on the ceramic substrate. Depending on how the secondary electron

yield is controlled, the surface coating with conductive film such as gold or

carbon may or may not required. Without conductive film coated on the ceramic

surface, SEM image was successfully obtained. A detail will be presented in the

results section. The experimental set-up is aimed at controlling the secondary
electron yield and minimizing the electron accumulation on the surface.

3.5 Validation of the pull adhesion test

Metallic films deposited onto the ceramic substrates can form the island

morphology due to different surface energies between the deposited film and the

substrate. It can occur with or without annealing depending on the deposited
film thickness. The wetting angle formed by island formation of a thin film can

reflect the adhesion between a film and a substrate as explained in section 2.5.2.

If this happened, however, pull adhesion testing may not be validated because

epoxy pin may adhere to not only film but also substrate. An experiment was
conducted to verify if 80 nm film thickness is quite safe in pull testing to

investigate the adhesion that takes place only at the film/substrate interface. For

this work, copper films with the thickness of 10 nm and 50 nm were deposited

onto the AIN substrate and AES technique was used to examine the surface film

coverage. 3 kV accelerating voltage and 50 nA electron beam current were used

for the analysis and analysis area was 500|Lim x 500(xm.
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CHAPTER 4

RESULTS

Experimental results presented in this chapter include i) pull adhesion

testing of metallic films/ceramics couples, ii) the formation of metallic islands

during annealing, Hi) in situ decomposition study of AI2O3, iv) sample charging of
the ceramic substrate during AES analysis, v) XPS and AES characterization of

surface modified ceramics prior to the film deposition, vi) SEM and TEM studies on

surface topographical changes after laser irradiation of the ceramic substrates, vii)

interface analysis of the strongly and weakly bonded metal/ceramic couples with
AES, and viii) SIMS and AES analysis ofCu/Si02 couple.

4,1 Pull adhesion testing

Pull adhesion testing conducted in this work is for metallic film/ AIN

couples and the results will be presented in this section.

The results of pull adhesion testing on metallic film/Al203 couples

previously conducted by Dr. Desilva and Mr. Kumar during their Ph. D and MS

dissertation works will be briefly described in this section.

4.1.1 Cu film/ AIN substrate

Pull adhesion tests of Cu/AIN couples laser irradiated in air and Ar-4%H2

atmospheres were conducted and the adhesion strengths are plotted as a function

of laser energy density in figures 4.1 and 4.2. Here, we can notice that an

increased laser irradiation results in the reduction of adhesion strength and higher

temperature post-deposition annealing is required to enhance the adhesion

between the film and laser-irradiated substrate. Obviously, this is a quite different
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Figure 4.1. Adhesion strength of the copper films deposited onto AIN substrates

laser-irradiated in air and Ar-4%H2 atmospheres as a function of laser energy
density. Annealing was done at 300°C for 1 hr. (The zero laser energy density
stands for as-received condition.)
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Figure 4.2. Adhesion strength of the copper film deposited onto AIN substrates

laser-irradiated in air and Ar-4%H2 as a function of laser energy density. Couples
were annealed at SOO'C for 1 hr.
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trend to the result obtained from the adhesion test of the metallic fllms/Al203

couples [93,94 ]. The result can be described as follows:

1) The adhesion strength of Cu/as-received AIN couple is weak without

annealing (~25 Mpa) (figure 4.1),

2) Laser irradiation with low energy densities (< IJ/cm^) in both air and Ar-
4%H2 increases the adhesion strength to ~40 Mpa. As the laser energy density
increases, the adhesion strength decreases and becomes even lower than the

strength of the couple with non-irradiated substrate. The couple irradiated in air

shows higher adhesion strength than the couple irradiated in Ar-4%H2. The

difference of the adhesion strength between the couples irradiated in air and Ar-

4%H2 becomes larger as increasing the laser energy density (figure 4.1).

3) When the couples are annealed at 300'C, the couples laser-irradiated

with low energy density ( < IJ/cm^ ) show the maximum strength, but 300''C
annealing enhances the adhesion of the couples laser-irradiated with > IJ/cm^ in
both oxygen and Ar-4%H2 atmosphere to only about 1.5 times. This is still below

the maximum strength. The couples irradiated in air show slightly higher adhesion
strength than the couples irradiated in Ar-4%H2 (figure 4.1).

4) With 500 "C annealing, all the specimens laser irradiated with > lJ/cm2
energy density in both oxygen and Ar-4%H2 atmosphere also show the

maximum adhesion strength (figure 4.2).

4.1.2 Au film/AlN substrate

Figures 4.3 and 4.4 are plots of the adhesion strength of the gold film

deposited onto AIN substrate as a function of laser energy densities. The pull
testing data of the couples irradiated in air and Ar-4%H2 are incorporated in the

same plot. It is notable that the overall adhesion strength decreases after 300'C

annealing and increases after SOO'C annealing. Figures 4.3 and 4.4 can be
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analyzed as follows:

1) Similarly to the Cu/AIN couple, laser irradiation with more than lJ/cm2
energy density reduces the adhesion strength when the substrates are irradiated

in both air and Ar-4%H2 (figure 4.3). For the energy density less than IJ/cm^,

laser irradiation in air does not show any difference in the adhesion, while the

adhesion of the couples irradiated in Ar-4%H2 increased from -20 Mpa at 0.3

J/cm2 to -40 Mpa at IJ/cm^ (figure 4.3).

2) 300''C annealing decreases the adhesion strength of all the couples with

the substrates irradiated in air and the couples irradiated with < lJ/cm2 in Ar-
4%H2 and slightly increases the adhesion of the couples irradiated with > lJ/cm2

in Ar-4%H2(figure 4.3). SOO'C annealing increases the adhesion strength to the

maximum for the couples irradiated in both air and Ar-4%H2(figure 4.4).

3) As a result of the pull adhesion testing, the couples with as-received

substrates are broken at the interface between the film and substrate regardless of

the annealing temperature, but the couples with laser irradiated substrates are

broken at the epoxy glue after 5(X)''C annealing (figure 4.4).

4.1.3 Cu film/Al203 substrate couple

The pull adhesion testing for these couples was previously conducted by

Dr. DeSilva during his research for Ph.D thesis [93]. Adhesion testing of the
couples was conducted for the substrates irradiated in air and Ar-4%H2

atmosphere, respectively. Couples with the substrates irradiated in air were

annealed at 300°C for 1 hr, because the couples showed very strong bonding
with 300°C annealing. On the other hand, the couples irradiated in Ar-4%H2

atmosphere were annealed at 5(X)°C since the adhesion strength of these couples

after annealing at 300°C was very weak. The adhesion testing results are

summarized as follows:
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1) The laser irradiation in air doubles the adhesion strength without
annealing the couples and subsequent annealing of the as-deposited couples
increases the adhesion strength further to the maximum strength (epoxy strength)
measurable in this test.

2) The laser irradiation in Ar-4%H2 does not increase the adhesion

strength with low temperature annealing ( ̂SOO'C ), but as increasing the
annealing temperature above BOO'C the adhesion strength increases and reaches

to the maximum strength at SOO'C annealing.

Three differently prepared samples, which have shown strong and weak
bonding , i.e., a couple irradiated with 1 J/cm^ energy density in air and annealed
at SOO'C, a couple irradiated with 1 J/cm^ energy density in Ar-4%H2 and
annealed at 300'C, and a couple irradiated with 1 J/cm^ energy density in Ar-
4%H2 and annealed at 500°C, were AES-analyzed to investigate the adhesion

mechanisms. The results are presented in the section 4.5.1.

4.1.4 Au film/A1203 substrate couple

The adhesion pull testing for this couple was done by Mr. Kumar for his

MS thesis [94]. The results he obtained are as follows:

1) The adhesion of gold film deposited onto the as-received alumina is very
weak (~ 0.1 Mpa) even after annealing and laser irradiation of the substrate

increases the adhesion strength,

2) Laser irradiation of the substrate in Ar-4%H2 produces some increase in

the adhesion strength (~ 1.2 Mpa), and post-deposition annealing increases the
adhesion strength slightly more (about 3 Mpa),

3) The substrate laser-irradiated in air produced very strong bonding (-30
Mpa) as shown in figure 4.2b and the irradiation in pure oxygen produced the
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maximum strength since the failure of the samples during pull test occurred in
epoxy .

His results also showed that the maximum adhesions were obtained when

the substrates were irradiated with 1 to 1.5 J/cm^.

For the analysis of the interface, two samples shown strong and weak

bonding were selected. Those are the couples laser-irradiated in oxygen and Ar-
4%H2 with 1 J/cm2 energy density and the results will be presented in the
section 4.5.2.

4.1.5 Gold film/pre-sputtered sapphire

Pull adhesion testing results of gold film/sapphire couples are shown in

table 4.1.

The adhesion strength of gold films deposited on as-received sapphire is
very weak ( 4.7 Mpa), but inceases ~ 6 times (31.7 Mpa) when the substrate is

annealed at 1350 °C and 10 times ( 41.9 Mpa) when the substrate is pre-
sputtered. The adhesion strength of gold film sputter-deposited onto annealed

and pre-sputtered sapphire is over 15 times ( 70.4 Mpa) higher than that of the
film deposited onto as-received sapphire. Except for the gold film deposited on

annealed and presputtered sapphire, all the other couples were broken at the

interface.

The adhesion strength of the gold film to the sapphire substrate annealed

and ion-bombarded probably increases more than the value reported in the table

because failure took place in the glue during pull testing. In this table the
interface means the film/substrate interface.

The ion bombarding effects on the sapphire substrate and the interface of

the couple shown strong adhesion were studied with AES techniques. These

studies will be presented in the later sections.
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Table 4.1

Pull testing results for various conditions of the gold film-sapphire substrate
couples.

Heat treatment of

the substrate

Surface treatment of

the substrate

Adhesion strength

(Mpa)

Remarks

as-received non-sputtering 4.7 ±4.7 broken in

interface

as-received pre-sputtered 41.9 ±15.6 broken in

interface

Annealed(1350°C

for Ih)

non-sputtering 31.7 ±13.9 broken in the

interface

Annealed(1350°C

for Ih)

pre-sputtered 70.4 ±10.5 broken in the

epoxy
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4.2 The formation of metallic islands during annealing

Figure 4.5a shows AES survey scanning of the surface of copper film
deposited to 50 nm thickness on AIN substrate after annealing at 500'C. As can
be expected, the surface is heavily contaminated with carbon KLL. Oxygen KLL
and copper LMM peaks are also detected. However, there are no Auger peaks in
the low Auger kinetic energy range and the resolution of the peaks other than
the carbon peak is very poor. The Auger electron escape depth in this energy
range is only one or two monolayers. This means that the thickness of carbon

contamination may be more than one or two monolayers.

Subsequently, the surface in the same analysis area was sputtered with Ar+
ion of 0.5 keV energy and 1 nA current under the pressure of 5x10"^ torr and the
sputtering was done till the carbon signal disappears. An AES survey scan of the

sputtered surface is shown in figure 4.5b. Here, the carbon peak is reduced
considerably, and, thus other peaks became more distinctive. The low energy
region (less than 100 eV) in the peak scan is expanded and shown in figure 4.5c.
One noticeable detail in this spectra is the appearance of the distinctive copper
MVV Auger peak without superimposing any A1LVV peaks in the energy range
less than 100 eV (figure 4.5c). It seems that the substrate is not exposed since at
least one or two monolayers are covered with the copper fihn. A1 KLL peaks that
should appear in the range of 1300 to 1400 eV are not seen in the survey sccui
(figure 4.5b). Electron escape depth in this energy range is ~ 2 nm (4-5
monolayers). The full coverage of the copper film ensures that only the metal-
ceramic interface is being tested. There is no contact between the ceramic

substrate and the glue from the pulling stud.

Figure 4.6 is an AES survey scan of the film deposited to 10 nm thickness
on the AIN substrate after annealing at 500°C. The surface was slightly sputtered,
but still a considerable amount of surface contaminants such as S and C exists. In

figure 4.5a only carbon exists on the surface as a contaminant. The fact that

nitrogen and sulfur are detected on the surface of this couple is noticeable. These

elements may be from the substrate: Sulfur may be a surface contaminant too in
substrate and nitrogen should be from the AIN substrate. The strong oxygen
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Figure 4.5. (a) A differentiated AES survey scan of the surface of the deposited
copper film to 50 nm thickness on AIN substrate after annealing at 500°C. The

surface is heavily contaminated with carbonaceous materials, (b) An AES survey
scan of the sputtered surface. Here, peak to peak height of differentiated carbon

auger peak reduced considerably, and, thus other peaks became more distinctive.

70



■g
tf

5  -

4  -

3
>
>2  -
I-)

1  -• <

GO 70
Kinetic Energy (eV)
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is expanded and shown in figure 4.5c. One noticeable thing in this spectra is the
appearance of the distinctive copper MVV Auger peak without superimposing
any A1LVV peaks in the energy range less than 100 eV (figure 4.5c).
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Figure 4.6 A differentiated AES survey scan of the film deposited to 10 nm
thickness on the AIN substrate after annealing at SOCC.
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Auger peak shows that the surface of AIN substrate is considerably covered with
AI2O3. In this experiment the carbon was not completely sputtered-off to ensure

that the very thin metallic film was not removed. In this case, Cu LMM peak at 61
eV exist with A1 KLL peak at ~ 1390 eV (figure 4.6) together and Cu MVV peak
is not superimposed with A1LVV peak. However, A1LVV peak (54 eV) does not

appear probably indicating that very small islands are scattered over the whole

surface due to the surface roughness, or small aluminum Auger peaks may have
been buried in the copper MVV peak, since atomic sensitivity factor of copper is
higher than the that of aluminum,. The thickness of the layer or the small islands

should not exceed one or two monolayers because the signal of the A1 KLL

peaks coming from 4-5 monolayers depth are very distinctive.

In conclusion, copper film deposited on AIN substrate tends to form island

after 5(X3°C if the film thickness is ~ 10 nm. If the film thickness is about 50 nm,

the film can cover the AIN substrate uniformly even after 500°C annealing.
Therefore, pull testing with 80 nm film thickness is quite reliable after 500°C

anneeding.

The gold film/substrates were not studied because for the pull testing of

these couples approx. 20 nm thickness of copper film is deposited additionally
onto an 80 nm thick gold film to increase the adhesion of the epoxy pin with the
film. Therefore, the possibility to expose the substrate by forming the islands after

annealing is almost zero in these couples.

When 10 nm thickness of gold film is deposited onto the sapphire
substrate, the film islands were not formed on the substrate without annealing. It
seems that the

4.3. Surface studies of ceramic substrates with AES and XPS

In this section, the analysis of the surface modified sapphire, alumina, and

AIN substrates will be presented. The surfaces of the substrates were analyzed
with XPS and AES techniques.

Studies on sample charging and decomposition during AES analysis of
ceramics were conducted and will be presented prior to presenting the surface
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analysis results of the samples.

4.3.1. Artifacts during AES analysis of ceramics

Decomposition and charging effects during analysis of ceramic materials
are two important drawbacks of AES studies that often lead to artifacts in the

results obtained during AES analysis. A reference sample for the study of the
electron beam induced decomposition was AI2O3 and this study may render
useful informations not only to prevent an artifact during AES analysis but also
for surface modifications. A reference sample for the study of sample charging
during AES was AIN substrate. Detailed studies on these phenomena have been

conducted and are described in the sections 4.3.1.1 and 4.3.1.2 .

4.3.1.1. Decomposition of AI2O3 during AES analysis

Although Auger signals are also produced during XPS analysis, electrons
are mainly used for the AES analysis due to the spatial resolution. Ceramics can

be decomposed by electron beam irradiation. Unfortunately, the threshold
electron dose for the decomposition are various depending on the materials.
Therefore, a study on the threshold conditions on the decomposition should be
proceeded to the ceramic sample analysis.

A1LVV peak positions from the metallic aluminum and aluminum oxide are

differ by ~ 14 eV. Therefore, AES technique is good for the study of the AI2O3

decomposition, besides the study on the determination of the decomposition
threshold electron dose for the analysis purpose.

Differential Auger spectra of sapphire in the 40 to 70 eV electron energy
range are shown in figure 4.7 for increasing irradiation times and several electron

fluxes. At a flux of 9.36x1016 electrons/cm^.s, the aluminum peak from alumina
(54 eV) is very prominent even after 800 s of irradiation (Figure 4.7a). The
aluminum peak from metallic aluminum (68 eV) appears after 210 s of electron
irradiation at a flux of 3.5 x 10^7 electrons/cm^.s (figure 4. 7b). At electron fluxes
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Figure 4.7. AES peak scans showing decomposition behavior of sapphire.
Decomposition starts earlier at increasing electron flux; a) 9.36xlOl 6
electrons/s.cm2; b) 3.5 x 10^7 electrons/s.cm^; c) 7.12x1017 electi'ons/s.cm^; d)
1.7x1018 electi-ons/s.cm2; e) 2.87x10^0 elections/s.cm^.
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of 7.1x10^^ and 1.7x10^8 electrons/cm^.s, decomposition occurs after 68 and 27
s, respectively (Figure 4.7c and -d). In figures 4.7 -c and -d the cycle axes are
reversed in order to display the peak scans more clearly. Decomposition of
alumina at an electron flux of 2.9x10^® electrons/cm2.s (spot-size beam) takes
place after a very short irradiation time. As can be seen in figure 4.7e, after 30 s
the aluminum peak from metallic aluminum is very prominent.

The electron fluence and time required for initiating the decomposition of
alumina as a function of instantaneous and average electron fluxes for electron
beam rastering areas of 38 and 140 pm2 are presented in detail in table 4.2. The
electron fluence required for the decomposition onset is 4.78±0.07 x lO^^
electrons/cm2 for a rastering area of 38 pm^, and 5.0510.17 x 10^9 electrons/cm^
for a rastering area of 140 pm^. The electron fluence for decomposition is almost
constant, i.e., flux-independent, except at the lower electron flux, as can be seen

in table 4.2. At a flux of 3.5x10^7 electrons/cm^.s the fluence for decomposition
onset increases to 9.45x10^7 electrons/cm^.

The metallic aluminum fraction plotted as a function of electron fluence

yields an S-shaped curve, as can be seen in figure 4.8. This fraction is defined as
the number of metallic aluminum atoms over the total number of aluminum atoms

in the first monolayer of the analysis area.

In order to study the effect of the irradiated area on the decomposition,
sapphire was irradiated with 3 kV electrons using a spot-size electron beam, a
rastering area of 38 pm^ and a rastering area of 76 pm^. The electron fluxes used
in this study were 2.9 x 10^® electrons/cm2.s for a spot beam size, 9.7 x 10^^
electrons/cm2.s for a rastering area of 38 pm2, and 4.9 x 1017 electrons/cm^.s for a
rastering area of 76 pm2. The corresponding spectra of the irradiated sapphire are
shown in Figure 4.9 (lines b, c and d, respectively) together with the differential
spectrum of the kinetic energy peak of aluminum from AI2O3 (line a in figure 4.9).

In the three cases the spectra were taken after no further decomposition was
detected. The ratio of the aluminum peak from metallic aluminum (68 eV) to the
aluminum peak from alumina (54 eV) increases as the scanned area increases. This
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Table 4.2

Electron-Induced Decomposition of Alumina

Electron Flux

Instantaneous Average

(xlO^O electrons / (xlQl^ electrons /

s.cm2) s.cm2)

Decomposition

onset time (s)

Electron fluence

(xlO^^ electrons
/cm2)

1.1 3.5* 217 7.6

1.1 0.9** 784 7.4

2.6 8.7* 55 4.8

2.6 2.4** 210 5.0

5.3 17.4* 27 4.7

5.3 4.7 ** 109 5.2

7.9 27. 0* 18 4.9

7.9 7.1 ** 68 4.8

11.2 36.7* 13 4.8

11.2 10.4** 50 5.2

Notes:

* Rastering area: 38 pm^
** Rastering area : I40pm2
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Figure 4.8. Fraction of metallic aluminum in sapphire versus electron fluence. The
data points have been fitted with the function F = 1- exp (-3xl0"24 (|)1.13 tl.l3 )
For more detail see equation 6 in text.
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Figure 4.9. A1 LVV Auger peak spectrum for sapphire (54 eV) and Ai Auger peak

spectrum for metallic aluminum (68 eV). In (a) an Al LVV peak spectrum for
AI2O3 is shown as a reference. In (b), (c) and (d) the Al LVV Auger peak spectra

for sapphire (54 eV) are shown together with the Al Auger peaks for metallic

aluminum (68 eV) produced by decomposition of alumina by 3 keV electrons.
The proportion of decomposed AI2O3 after irradiation with 3 keV electrons is

shown in (b), (c), and (d). The area irradiated by the electron beam was a spot size

electron beam (b), a rastering area of 38 pm^ (c), and a rastering area of 76 pm^
(d). In the three cases irradiation was performed after no further decomposition

was detected. The proportion of decomposed sapphire seems to increase as the

scanned area is increased.
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is due to Auger electrons excited by backscattered electrons emerging from an

area other than the primary beam incident area [ 96, 97 ] and this will be further

discussed in the section 5.5.

We may be asked if electron-induced decomposition also occurs at

subsurface levels. To answer the question the high energy A1 ( A1 KLL) peaks
were also examined, since the low kinetic energy Auger peaks can only provide

information about the decomposition taking place approximately in the first
surface monolayers only. The electron escape depth of these electrons (20 A) is ~
5 times larger than the corresponding escape depth for the low kinetic energy
peaks. The decomposition kinetics of sapphire at a 3 kV accelerating potential
and a flux of 2.87x10^® electrons/cm^- s, using the high kinetic energy aluminum
peaks, are shown in figure 4.10. The bottom spectrum corresponds to aluminum

from sapphire while the top corresponds to aluminum KLL from metallic

aluminum. The various features of the fine structure associated with each main

peak are also shown in figure 4.10 for both spectra. The metallic aluminum fine
structure is due to plasmon loss peaks [98]. After irradiating AI2O3 for 110 s the
spectrum from the first few monolayers is very similar to that of AI2O3, indicating

almost no decomposition. After 990 s of the irradiation the differential spectrum
of the same region exhibits superposition of the spectra of aluminum from AI2O3

and of metallic aluminum, showing that only partial decomposition of alumina has

taken place. After 30(X) s of irradiation the spectrum looks very similar to that of

metallic aluminum indicating that most of the first ~2 nm of alumina have been

decomposed. At this electron flux a very significant portion of the surface
monolayer is decomposed after only 30 sec of irradiation (figure 4.6e). These

results indicate that electron-induced decomposition takes place at least in the
first five atomic layers of the substrate and that the decomposition kinetics are
much faster for the first monolayer than for the subjacent atomic layers.

High carbon content of the surface of ethanol-cleaned sapphire was
greatly reduced by sputter-cleaning for 1 min with 3 keV Ar+ ions. However, after

sitting for a few hours at a pressure of lO'^ torr in the AES chamber, the surface
carbon content increased anew. Figure 4.11 shows different
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Figure 4.10. The decomposition kinetics of sapphire at 3 keV electron

accelerating potential and a flux of 2.87x10^® electrons/cm^-s, using the high
kinetic energy aluminum peaks. The bottom spectrum correspond to aluminum
KLL from sapphire while the top correspond to aluminum from metallic aluminum.

The amount of aluminum increases at increasing irradiation time. After 3000 s

irradiation the spectrum is very similar to that of metallic aluminum, indicating
that most of the first 20 A of alumina have been decomposed.
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Figure 4.11. AES scans of sputter-cleaned sapphire (a), and of ethanol-cleaned
sapphire (b). The decomposition rate of alumina at the ethanol-cleaned surface is
much slower than that of the sputter-cleaned sapphire.
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decomposition rates for sputter-cleaned and ethanol-cleaned sapphire surfaces.
The electron irradiation induced decomposition of AI2O3 is strongly affected by
the surface condition. The decomposition in sputter-cleaned surfaces starts after
less than 108 s of electron irradiation at a flux of 2.6 x 10^0 electrons/cm2.s

(figure 4.11a), but the decomposition rate of sapphire is extremely slow when a

carbonaceous layer is present on the surface. For instance, about 240 s are

required at the same flux to initiate the decomposition in this case, as can be seen
in figure 4.11b.

The decomposition behavior of sputter-cleaned sapphire immediately after
sputter-cleaning and after re-contamination with carbon in the ultra high vacuum
chamber is shown in figure 4.12. It can be seen that the decomposition rate of the
sapphire surface re-contaminated with carbon after sputter-cleaning (figure
4.12b) is much slower than the rate of the as-sputtered surface (figure 4.12a),
revealing that the observed effect is not due to ion irradiation damage during
sputter cleaning.

4.3.1.2. Sample charging during AES

Figure 4.13a shows analysis areas for the charging study of aluminum
nitride. Figure 4.13b shows the different charging depending on the different
analysis areas on AIN surface. Before selecting the analysis area, SEM image
enlarged to SOOOX and sample stage was tilted to 60°.

The surface of AIN substrate was covered with AI2O3. O KLL peaks were
used in this study. Reference peak position of the oxygen KLL in the AI2O3 is

506 eV.

In area (1) in figure 4.13a, no oxygen KLL peak appears in the energy
range of 490 - 550 eV. This means oxygen peak shifts to more than 50 eV. Area
(2) produces oxygen KLL Auger peak at 528 eV. Oxygen KLL at area (3) is
about the same as the reference peak position. In area (4), the peak shifts approx.
- 2 eV as compared to the reference peak position, implying that the positive
sample charging occurred on the sample surface. This means that the secondary
electrons emitted is more than the incident electrons. Auger peaks from area (4)
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Figure 4.12. Comparison of decomposition behavior of sputter-cleaned sapphire
surface and surface re-contaminated with carbon after sputtering in the vacuum
chamber (10"^ torr) a) as-sputtered sapphire; b) sapphire with carbon re-
deposited after sputtering.
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can be used for the analysis with small correction using the reference peak. The
mechanisms of the changes of the charging will be discussed in detail in the
section 5.6.

4.3.2. AES analysis of laser-irradiated AI2O3 substrates

Alumina substrates irradiated in oxygen and in Ar-4%H2 at 2 J/cm^ were

studied with AES. The surface chemical composition of the s|)ecimen irradiated in
oxygen corresponds to AI2O3 ( peak i in figure 4.14), while in the subsurface

regions some metallic aluminum or substoichiometric aluminum oxide is observed

(peaks a and Hi figure 4.14).

When the alumina specimen is irradiated in reducing atmosphere (Ar-4%H2)

with 2 J/cm2 energy density, the surface chemical composition is stoichiometric
AI2O3 ( peak i in figure 4.15a), indicating that the irradiated surface may have re-
oxidized when exposing in air. However, distinctive metallic aluminum or

substoichiometric alumina is formed in the subsurface (peak it in figure 4.15a). The
amount of the metallic aluminum and substoichiometric alumina in this specimen is
less than that of the specimen irradiated in oxygen.

The formation of metallic aluminum or substoichiometric alumina is also

evidenced with A1 KLL Auger peak spectra (figure 4.15b). Since A1 Auger
electrons from KLL transitions are more energetic than those from LVV transitions,
A1 KLL peak has more escape depth than the A1 LVV. Therefore, the informations

obtained from A1 LVV peak can be different to those from the A1 KLL peak. A1
KLL Auger spectra is more averaged over the distance from the surface.

Comparing figure 4.15a with figure 4.15b, the relative amounts of metallic

aluminum are different. This implies that the distributions of the metallic aluminum

in the irradiated alumina are not uniform. When metallic aluminum features appear
in A1 LVV spectra, A1 KLL spectra may not show the existence of metallic

aluminum. This results can be compared to the TEM micrographs that will be
shown in the later section.
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Figure 4.14. A1LVV peaks from the surface (/) and subsurface (« and Hi) of alumina
laser irradiated in air at 2 J/cm^. Metallic and/or substoichiometric aluminum oxide
is detected in the subsurface region.
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Figure 4.15. A1 LVV (a) and A1 KLL (b) peaks each from the surface (/) and
subsurface (// ) of alumina laser-irradiated in Ar-4%H2 at 2J/cm2. Distinctive
metallic ( or substoichiometric alumina) feature appears in the subsurface (peaks of
ii). On the other hand, the surface peak is from stoichiometric alumina (AI2O3) (0.
implying that the surface is reoxidized when the irradiated area is exposed in air.
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4.3.3. AES analysis of laser-irradiated AIN

Figure 4.16 is A1 LVV peak spectra of as-received AIN as a function of

depth from the surface. Although the position of peak i in figure 4.16 is that of A1
LVV from alumina, however, the peak is much more broadened than the peak
from pure alumina shown in 4.14 (/). That means the surface of as-received

aluminum nitride consists mostly of aluminum oxide layers but partly of aluminum

nitride. This is consistent with aluminum oxide being thermodynamically more
stable than aluminum nitride [95].

It is shown in figure 4.17 that the surface of an AIN substrate laser-irradiated

at 2 J/cm2 in a reducing atmosphere (Ar-4%H2) consists of a mixture of AIN and
AI2O3 (peak 0. while the subsurface was a mixture of metallic A1 and AIN (peaks ii

and Hi). The oxide layer after laser irradiation was one to two monolayers thick,

whereas that of as-received AIN was much thicker, but varied depending on the
area.

The nitrogen and oxygen Auger peaks were measured on the near-surface

of as-received and laser irradiated AIN (figure 4.18 -a and -b). Figure 4.18a shows
nitrogen and oxygen Auger peak spectra from the surface and the subsurface
region of as-received AIN. The spectra from the surface is mostly from AI2O3 (0

since nitrogen peak is very weak. Subsequent sputter etching reveals
increasingly stronger N KLL peaks in the subsurface (ii and Hi). Figure 4.18b is
nitrogen and oxygen Auger peaks from the surface and the subsurface of AIN

substrate laser irradiated in Ar-4% H2 with 2 J/cm^ energy density. In the surface
both AIN and AI2O3 are distinctive. This means that oxide layers on the surface of

as-received AIN may be ablated during laser irradiation, exposing the bulk AIN
substrate. Only decomposed metallic aluminum on the surface may have been
reoxidized as shown in spectra (O-As the sputter etching progresses, nitrogen
peak becomes more prominent and oxygen peak disappears (ii and Hi).
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Figure 4.16 - A1 LVV peak spectra from the surface (/) and the subsurface (ii and
Hi), of as-received AIN substrate. To obtain the subsurface AES peaks the surface
was gently sputter-etched in situ. The spectra from the surface is that of

stoichiometric alumina (i). As sputter etching advances to deeper substrate layers,
the surface chemistry changes from aluminum oxide to aluminum nitride (ii and Hi).
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superposition of peaks from AI2O3 and AIN, while sputter etching reveals that the

subsurface peaks are from both AIN and metallic aluminum (ii and Hi).
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Figure 4.18. (a) Nitrogen and oxygen Auger peak spectra from the surface (i) and

the subsurface (ii and iii) of as-received AIN. (b) Nitrogen and oxygen Auger
peak from the surface (i) and subsurface (ii and iii) of AIN substrate laser irradiated

in Ar-4% H2 with 2J/cm2 energy density.
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4.3.4. XPS zmalysis of AI2O3

The XPS can not resolve the small areas due to its limited spatial resolution,
but gives overall surface chemistry produced by the laser irradiation. Except for
the disadvantage of spatial resolution, XPS has a merit over AES in terms of peak
resolution. The surface of as-received, annealed, and laser-irradiated alumina and

sapphire were studied with XPS and the results were compared with AES
analysis.

Figures 4.19-a and -b are XPS survey scans of annealed and laser-

irradiated alumina, respectively. The annealing were conducted at ISSO'C for 48
hr and laser irradiation was conducted in Ar-4%H2 with ten sequential shots at 3
J/cm2 energy density. Silica, which exists probably at the boundary between the
alumina particles, was largely ablated during the irradiation and the amount of
carbon as a surface contaminant increased after irradiation.

Quantitative analyses of the specimens treated in various ways were
conducted using XPS survey scans and are presented in tables 4.3 and 4.4,

respectively. The atomic percentages of carbon, oxygen, aluminum, and
magnesium plus silicon (C/O/Al/bal.) are shown in the second column of the

tables. Most of the carbon was removed by a 30 s sputtering with 2 keV Ar+
ions, indicating that the carbon atoms were adsorbed at the surface. The amount

of carbon present in as-received sapphire and alumina substrates varied

significantly from sample to sample. The data for the two as-received specimens
presented in table 4.4 illustrate this situation. The carbon content significantly
decreased immediately after annealing. However, the carbon concentration in the
annealed specimens increased as a function of time even though the specimens
were kept in a vacuum jar at a pressure of 10-2 torr. We also found that the
carbon increases as a function of time even in ultra high vacuum. Ten pulses of
laser irradiation with 3 J/cm2 applied to the sapphire may be enough to not only
desorb the impurities but also ablate the sapphire. The carbon detected in the

irradiated areas was most likely deposited from the air after the irradiation.

The binding energy of C-ls of free carbon (amorphous) or hydrocarbon is
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Figure 4,19. (a) XPS survey scan of annealed aluimna. (b) XPS survey scan of

alumina laser-irradiated under Ar-4% with 3J/cm2
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Table 4.3.

Summary of XPS observations in Sapphire Specimens

Surface Condition Atomic % 0/Al QhvdZQtot

ratio metallic

FWHMFWHM

C-O-Al-hal ratio 0-ls

Peak

Al-2p

A1 Peak

As-received 12-57-26-5 2.2 0.19 0 2.8 2.3

As-received 46-32-13-9 2.4 2.5 0 2.7 1.8

Annealed 7-59-30-7 2.0 0.29 0 2.1 1.7

Annealed (0.5m)* 0-64-36-0 1.8 0.15 0 2.3 1.9

Annealed (10m)* 0-62-38-0 1.6 0.08 0 2.2 1.9

Laser irrad. (Ar-4%H2)

3J/cm2
29-41-30-0 1.4 0.10 3 2.8 2.4

Laser irrad. (Ar-4%H2)

3J/cm2(1.2m)*

-1-60-38-1 1.6 0.09 6 2.6 2.2

Laser irrad. (Ar-4%H2)

3J/cm2 (10m)*
0-61-39-0 1.6 0.08 2 2.4 2.0

Laser irrad.(air) 3J/cm2 24-54-22-0 2.5 0.40 0 2.9 2.1

Laser irrad.(air) 3J/cm2

(0.5)*
7-60-33-0 1.8 0.09 0 2.7 2.1

Sputtering time
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Table 4.4.

Summary of XPS observations in Alumina Specimens.

Surface Condition Atomic % 0/Al Qhyd/Qtot
ratio

%

metallic

FWHMFWHM

C-O-Al-bal ratio ais

Peak

Al-2p

Peak

Annealed 16-55-28-1 2.0 0.17 0.0 2.5 1.9

Laser irrad.(Ar-4%H2)

0.4 J/cm2 (30s)*
26-45-27-2 1.7 0.14 1.6 2.5 2.1

Laser irrad.(air)

0.4 J/cm2 (30s)*
7-56-33-4 1.7 0.13 1.2 2.5 2.2

Laser irrad.(Ar-4%H2)

1 J/cm2 (30s)*
3-60-37- 1.6 0.17 3.0 2.6 2.2

Laser iiTad.(air)

1 J/cm2 (30s)*
9-57-33- 1.8 0.18 0.0 3.2 2.7

Laser irrad.(Ar-4%H2)

3 J/cm2 (30s)*
2-58-40-0 1.5 0.06 6 2.3 2.1

Laser irrad.(Ar-4%H2)

5 J/cm2

31-40-28-1 1.4 0.17 4 2.6 2.1

Laser irrad.(Ar-4%H2)

5 J/cm2 (30s)*
2-57-41-0 1.4 0.07 5 2.3 2.1

Laser irrad.(Ar-4%H2)

5 J/cm2 (5m)*
2-60-38-0 1.6 0.10 2 2.3 2.1

Laser irrad.(Ar-4%H2)

5J/cm2(10m)*
1-60-39-0 1.5 0.08 1 2.3 2.1

Sputtering time
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285 eV and that of carbon bound to either oxygen and/or nitrogen is ~ 288eV.

Approx. 90% of the carbon came from the amorphous carbon for as-received

sapphire and sapphire irradiated in Ar-4%H2, while for sapphire irradiated in

oxygen atmosphere only 60% of the carbon was from the free carbon. That

means carbon tends to be oxidized when the irradiation is performed in an

oxygen atmosphere. However, the thickness appeared to be non-uniform or less

than a few mono layers, since 0 1s peak having less photoelectron escape depth
than C Is is mostly from AI2O3 (tables 4.3 and 4.4).

The oxygen to aluminum atomic concentration ratio (0/Al) was measured

from XPS survey spectra of sapphire and alumina specimens (tables 4.3 and 4.4).

O Is and A1 2p peaks were used for the measurement. Since O Is is from the

shallower depth from the surface than A1 2s, the ratio is strongly dependent upon

the surface oxygen concentration. The 0/Al ratio in as-received sapphire was

substantially higher than the stoichiometric ratio (1.5). This ratio decreased to 1.4

at the surface of alumina and sapphire samples irradiated in argon-4% hydrogen.

On the other hand, when the substrates were irradiated in air the 0/Al ratio at the

surface was 2.5, a value substantially higher than that of as-received sapphire. As

the near-surface layer was sputtered away, the measured composition tends to be

the stoichiometric ratio of 1.5.

Figures 4.20 -a and -b show the change in the binding energy of A1 2p at
the surface of sapphire as-received and laser irradiated in Ar-4%H2 with 10 pulses

of 5 J/cm2. In both cases the surfaces were slightly sputter-cleaned prior to data
acquisition. In the irradiated specimen a small peak can be seen and this peak is

2.5 to 3 eV away from the aluminum oxide peak in the A1 2p spectrum and is due

to the metallic aluminum formation. The amounts of metallic aluminum present

after the various treatments performed in sapphire and alumina are shown in

tables 4.3 and 4.4 as a percentage of the total aluminum signal, i.e. metal/(metal +

oxide). The amount of aluminum after irradiation increased as increasing the laser

energy density when the substrates are irradiated in argon-4% hydrogen (Figure

4.21). Only a small amount of aluminum was detected in samples irradiated in air

with a laser energy density of 0.4 J/cm^. These results demonstrate that a thin
layer of metallic aluminum is formed on the surface of sapphire and alumina
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Figure 4.20. Al 2p XPS spectra of as-received alumina (a) and alumina laser-

irradiated in Ar-4%H2 with 10 pulses of SJ/cm^ (b).
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the alumina substrate.
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laser-irradiated in a reducing atmosphere.
The metallic aluminum signal from sapphire laser-irradiated in Ar-4%H2 at

3 J/cm2 doubled after the surface was sputtered for 72 s. The metal/(metal +
oxide) ratio increased from 3 to 6%, while the 0/Al ratio decreased. This means

that the decomposed aluminum on the as-irradiated surface reoxidized in air and

the sapphire matrix was oxygen depleted by the laser irradiation in a reducing
atmosphere. After sputtering, the oxide film was removed and the metallic

aluminum from the subsurface is exposed.

The full width at half maximum (FWHM) of both the 1 s oxygen line and

the 2p aluminum line (Tables 4.3 and 4.4) were calculated from the corresponding
profiles and used to measure the line broadening. The width of a measured core

level is a convolution of many effects, including (1) the natural line shape of the
energy level of the element of interest, (2) the instrument broadening function,

and (3) the distribution of different chemical states within the analyzed volume.
It can be assumed that effects (1) and (2) were kept constant during the
measurements. Therefore, changes in FWHM can be attributed to changes in the

distribution of closely related chemical environments found in alumina.

Figure 4.22 a shows the valence band photoelectron spectra of as-

received and annealed alumina specimens. The scans were taken after the samples
were slightly sputter-cleaned. Two prominent peaks separated by ~ 3.2 eV are

observed in the valence band as the main features. The FWHMs of the vzilence

spectra for both the annealed and the as-received samples are equal to ~ 7.2 eV.
The annealing produces a small broadening in the upper part of the spectra.

These spectra are similar to those reported by Ohuchi et al [99,100].

Upon laser irradiation in either air or an Ar-4%H2 atmosphere two main

changes happen in the valence band spectra: their width decreases by ~ 10% and
the reduction occurs in the low binding energy peak, as seen in Figure 4.22b.

4.3.5 Laser induced topographical change of AIN surface

The surface topographical change of the substrates due to the irradiation

was observed with SEM.
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irradiated sapphire.
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The ceramic surface is usually coated with conductive film for SEM

observation because the sample charging due to the excess electrons on the
surface often produces distorted SEM images. In this work, although some AIN
substrates were not coated with the conductive film, SEM micrographs were
successfully obtained. SEM image distortion can be produced by controlling the
secondary electron emission. As already explained in the section 2.5.3.3, the
factors governing the secondary electron emission are the incident electron

energy and current, specimen surface topography, and specimen geometry (tilting
angle). The threshold conditions for undistorted imaging of AIN substrate
changed before and after the laser energy irradiation. For as-received sample the
undistorted image was obtained with /O kV and 3 nA of incident electron beam,

whereas for laser irradiated samples the images could be successfully obtained
even with 15 kV and 3 nA of incident electron beam. In both cases the sample
stage was tilted to 60*. The fact that the sample charging is less after laser
irradiation may be attributed to two reasons, i.e., 1) the surface smoothening that
affects to the secondary electron emission and 2) the formation of the metallic

aluminum by laser induced decomposition of AIN. However, the major factor
must be the metallic aluminum formation because it gives some conductive path in
the insulating matrix.

The surface roughness of as-received AIN substrate is < 0.4|im. Figure 4.23
-a and -b are the SEM micrographs of AIN laser irradiated with 0.5 and 0.7 J/cm2

energy densities in air, respectively. The melting flows can be observed on the

surface laser irradiated at 0.7 J/cm^ , but no melting occurs at 0.5 J/cm2. Therefore,
the threshold energy density for the initiation of the melting may be around 0.7
J/cm^. The surface topographic changes are significant after laser irradiation as
shown in figures 4.24, 4.25a and 4.25b that are obtained from AIN substrates as-

received and laser irradiated at 2 and 4 J/cm2, respectively. The AIN substrates
becomes smoother when they are irradiated with higher energy densities. Since
the image is obtained with 60° tilting angle, the surface roughness appears more
distinctively here than the planar observation as shown in figure 4.23. These
three SEM micrographs were obtained without conductive material coating.
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4,3,6 Distribution of metallic aluminum in the laser irradiated AI2O3 and AIN

As shown by AES and XPS analyses, metallic aluminum forms in the laser

irradiated alumina and aluminum nitride, AES mapping and TEM techniques have
been employed to investigate how the metallic aluminum is formed in the laser

irradiated alumina and aluminum nitride substrates. The minimum diameter of the

electron beam of AES used in this work is -2,5 nm as specified in the equipment

manual. Therefore, Auger mapping can not resolve the particles or phases whose

sizes are less than 2,5 nm.

The mappings were done for AIN substrate laser-irradiated with 1 J/cm^ in
Ar-4%H2 at 10 kX magnification (figure 4,26), White areas in each mapping

denote distributions of the elements under investigation. The metallic aluminum

oxidized after it had been exposed for about 10 minutes in the vacuum chamber

at a 10"9 torr pressure. Therefore, the surfaces were gently sputtered with 0,5 keV
for 10 s at every 5 minutes during the data acquisition for metallic aluminum

mapping.

Figures 4,26 -a and -b are , respectively, the mappings of metallic aluminum

and nitrogen. The holes that appear consistently in each figure are due to the

surface topography which electron beams can not reach to or Auger electrons
can not emit due to the specimen geometry. Except for the holes, elemental

distributions are well consistent. In figure 4,26a, the sizes of the metallic aluminum

clusters are < -3 |Lim, The white area in figure 4,26b roughly corresponds to the

dark area in figure 4,29a and vice versa. This means that metallic aluminum and

AIN exist in the laser irradiated AIN surface.

Figures 4,27 and 4,28 are TEM micrographs of AI2O3 and AIN laser

irradiated with 3J/cm2 in Ar-4%H2. In figure 4,27, metallic aluminum forms
clusters in the alumina matrix and the sizes are < - 20 nm. Therefore, Auger
mapping of the laser-irradiated alumina to detect the metallic aluminum

distribution was not applicable in this work. Figure 4,28 shows that A1 patches

are formed on the irradiated AIN surface and non-decomposed AIN particles are

embedded in the A1 patch. The result of figure 4,28 agrees with the results

obtained by Auger mapping technique shown in figure 4,26,

106



-J'.

Jr

i"i

. f

l-lLr
'J- .1 .

.A.Cr
».-» !S_-

1 jj-in

i

"t -■'•"-H *A.'

•ii^--' •j - -
Jtrw*'-"i- "i. '. .- "

5v
.■>1

■-;:. ■ •.-

•93^

•'.J

1 )LimJ "i. M

(a)

(b)
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aluminum particles are seen in melted and solidified region by laser irradiation (a).
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Figure 4.28. Cross-sectional TEM micrograph of AIN laser-irradiated with 50

pulses of 3 J/cm^ energy density. Undecomposed AIN particles are embedded in
the metallic aluminum cluster.



4.4 Ion bombardment effects of sapphire surface

No alumina reduction was detected after 3 keV Ar+ ion irradiation at a

current of 70 nA for 3 min. In this case, the A1 LVV spectrum remained
unchanged as compared to that from as-received sample, as shown in figure 4.29.
After bombardment with 7 keV Ar"*" ions for the same time and a current of 130

nA, the 68 eV A1 LVV peak from metallic aluminum became visible, indicating the
reduction of the sapphire (figure 4.29). The amount of metallic aluminum

increased further after 4 min. irradiation. Together with metallic aluminum, A1
KLL from AI2O3 was also detected, indicating that reduction took place in p<ut of

the surface only.

The sputtering yields of oxygen and aluminum atoms from an AI2O3 target

bombarded with 3 keV and with 7 keV Ar+ ions were calculated using the TRIM
computer simulation program [85]. The calculated ratio of oxygen to aluminum
sputtering rates indicates that the AI2O3 surface bombarded with either 3 or 7

keV AH" ions should become enriched in aluminum by -6%. In the case of 3 keV
ions the sputtering yields of aluminum and oxygen atoms per incident ion are
25% less than that for 7 keV ions. These results suggest that at a sufficiently high
fluence AI2O3 would also be reduced by 3 keV Ar+ bombardment.

4.5 AES studies on the metallic films/ceramics interfaces

The metal/ceramic interfacial reactions can be studied with AES as a

function of metallic film deposition on the substrate. In our work, however, the

real processing conditions could not be reproduced in the AES instrument. For

instance, we could not attach the laser equipment to the AES vacuum chamber.
Besides the practical problems, this method gives arise to another problem when
the substrate is a wide band gap material. That is, surface charging during AES
analysis can be changed as a function of deposited film thickness causing
artificial peak shifts.

In this work the interface was analyzed as a function of reducing film
thickness. In spite of several problems with this method such as ion-bombardment
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Figure 4.29. A1LW spectrum of Ar+ ion bombarded AI2O3 : (a) 3 keV ions, 70
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induced damages, mixing, and the sputtering depth resolution [101, 102], careful
use of sputter-etching (using low energy ion) allowed us to analyze the interface
formed by the real processing.

Unless otherwise mentioned, in this work all the Auger spectra were
differentiated.

4.5.1 Interface of copper/alumina couples

Although copper and alumina are non-reactive to each other, sometimes a

strongly adherent copper film on as-received alumina was produced upon a
500'C anneal. However, strong bonding in these couples was not always
obtained. Strong adhesion was always obtained when the couple with the
substrates irradiated in air at > 1 J/cm^ were annealed at 3(X)°C for 1 hr. When the
couple irradiated in Ar-4%H2 was annealed at 3(X)'C for 1 hr, the adhesion was

very weak; however, an elevated temperature annealing (SOO'C) produced very
strong bonding. The interface of these strongly and weakly bonded couples were
analyzed with AES to discover the adhesion mechanism. Prior to the interface

analysis, the copper oxides thermally produced on the surface of copper films
were studied and the standard peak positions were obtained.

4.5.1.1 Copper oxide thermally produced on the deposited copper film

When the copper film is annealed at 500°C in 5x10-6 torr vacuum

pressure, copper oxides formed on its surface with a thickness of ~ 6 nm. The

thickness of the oxide layer generally depended on the annealing conditions
such as vacuum pressure and temperature. AES peak spectra showed distinctive
differences for both copper and oxygen in the oxidized and elemental states of
copper. On the surface of this sample the peak positions of differentiated O KLL

and Cu LMM were ~ 512 eV (figure 4.30a (i)) and ~ 918 eV (figure 4.30b),
respectively. When the surface was slightly sputtered, the O KLL peak shifted in
the lower kinetic energy direction by ~ 3 eV ( figure 4.30a (ii)) and the Cu LMM
toward a higher kinetic energy by ~ 1 eV (figure 4.30b(ii)) and then further by ~1
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Figure 4.30. O KLL (a) and Cu LMM (b) peak spectra from the copper oxide
grown on the copper film. Cu20 and CuO form, respectively, on the surface and

in the subsurface. Peak (i) is from the surface, and peaks (ii) and (iii) are from the

subsurface.
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eV (iii). Peak iii in figure 4.30b is from elemental copper, because further
sputtering did not change the peak positions any more.

Assuming that two possible oxidation states of copper are cuprous oxide
(Cu20) and cupric oxide (CuO), the 918 eV peak should be from Cu20 that was

detected on the surface and the 919 eV peak should be from CuO detected in the
subsurface, because it was reported that Cu LMM peak position from Cu20 is ~1

eV less than that from CuO [103, 104]. Accordingly, the 512 eV O KLL peak
should be from Cu20 and the 509 O KLL from CuO. However, the peak positions

determined in this work are slightly different from those they reported [103,104].
The difference may be due to different energy calibration and static charging of
the samples. However, the differences of peak positions obtained in this work

were consistent with their works. Here, our standard O KLL peak positions from
AI2O3, CuO, and Cu20 were, respectively, ~ 506 eV as obtained from as-received

AI2O3 substrate, ~ 509 eV, and -512 eV, and the Cu LMM peak positions from
elemental copper, CuO, and Cu20 were - 920 eV, - 919 eV, and - 918 eV,

respectively. The analysis was focused on the relative peak shifts and shape
changes.

4.5.1.2 The interface of Cu/as-received AI2O3 couple annealed at 500''C

O KLL and A1 KLL peaks were used for the analysis. As the interface was

approached by sputter etching, the O KLL peak at - 512 eV (figure 4.31a(i)) and
the A1 KLL at - 1392 eV (figure 4.31b(i)) were detected. As progressing the
sputter etching, oxidation states are changing from Cu20 (-512 eV) to AI2O3 (-

506 eV). Peaks (iii) and (iv) in figure 4.31a located at - 508 eV appear to
correspond to oxidation states other than Cu20 (512 eV), CuO (509 eV), and

AI2O3 (506 eV). On the other hand, the A1 KLL peaks are firstly detected at -

1392 eV and then from stoichiometric alumina (- 1388 eV).

4.5.1.3 Couple with substrate laser-irradiated in air at 1 J/cm^

This couple showed very strong bonding after annealing at 300°C for 1 hr.

114



506eV

IV)

m

ii

(i)

I I I I I I I I I I I

490 495 500 505 510 515 520 525

b

1388 eV
V

iv

(Hi)

(ii

(i

I  ' ' ' ' I
1370 1380 1390 1400 1410

Kinetic Energy (eV)

Figure 4.31 O KLL(a) and A1 KLL(b) Auger spectra at the interfacial region of
Cu/ as-received AI2O3 couple annealed at 500°C. As progresses sputtering the O
KLL peak changes from that of copper oxide (peak 1) to that of AI2O3 (peak v)

(a), and A1 KLL peaks are firstly at 1392.5 eV (peaks i, ii, and iii) and then at 1388
eV (peak v) (b).
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Figure 4.32 shows the differential oxygen Auger peaks that appear
between the surface of the copper film and the bulk substrate. The peak position
of Cu LMM Auger spectrum from the surface is about ~ 918.3 eV whereas inside

the film it is ~ 920 eV. The difference in kinetic energy between the copper peak
measured at the surface and the one measured inside the film is -1.7 eV. Therefore,
it seems that surface oxygen is in Cu20. The copper peak at the interface is also

shifted - 1.7 eV towards the lower values of the kinetic energy, consistent with
the presence of an oxide at the copper/alumina interface (figure 4.32).

The oxygen peak that corresponds to the copper oxide on the surface

disappeared when the surface was slightly sputtered (figure 4.33). Further
sputtering revealed two oxygen Auger peaks (figure 4.33). The peak positions
are - 508 eV and - 512 eV. The higher kinetic energy peak should be from Cu20,

but the lower kinetic energy peak does not appear to come from AI2O3 since the
O KLL kinetic energy from AI2O3 is 506 eV. Copper oxide and aluminum oxide

may exist at the interface in Cu-O-Al compound. This will be shown more in detail

in the next sections.

4.5.1.4 Couple with substrate laser-irradiated in Ar-4%H2 at 1 J/cm^

Pull test showed that the adhesion of copper thin film sputter-deposited
onto alumina substrate laser-irradiated with energy density > 1 J/cm^ in Ar-4%H2
atmosphere was very poor on low temperature (300°C) annealing, but higher
temperature (500°C) anneal produced very strong adhesion of the couple. AES
studies were also performed for these couple to investigate the interfacial
reactions.

Figure 4.34 shows oxygen KLL Auger peak spectrum across the interface.
Right below the copper film O KLL Auger peak (i) is from the copper oxide (512
eV) and subsequent sputtering reveals the oxygen KLL at - 507 eV (ii). Further

sputtering reveals slightly broadened O KLL peaks (iii-iv). Eventually the
stoichiometric alumina is revealed (v).

116



•Xiii

Si 918.3eV

Interface

920eV

Film
IJeV

Surface

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 " I I I

830 850 870 890 910 930 950

Kinetic Energy (eV)

Figure 4.32. Cu LMM Auger peaks from copper film / laser-irradiated (IJ/cm^)
alumina couple annealed Ih at SOO'C. The copper Auger spectrum at the
interface are very similar to the surface spectrum, revealing the existence of
copper oxide at the interface.
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Figure 4.33. Auger peaks from a copper film / laser-irradiated alumina couple
annealed Ih at 300''C. At the interface, the oxygen exists in two different
oxidation states, implying that a Cu-Al-0 compound formed at the interface.
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Figure 4.34. Oxygen KLL Auger spectra across the interface of copper film/
alumina couple with substrate laser irradiated in Ar-4%H2 atmosphere at 1 J/cm^.
Annealing was done at 500'C for 1 hr.
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Direct Auger peaks were also used to investigate the changes associated

with reactions between copper and the irradiated alumina substrate. The CuLMM

Auger peak in the kinetic energy range of 900 to 940 eV was used for the

analysis.

The variations of the copper Auger peaks across the interface are shown

in figure 4.35. Peak (i) is Cu LMM from the film. Peak (ii) is shifted toward lower

kinetic energies by about ~ 2 eV relative to peak (i), thus, it is from a copper
oxide that is in the interface. As the sputtering progresses further, copper Auger
peak similar to that from the film appears (iii), but it is broadened in the lower

kinetic energy direction and new fine structures are also seen in the lower kinetic

energy region.

Figure 4.36 is A1 KLL spectra across the interface. When acrossing the

interface by sputter etching, A1 KLL peaks with metallic aluminum features are

detected (i and ii). Peaks i and ii are from different sputtering cycles. Peak (i)
shows more distinctive metallic aluminum than peak (ii). This result is consistent

with AES analysis of laser irradiated alumina surface. That is, metallic aluminum

and substoichiometric (oxygen deficient) alumina exist in the subsurface of the

irradiated alumina.

4.5.1.5 Interface of Cu/alumina irradiated in Ar-4%H2 at 3 J/cm^

The adhesion of this couple was very weak when it was annealed at

3(X)°C, but, similar to the case with the substrate irradiated at 1 J/cm^, a 500°C

anneal produced very strong adhesion.

O KLL peaks in the vicinity of the interface were investigated (figure 4.37)
. In this couple the copper oxide layer at the interface is much narrower than the

layer present in the couple irradiated with 1 J/cm2, as obtained by the AES depth
profiling. As the interface is approached, the O KLL peak was first at ~ 508.5 eV

(i) and then at 506 eV (ii) from the substrate. Obviously, the O KLL is not from
cuprous oxide (Cu20).
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Figure 4.35. Direct Auger spectra of Cu MLL at the interface between copper
film and alumina substrate laser irradiated in Ar-4%H2 atmosphere with 1 J/cm2.
The couple was annealed at 500°C for 1 hr.

121



*

A1KLL from

alumina

(ii)

(i)

A1 KLL from

metallic aluminum

1370 1380 1390 MOO 1410

Kinetic Energy (eV)

Figure 4,36. A1 KLL Auger spectra across the interface of copper film/ alumina
couple laser irradiated in Ar-4%H2 at 1 J/cm^. Annealing was done at 500°C for 1
hr. Peak (i) is closer to the interface than peak (ii).
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Figure 4.37. O KLL peaks across the interface of copper film/alumina irradiated in
Ar-4%H2 at 3 J/cm^ couple was annealed at 500°C for 1 hr. Peak (i) is
toward the film and peak (ii) is from the substrate.
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4,5.2 Interface of gold/alumina couples

Substrate irradiation in oxygen promotes a very strong bonding in Au /
AI2O3 couples while the irradiation in Ar-4%H2 generates very weak bonding in
these couples [105], A post-deposition annealing at SOO'C for 1 hr increases the
adhesion strength by approximately one order of magnitude relative to gold film
deposited on unirradiated substrates [105], The interfaces of weakly and strongly
bonded couples with irradiated substrates were analyzed with AES,

Figures 4.38 -a and -b show the differential Auger electron spectra of Au
NW and A1LMM peaks, for gold- alumina couples. The alumina substrates were
irradiated in oxygen (figure 4.38a) and in Ar-4% H2 (figure 4.38b), as described
above. The spectra presented here for different sputtering times were selected
from a large data base in order to encompass the gold-alumina interface region.
The A1 peaks from the alumina with kinetic energies of 38 and 54 eV overlap with
the Au peaks at 44 eV and 56 eV.

Oxygen KLL peaks for the same sputtering times as those of figure 4.38,
and with substrates irradiated in oxygen and in Ar-4% H2 are shown in figures
4.39 -a and -b, respectively. In figures 4.40 -a and -b the A1 KLL peaks are shown
for the same conditions as those of figures 4.38a and b. (1) and (2) peaks in each
figure are mostly from the gold film and (3) and (4) peak signals are mostly from
the interface. Peaks (5) in each figure are from the substrate.

In the interface region of Au-alumina couples with substrates irradiated in
oxygen, the Au NVV Auger peak shifts 1.5 eV to a lower kinetic energy relative
to pure gold (figure 4.38a). For the couple whose substrate has been irradiated in

oxygen, the O KLL and A1 KLL peaks shift 1.6 eV and 1.2 eV (figure 4.39a),
respectively, from their bulk values toward higher kinetic energies (figure 4.40a).
In contrast, no shift in the Au NVV Auger peak is detected at the interface level
when the substrate was irradiated in Ar-4%H2 (figure 4.38b). Also, there is no

shift in the A1 KLL and O KLL peaks when the substrate was irradiated in Ar-

4%H2 (figure 4.39b and 4.40b). These results indicate that there is no reaction
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Figure 4.38. Au NVV peaks for gold films deposited on alumina substrates laser-
irradiated at lJ/cm2 in oxygen (a) and in Ar-4%H2 (b). When the film-substrate
interfaces are exposed, upon sputtering with Ar*" ion, the Auger peaks for gold
are shifted from the film peaks about 1.5 eV toward lower kinetic energies in (a),
and do not shift at all in (b).
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Figure 4.39. Oxygen KLL peaks for gold films deposited on alumina substrates
irradiated with a laser energy density of 1 J/cm^ in oxygen (a) and in Ar-4%H2
atmosphere (b). At the interface, the oxygen peak shifted by 1.6 eV from the
peak of bulk alumina to lower kinetic energies for laser irradiation in oxygen but
no shift was detected for the irradiation in Ar-4%H2.
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Figure 4.40. A1 KLL peaks for gold films deposited on alumina substrates
irradiated with a laser energy density of IJ/cm^ in oxygen (a) and in Ar-4%H2
atmosphere (b). The peak positions from two substrates are different: (a): 1389.4
cV, (b): 1390.6 eV. This implies that there is a different stoichiometry at each
surface.
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4.5.3 Interface of copper/aluminum nitride couples

As shown in figure 4.1 the adhesion strength of Cu/AIN couples is lower
for laser irradiated substrates than for unirradiated ones annealed at BOO'C

annealing. However, 500°C annealing of couples with irradiated substrates

enhanced the adhesion to the maximum strength measured in this work (figure
4.2). The interfaces of couples with substrates irradiated at laser energy densities
of 0.3 and 3 J/cm^ in air and 1 and 1.5 J/cm2 in Ar-4%H2 were analyzed with
AES. The first two samples were annealed at 300°C and the third sample was

annealed at 5(X)'C. Preliminary analysis of these couples indicated that there is a
strong relationship between the amount of oxygen at the interface and bonding
strength. As shown in previous sections, the surface of aluminum nitride

substrates used here exhibited a mixture of AI2O3 and AIN. Therefore, the

analysis was focused on the elemental profiles as well as their chemical states. Cu

LMM, A1KLL, O KLL, and N KLL peaks were used for the depth profiling at the
interface. Sputtering conditions used in this work were almost the same for all the

profiles (1 KV and 20 nA).

4.5.3.1 Interface of copper/AlN irradiated in air at 0.3 J/cm^

Figure 4.41 is a depth profile of the Cu/AlN irradiated in air at 0.3 J/cm^.

Oxygen increases as the interface is approached along with aluminum and
nitrogen, implying that the substrate surface oxide layer was not eliminated by
the laser irradiation. Similarly to the strongly adherent copper/alumina couples, at
the interface copper oxides were detected (figure 4.42a). In figure 4.41a,

differentiated O KLL was first detected at ~512 eV , and then, after copper oxide
layers disappear, the O KLL shifts to 507 eV and nitrogen from AIN was
detected.

In the interface the copper peak shift by ~ 1 eV as sputtering progresses,

implying the formation of copper oxide (figure 4.42b). A1 KLL detected at the

interface in this couple is ~ 1391 - 1392 eV (figure 4.42c). This is indicative of the
non-stoichiometric AI2O3 and/or AIN at the interface.
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Figure 4.41. Depth profile of Cu/AIN laser-irradiated with 0.3 J/cnfi in air

atmosphere. The couple was annealed at 300°C for 1 hr in a vacuum pressure of
10"^ torr. As the interface is approached to the oxygen increases along with the
aluminum and the nitrogen.
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Figure. 4.42 O KLL, Cu LMM, and A1 KLL peaks across the interface of Cu/AIN
couple irradiated in air at 0.3 J/cm^. Copper oxide and non-stoichiometric AI2O3
or AIN exist at the interface.
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4.5.3.2 Interface of Cu/AIN couple irradiated in air at 3 J/cm^ followed by 3(X)'C
annealing

This couple showed very weak bonding. A depth profile was also

obtained across the interface of this couple (figure 4.43). In contrast with the
couple irradiated in air at 0.3 J/cm^, the amount of oxygen at the interface is
relatively very small (figure 4.44), but there is some. Most of oxygen is from
copper oxide as evidenced by O KLL intensity peak position at ~ 508.5 eV

(figure 4.44a). Therefore, copper is mostly from CuO. However, Cu from copper
oxide is not seen in the Cu LMM spectra (figure 4.44b), denoting that copper
oxide concentration is very low as compared to the non-oxidized elemental

copper. Encompassing the interface, A1 was mostly from the metallic aluminum as

evidenced by the A1 KLL peak at ~1393 eV (figure 4.44c). This means that the

substrate is mostly decomposed to form metallic aluminum. However, nitrogen
was also detected along with metallic aluminum (figure 4.44d). This nitrogen
should be from the undecomposed AIN substrate.

4.5.3.3 Interface of Cu/AlN irradiated in Ar-4%H2 at 1.5 J/cm^ followed by 5(X)°C
annealing

This couple showed very weak bonding after 300°C annealing, but
became very strong after 500*0 annealing.

Depth profiling of this couple shows that a considerable amount of

oxygen exists in the vicinity of the interface and the concentration increases very
steeply as the interface is approached (figure 4.45). The oxygen concentration

decreases as the copper concentration decreases.

Chemical analysis of this couple was also conducted (figure 4.46), Oxygen
was detected at every place in the film. In this respect, this couple is very different
from other couples such as all the CU/AI2O3 couples and Cu/AIN couples

annealed at 300°C. The oxygen in the latter was from copper oxide (figure
4.46a). In this case, the O KLL kinetic energy is ~ 512 eV (Cu20) in the film,

while as the interface is approached to the oxygen peak was detected at ~ 509
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Figure 4.43. Depth profile of Cu/AIN irradiated in air with 3 J/cm^. The couple
was annealed at 3(X)''C for 1 hr. Oxygen exists at the interface, but the amount is

very small, indicating that the aluminum oxides layers on the surface of AIN

substrate are almost entirely ablated during laser irradiation. This couple showed
very weak bonding.
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Figure 4.44. O KLL (a), Cu LMM(b), A1 KLL(c), and N KLL(d) across the

interface of Cu/AIN couple irradiated in air at 3 J/cm^. The couple was annealed at
300° C for 1 hr. Copper oxide is formed at the interface and aluminum is mostly
metallic aluminum. However, AIN exists also along with metallic aluminum.
Therefore, it appears that most of AI2O3 layers were ablated during laser
irradiation.
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Figure 4.45. Depth profiles at the interface of Cu/AIN couple irradiated in Ar-
4%H2 with 1.5 J/cm2. The couple was annealed at SOO'C for 1 hr. Thick layers of
copper oxide were developed in this couple.
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Figure 4.46. O KLL (a) and A1 KLL (b) across the interface of Cu/AIN couple
irradiated in Ar-4%H2 with 1.5 J/cm2. The couple was annealed at 500°C for 1 hr.
Various copper oxides are detected at the interface (peak i - peak ii)(a). A1 at the
interface is from non-stoichiometric alumina and aluminum nitride (peak i), while
A1 in the sub-surface is mostly from metallic aluminum (peak ii) (b).
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eV (figure 4.46a). However, the concentration of the copper oxide is very small,
because Cu LMM peaks are those of elemental copper in the film

A1 KLL peaks at the interface are located at 1391 eV, implying that the
aluminum is not from stoichiometric alumina (figure 4.46b). After removing the
interfacial layers considerably, most of A1 KLL signals are from metallic aluminum
since the kinetic energies are around ~ 1395 eV (figure 4.46b). However, the
substrate was not decomposed fully to form metallic aluminum, since nitrogen was
also detected (figure 4.46c). The nitrogen is from AIN. It seems that aluminum
from AIN in this analysis volume is very small, because no significant A1 KLL from
AIN appears in the peak.

4.5.3.4 Interface of Cu/AIN irradiated in air at 1 J/cm^ followed by 500''C
annealing

The adhesion of this couple was very weak with 300°C annealing, but
very strong after 500°C. The couple showing strong bonding (annealed at
5C)0*'C) was analyzed with AES in the same way as the other samples.

Depth profiling was conducted at several areas of this sample. Two
different trends were found(figures 4.47 -a and -b). In figure 4.47a the
concentration of aluminum increases along with the oxygen concentration as the

interface is approached, while in the other analysis area the aluminum increases
with the increase of nitrogen (figure 4.48b). However, the latter was more

representative, because only one area showed the former profile among four
analysis areas. These profiles denote that copper film is in contact with AIN as
well as AI2O3 at the interface. In both cases, however, the concentration of

copper oxide was much higher near the interface than at the surface and

subsurface of the film. This implies that the oxygen source is in the interface.
However, oxygen from copper oxide was detected in the whole film.

O KLL and A1 KLL jjeaks were analyzed for the two areas. Figures 4.47
and 4.47 are, respectively, for the cases of enriched AI2O3 and AIN at the

interface. In both cases, various oxidation states of copper were detected from the
film surface to the interface. O KLL kinetic energies are from ~ 512 eV to 506 eV.
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Figure 4.47. Derivative peak-to-peak height vs. sputtering time across the
interface of Cu/AIN couple laser-irradiated in air at IJ/cm^. The couple was
annealed at 5(X)°C for 1 hr.
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Figure 4.48. O KLL (a) and A1 KLL(b) peaks across the interface of Cu/AIN
couple. The AIN substrate was inadiated in air at 1 J/cm^ and the couple was
annealed at SOO'C for 1 hr. These peak spectra were obtained from the interface
of a Cu/AlN couple with enriched AI2O3 .
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However, a clear difference between these two cases exists. In the case of copper
in contact with the enriched AI2O3 (figure 4.49) oxygen in the film close to the

interface is mostly from CuO, since differentiated O KLL peak position from those
areas was ~ 509 eV (figure 4.49a). On the other hand, in the case of the copper

film mainly in contact with AIN substrate, the oxygen in the film is mostly from
Cu20, because O KLL kinetic energy is ~ 512 eV (figure 4.49a). The oxygen KLL
peaks are abruptly changed closer to the interface. However, in both cases AI2O3

was detected at the interface as shown by peak (ii) in figures 4.48a and 4.49a.

Figures 4.48a and 4.49b are A1 KLL spectra across the interface. The peak

position at the interface is ~ 1391 eV and then changes to ~ 1388 after passing

the interface by further sputtering.

4.5.4 Interface of gold/aluminum nitride couples

Among other couples the couples with the substrates irradiated in air with

2 J/cm2 were selected for the interface analysis to explore the adhesion
mechanism. They were annealed at 300*0 and 500°C, which respectively

produced weak and strong bonding. Since strong adhesion was also obtained for

the gold film deposited on AIN substrate cleaned as described in section 3.1.3

after a 150 'C anneal, this was also analyzed.

Auger spectra of Au NVV in the 230 eV - 260 eV range, N KLL, O KLL, A1

KLL were investigated.

Annealed at 300°C for 1 hr

As shown in figure 4.50 of depth profiling, nitrogen was not detected till

significant amount of aluminum and oxygen were detected, implying that the film
in this analysis area was in contact with AI2O3.

The oxygen detected in this couple is from AI2O3 as shown in figure 4.51a.

The aluminum is from stoichiometric alumina at the interface (figure 4.51b(i)),

however, as the sputtering progresses, metallic aluminum features become

distinctive (figure 4.51b(iii)). This implies that metallic aluminum from the
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Figure 4.49. O KLL And A1 KLL peaks at the interface of Cu/AIN couple laser-

irradiated in air with 1 J/cni2. This couple was annealed at 500°C for 1 hr. In this

interface, aluminum is mainly from AIN. Peaks (i) and (ii) are closer, respectively,

to the film and substrate.
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Figure. 4.50. Depth profile across the interface of Au/AIN couple. Substrate

irradiated in air at 2J/cm2 jhe couple was annealed at 300°C for 1 hr. In this
analysis, gold appears in contact with AI2O3 rather than AIN. The couple showed

weak adhesion.
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Figure 4.51. O KLL (a) and A1 KLL(b) spectra at the interface of Au/AIN couple
substrate irradiated in air at 2 J/cm^. The couple was annealed at 300°C for 1 hr.
Oxygen is from stoichiometric AI2O3 (a), but aluminum is from AI2O3 (A1 KLL: ~

1389) at the interface (peak i) and from substoichiometric oxygen poor alumina in
the subsurface (peak ii) (b).
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decomposed AIN reoxidized only on the surface layers.

Annealed at 50Q'C for 1 hr

Figure 4.52a shows Au LVV peak changes at the interface. As the

interface is approached, this Auger peak shifts to the lower kinetic energy
direction by ~ 1.5 eV. There are also peak shape changes (figure 4.52a (i) - (iii)).
A1 KLL peaks are somehow complex shaped in the interfacial range (figure
4.52b(i) and metallic aluminum is also detected in the subsurface (ii).

4.5.5 Interface of gold/pre-sputtered sapphire couples

In gold/Al203 couple, the strong bonding was obtained by sputtering the
sapphire substrate prior to film deposition. The sputtering and deposition process
were described in section 3.1.2. The interface of this couple was analyzed by the
technique using Auger electron escape depth described in the section 3.3.3.2.

Au NW peaks

In the range of 20 to 80 eV, gold NVV peak positions are ~ 43, 55, and 70
eV (main peak; 70 eV) and A1 LVV kinetic energies for AI2O3 are approx. 35
and 54 eV (main peak : 54 eV). The low kinetic energy Au NVV spectrum of the
non-sputtered film is given in figure 4.53a (spectrum i). A new peak appeared in
the same kinetic energy range, when the spectrum was taken close to the edge of
the sputter-made crater (Figure 4.53a, spectrum ii). This peak, located at 54 eV,
corresponds to A1 LVV and overlaps with one of the minor peaks of the gold
spectrum. The presence of this peak indicates that either the substrate is partly

exposed by ion bombardment or the escape depth of the A1 LVV (4A) is equal to
or larger than the thickness of the gold film in this location. Finally, sp)ectrum (iii)
was taken even closer to the edge of the crater where the gold film is very thin

and the signal of A1 LVV becomes more prominent. In spectrum (ii) the gold peak
is located at 70 eV, the same position as the reference peak shown in spectrum (i).
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Figure 4.52. Au LVV (a) and A1 KLL (b) Auger peaks at the interface of Au/AIN

couple with substrate irradiated in air at 2 J/cm^. The couple was annealed at
SOO'C for 1 hr. Au LVV peak shifts in the low energy direction by 1.5 eV (a) and
complex change in A1 KLL peak is seen along with metallic aluminum feature (b).
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Figure 4.53. AES spectra from three different regions in the specimens, (a) Low
kinetic energy region for Au NVV Auger electrons; (b) High kinetic energy region
for Au NVV Auger electrons; (c) O KLL Auger electrons. In all the figures,
position I is far from the film denuded crater, position III is closest to the crater,
and position II is intermediate between I and III. Shifts toward lower kinetic

energies in spectra taken at position III in (a) and (b) reveal an interfacial reaction

involving Au. The shift toward higher kinetic energies in spectra I and II of (c)
indicates presence of oxygen-deficient AI2O3.
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but in spectnim(iii) the gold peak is shifted toward lower kinetic energies by ~ 1

eV.

Shifting of the 55 eV Au NW peak at the position of spectrum (iii) cannot

be resolved due to the presence of the main A1 LVV peak. Instead of

deconvolution of these peaks, another gold NVV peak in the energy range of

220 to 250 eV was also analyzed in order to check the chemical change indicated

by the peak shift at 70 eV. Au NW peak in this energy range is well separated

from other Auger peaks. Another advantage of choosing this peak is that it

reflects more interface since the Auger electron escape depth in this energy range

is larger than that of the NW peak in the lower energy range, but the high energy

Au NW peak has less atomic sensitivity factor. Spectnun (i) in figure 4. 53b was

taken at a position farther away from the edge of the crater, while spectrum (iii)

was taken at the closest distance to the edge and spectrum (ii) comes from an

intermediate position (figure 4. 53b). As expected, a shift of ~ 1 eV toward lower

kinetic energy is detected in spectrum (iii).

O KLL peak spectra

The O KLL spectra from three regions close to the crater edge were

studied (figure 4. 53c). Following the same convention of figure 4. 53b, spectra

(i) and (ii) are signals coming from the region farther away from the interface

where the film is thick enough so that only the signal coming from the region near

the interface is not blocked by the film. In position (iii) the gold film is too thin

and a large portion of the substrate contributes to the signal making the

contribution from the interface too small to be detected. Spectra (i) and (ii) show

a peak shift of 0.5 eV towards higher kinetic energy values relative to the peak
position in spectrum (iii) which comes from bulk AI2O3.

A1 KLL peak spectra

In order to detect the interface with A1 KLL peak (1388 eV), the electron

beam was positioned where the gold film has a thickness equal to or less than the
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Auger electron escape depth (approx. 15 - 20 A) [64]. The A1KLL spectrum from
metallic aluminum shown at the bottom of figure 53 is used as a reference. The

spectrum above it was obtained from a region where the gold film thickness was

close to the escape depth of the Auger electrons. The signal of the A1 KLL

spectrum is coming from the aluminum present at the gold-alumina interface and

the sapphire substrate. No Auger gold signal exists in this kinetic energy region.
The following third and fourth spectra were obtained by displacing the beam

slightly towards the crater. As the gold film thickness decreases more Auger
electrons come from the substrate lowering the proportion of signal coming from

the gold-alumina interface. Finally the uppermost spectrum in figure 4. 54 is from
aluminum atoms in an AI2O3 environment. The signal from the interface clearly

shows that the ion etching performed on the substrate prior to gold deposition

induced decomposition of AI2O3 leaving some metallic aluminum on the surface.

As already mentioned, in terms of Auger signal intensity the contribution from

AI2O3 increases as the thickness of the gold film decreases, making the relative

contribution from the interface significantly smaller. This can be realized from a

comparison of the third and fourth spectra. Practically, no metallic aluminum is

detected in the fourth spectrum; instead, the A1 peak coming from AI2O3 has

broadened. This peak broadening suggests that sputter etching also produced
non-stoichiometric AI2O3 layers below the metallic film. This indication of a non-

stoichiometric AI2O3 is reinforced by the shift toward higher kinetic energy in 0.5

eV detected in the O KLL spectra (figure 4.53c). Upon careful inspection of the

spectrum at the interface, comparison with the A1 KLL from metallic aluminum

and the A1 KLL from AI2O3 shows that the fine structure of the A1 KLL spectrum

at the interface has peaks that appear neither in the sapphire substrate nor in the

metallic aluminum spectra. These peaks are indicated with arrows in the second

spectrum of figure 4. 54. This result suggests that aluminum may also be present
in a chemical environment different from that of AI2O3 or metallic aluminum.

The gold NVV signals coming from the gold-Al203 interface is only

detectable when the film is thin enough so that a large proportion of the gold

signal is coming from the interface. On the other hand the A1 signal coming from

the interface is detected when the gold film is thick enough so that most of the
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signal comes from only the interface and not from the substrate, as shown in

figure 4. 54.

Finally, an identical study was performed on the AU-AI2O3 interface for

films deposited on as-received sapphire. In these couples, shifts of Au or O peaks
were never detected in the spectra taken at the AU-AI2O3 interface. metallic

aluminum was detected in this case either.

4.6 Studies on the interface and dielectric loss of Si02 in Cu/Si02 couple

Under 1 MV/cm electric field with BOO'C heating for 12h, the resistivity of
the copper film increased. This means that copper drifted into Si02 layers,
resulting in dielectric loss of Si02. The interface of Cu/Si02 couple was

investigated with AES and the copper concentration in the Si02 substrate after

the dielectric loss was measured with SIMS.

Figure 4.55 is AES peak spectra of the oxygen at the surface of copper
film and at the interface between the film and Si02 substrate. The peaks from the

interface were obtained after sputtering the film. O KLL peaks at the interfacial

area change from 512 eV to ~ 505 eV as encompassing the interface by sputter-
etching. O KLL at 505 eV is believed to be from Si02 because it was concurrently

acquired when Si LMM (76 eV) from silica was detected.

Figure 4.56 is SIMS depth profiling of Cu in Si02 in the Cu/Si02 couple

annealed at 300'C for 12 hr under 1 MV/cm electric field application. The count

rates in log scales are expressed as a function of elapsed times. The count rate

abruptly increases and decreases at the interface due to the matrix effect that

often produces artifacts in SIMS analysis. Then, Si, SiO, and O concentrations

increase, while copper concentration decreases. However, the copper

concentration increases again at around 4800 sec elapsed time (from 2x10^ to
5x10^ in the count rates) and then continuously decreases to the back ground
level (10^), forming a hump, clearly indicating the copper drift into the Si02.
Several runs of SIMS were performed in several different areas in the same sample,

but results obtained were always similar.
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Figure 4.55, O KLL peaks across the interface of Cu/Si02 couple annealed at

300'C. The peak positions change from ~ 512 eV to ~ 505 eV as encompassing
the interface by sputter-etching. The O KLL at 512 eV indicates that Cu20 is

formed at the interface.
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application.

151



SIMS was also performed on Cu/Si02 couple annealed at 3(X)°C for 12 hr

under no electric field. Copper was not found in Si02 matrix, but AES analysis

showed the formation of Si02 at the interface.
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CHAPTER 5

DISCUSSIONS

The discussion presented in this chapter deals with 1 )adhesion mechanisms
of metallic films/ to laser-irradiated ceramics couples ( CU/AI2O3, AU/AI2O3,

Cu/AIN, Au/AIN couples) and of gold film to pre-sputtered sapphire couple, 2)
copper drift phenomena into the silicon dioxides, 3) in situ study of AI2O3

decomposition, and 4) AES analytical techniques.

5.1 Interface in the metallic film/surface-modified AI2O3 couples

When CU/AI2O3 couples with substrates irradiated at > 1 J/cm^ in air and at

1 J/cm2 in Ar-4%H2 atmospheres were annealed at SOCC and SOO'C for 1 hr,
respectively, the magnitude of adhesion strength was the highest obtained in this
work. Analysis results of laser-irradiated AI2O3 surface and interfacial reactions

in these couples are discussed in this section.

5.1.1 Laser irradiation induced surface modification of alumina

XPS and AES analyses clearly show that metallic aluminum features are

formed on the surface of both alumina and sapphire substrates when they are
irradiated either in oxidizing or in reducing atmospheres (figures 4.14, 4.15, 4.20,
and 4.21). However, the metallic aluminum features shown in figures 4.14 and
4.15 are not exactly those that correspond to pure metallic aluminum. Two
possibilities can be considered in this respect: one is the existence of

substoichiometric alumina together with metallic aluminum, and the other is a

superposition of Auger peaks from metallic aluminum and alumina. The former is

more likely, because the formation of substoichiometric alumina can not be

avoided during the decomposition of alumina producing metallic aluminum. The
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formation of substoichiometric alumina can also be evidenced by TEM

observation. As revealed by a cross-sectional TEM micrograph the metallic

aluminum particles are embedded in the alumina matrix (figure 4.26).

The metallic aluminum was zilso detected in the substrate irradiated in air

with 0.4 J/cm2. According to measurement, the temperature raise in sapphire
substrates laser-irradiated at 0.4 J/cm^ does not exceed 800'C during irradiation
[106]. In fact, a laser energy density of 0.7 J/cm^ is required to melt the substrate
[9], indicating that the substrate temperature is above 2000 ®C during irradiation.

Therefore, a metallic aluminum on the substrate at 0.4 J/cm^ was not produced by
thennal evaporation or reduction of the liquid.

Dreyfus et al. [106] reported that various species were ejected from the

surface of sapphire irradiated at an energy density of 0.4 J/cm^. Therefore, photo-
ablation will be produced during irradiation at this low energy density. The

preferential ablation may have caused the compositional difference and resulted

in the formation of metallic aluminum. However, the amount of aluminum

produced in this way is little because most of them reoxidize as soon as the

substrate is exposed to air.

The amount of metallic aluminum formed on the surface of substrates

irradiated in air at laser energy densities larger than 0.7 J/cm^ is much less than the
amount obtained by irradiation in Ar-4%H2 atmosphere. As shown in figure 4.14

and 4.15, in neither case is metallic aluminum detected on the utmost surfaces of

the irradiated substrates, implying that the metallic aluminum on the surface of the

irradiated alumina is reoxidized. At high temperature, a reducing atmosphere helps

to reduce a larger amount of molten alumina and the amount of metallic aluminum

obtained after solidification is larger. This means that the metallic aluminum and/or

substoichiometric .alumina are formed not only by the thermal decomposition, but

also by the reducing atmosphere present during the irradiation. When the laser

irradiation is conducted in the oxygen atmosphere, the oxygen formed in the

alumina due to the decomposition will be relatively difficult to escape the surface,

hence, the possibility of the formation of metallic aluminum layer on the surface

will be decreased. More over, it is important to notice that the oxygen

concentration on the alumina surface is more than the stoichiometric value. This
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was evidenced by the XPS measurement which showed the excess oxygen on
the alumina surface laser-irradiated in air (table 4.4).

The electronic structure on the surface of the substrates can also be

changed by laser irradiation. These changes are detected by XPS valance band
spectra (figure 4.22) which is indicative of the modifications in the oxidation

degree of Al. Laser irradiation of alumina produces a decrease in the width of the

valence spectrum. According to the calculation of the density of electronic states
using a tight-binding model, the width of the valence band decreases when a

lattice expansion occurs [107]. The decrease of the width of valence band spectra
by the laser irradiation may be attributed to the increase in the concentration of

vacancies and interstitials causing a lattice expansion.

In several instances the oxygen peak could be separated into two

contributions, one from the aluminum oxide and the other one from a hydroxyl-
like bonding configuration. The hydroxyl-like configuration can be attributed to

either of three causes: 1) water absorption, 2) adsorbed hydroxyl groups from a
reacted water molecule, or 3) adsorbed hydrogen that forms a hydroxyl-like
species with the oxygen of the substrate. In any of the first two possibilities the

total oxygen to aluminum ratio should be significantly larger than the
stoichiometric ratio when the Ohydroxyl /Ototal ratio is large. The results in table
4.4 indicate that the excess oxygen in the as-received sapphires can then be

attributed to either of the two first causes mentioned above.

The relative oxygen content to aluminum (0/Al in tables 4.3 and 4.4) in

the near surface region is higher than the stoichiometric value in samples
irradiated in an Ar-H2 atmosphere at laser energy densities < 1 J/cm2. This looks
like a contradiction, because oxygen depletion in AI2O3 should take place upon

laser irradiation in a reducing atmosphere. It can be explained as follows:
i) Oxygen depletion takes place during irradiation in Ar-4%H2

atmosphere. The amount of oxygen depletion may be proportional to the laser

energy density.

ii)The metallic aluminum or substoichiometric alumina are reoxidized to the

stoichiometric alumina on the surface. Therefore, oxygen concentration at the

surface is higher than that in the subsurface. The relative concentration of the
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oxygen on the surface increases as the laser density increases.

iii) 01s and A12p peaks were used in this XPS quantitative analysis. Since

the sampling depth of 01s is less than that of A12p, 01s is more surface-sensitive

than A12p, therefore, the measured 0/Al ratio is higher than the stoichiometric

value. (The binding energy of 01s is higher than that of A12p. That means that

the photoelectron kinetic energy from 01s is less than that from A12p.)

On the other hand, for samples irradiated at 3 and 5 J/cm^ in an Ar-4%H2

atmosphere the 0/Al ratio is less than the stoichiometric value. In these higher

energy densities, it seems that the increased amount of metallic aluminum and/or

substoichiometric alumina in the subsurface reduced the ratio. It is noticeable that

the ratio decreases as the laser energy increases when the irradiation conducted

in Ar-4%H2 atmosphere.

As-received substrates also have an oxygen excess on the surface, but

sputtering reduces the 0/Al ratio to the stoichiometric value, implying that most of

them are adsorbed as a surface contaminant. Therefore, they will be easily

sputtered away during the film deposition.

XPS results showed that carbon always exists on the surface of the as-

received substrate and its amount varies depending on the samples and anzdysis

areas. The carbon adsorbed on the surface can be easily eliminated by annealing

the substrate at elevated temperature. Therefore, the annealing can produce a

standard condition of an as-received substrate. Figure 4.19a shows much reduced

carbon on the surface after annealing the substrate at 1350°C for 72 hr. After

laser irradiation in Ar-4% H2 atmosphere, the amount of the carbon increased

remarkably as shown in figure 4.19b. Similar results were obtained with AES. The

fact that the carbon deposit increases on the laser irradiated surface in Ar-4%H2

can be the results of an increasing catalytic activity of the irradiated surface. In

this case the reoxidation and carbon absorption can be a competing process

depending on the gas contents in the processing chamber. In the substrate

irradiated in oxygen atmosphere carbon content on the surface is less, because

the reoxidation is more likely to occur than carbon deposit.

Another laser irradiation effect of alumina is the surface smoothening by
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melts and flows. DeSilva studied extensively the effects of laser irradiation on

alumina substrate in his Ph. D Thesis [93]. Surface smoothening of the substrates

is not only desirable for the metallization of the conductive path in the circuit, but
also may be an indication of changes in the surface chemical properties induced
by heating.

5.1.2 About analytical techniques using AES

When the polycrystalline alumina is laser irradiated, melting is not uniform

even across one grain; the protruded area in a grain melts and the melt flows to flll

the lower region as observed by SEM. The spatial resolution of XPS is at best a few
pm , thus, many grains are analyzed at the same time when polycrystalline AI2O3

and AIN are analyzed. Therefore, XPS is not adequate to analyze the exact

irradiation effect, because of roughness of the substrates (at least 0.1pm) and the

large average area measured by XPS. Thus, it may not be useful in analyzing the
exact adhesion mechanism that takes place between laser irradiated alumina and

deposited film. AES has a much better spatial resolution, and for this reason it is

very useful tool to analyze the small area in a grain that affected more by laser

irradiation. Since more disordered regions in the substrate generally tend to react

more with deposited films, AES should also be used for the analysis of the interface

associated with the film deposited on the laser- irradiated alumina and aluminum

nitride substrates.

AES can resolve the state of aluminum well, whether metallic or in the

ceramics, because the Auger electron kinetic energy of aluminum in the elemental

state differs by 14 eV with that in alumina and 9 eV with that in AIN in LVV Auger

transition and about ~ 8 eV for both ceramics in KLL Auger transition. On the

other hand, the binding energies of the core level electrons measurable with XPS

differ much less (~ 4 -5 eV).

5.1.3 Copper/alumina with the substrate laser-irradiated at 1 J/cm^ in oxygen

This couple showed very strong bonding when the couple was annealed

157



at SOO'C for 1 hr.

As shown by XPS study, excess oxygens form on the surface of laser-
irradiated AI2O3. At the interface, O KLL peaks are from alumina and from a

similar copper oxide detected at the surface of copper film (figure 4.31). That is,
when copper is deposited on alumina irradiated in an oxygen atmosphere the film

atomic layers contacting with the substrate tend to form a copper oxide. It can be

questioned if the oxides at the interface is a double oxide of copper and
aluminum or with two separated oxides. The following interpretations of the

figure 4.31 lead to the conclusion that the formation of the compound may be the
most probable mechanism of the strong bonding. As the interface is approached,
the first oxygen is from the cuprous oxide (Cu20) and further sputtering reveals

the splitted oxygen KLL peak. The new peak in the splitted O KLL is located at

~ 508 eV that differs from the O KLL from the alumina (506 eV) and from the

cupric oxide ( CuO at ~ 509 eV). This peak may be from the Cu-O-Al compound
formed at the interface. The compound may be CuO. AlO (= CuA102). It is also
hard to believe that two different stable ceramics such as AI2O3 and Cu20 react

with each other at the interface and then produce the strong bonding. Therefore,

the double oxides is most probably the strong bonding mechanism rather than the

two separated oxides.

A number of experiments have shown that the adhesion of metallic film to

alumina can be enhanced if the metal in contact with the substrate is oxidized.

O'Brien and Chaklader [108] found that the work of adhesion between liquid
copper and sapphire reached a maximum at an oxygen partial pressure of 10"9
atm. They suggested that formation of CuA102 at the interface caused the

spreading of copper droplets in sapphire. The smaller wetting angle means the
better adhesion, as explained in section 2.5. Reactions in the Cu0-Cu20-Al203

system to give CUAI2O4 and CU2AIO4 were reported by Gadalla and White [109].

The process developed by Burgress et al. [110], for direct copper-alumina
bonding in hybrid electronic packages, probably produces a mixed aluminum and

copper oxide that promotes strong bonding.
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5.1.4 Copper/alumina with the substrate laser-irradiated in Ar-4%H2 at 1 J/cm^

No Auger peak shift occurred at the interface of the couple laser-irradiated
in Ar-4%H2 atmosphere after 300°C annealing. This means no chemical reaction

between the deposited copper and the irradiated substrate occurred.

Metallic aluminum or substoichiometric alumina formed on the alumina

substrate laser irradiated in Ar-4%H2. Therefore, we can predict that the
deposited copper may react with the alumina substrate laser-irradiated in Ar-

4%H2, since the surface of the alumina is not in stable chemical state. However,

the adhesion strength in this couple was much weaker than in the couple with
the substrate irradiated in air that was annealed at the same temperature [93].

It seems that the reoxidation of metallic aluminum and substoichiometric

alumina on the surface that naturally takes place in the irradiated alumina in Ar-

4%H2 may have acted as reaction barrier between the copper film and the non-

stoichiometric alumina in the subsurface. Therefore, the reaction at the interface

may take place, provided that the reoxidized layer is broken. It seems that the

reoxidized layer are stable at 300°C.

After annealing at SOO'C, pull testing result showed that the adhesion was

enhanced significantly. Since all other conditions were the same, the reason for

enhanced adhesion was only due to enhanced interfacial reaction. After

annealing at SOO'C oxygen from the copper oxide was found as shown in figure
4.32(i), while no oxygen from the copper oxide was found at the interface of this

couple after 300'C annealing of this couple. Assuming that the copper oxide
forms by the diffusion of the oxygen dissolved in the copper film, the diffusion of
oxygen may have not occurred at 300°C annealing. Also, we can expect that
oxygen from a part of the irradiated alumina substrate with excess oxygen can
diffuse toward the interface and then react with copper film. However, this kind
of excess oxygen may easily combine with metallic aluminum and

substoichiometric alumina if a proper heating is provided.
The other significant change in this sample after 500°C annealing is the

broadening of the oxygen peak. The elevated temperature may have damaged
the reoxidized layer, but the layer was not eliminated or mixed up with film and/or
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the substrate because oxygen Auger peak ( ~ 507 eV) right below the copper
film is close to stoichiometric AI2O3 (figure 4.32 ii). Further sputtering below the

copper film shows broadened oxygen peaks, implying that alumina is not

stoichiometric (figure 4.32. iii, iv). The peaks are slightly broadened toward high
energy direction. This means that below the reoxidized layer alumina and under-

stoichiometric alumina coexist. Szalkowski et al [65] reported that approx. 0.6 eV
of oxygen Auger peak position shifted consistently toward high kinetic energy
direction per reduced oxidation number in the case of the vanadium oxide.

Although this value does not applied to AI2O3, it can be suggested that oxygen
peak position will shift to higher kinetic energy direction as reducing the
oxidation number of the oxide is reduced.

As shown in figure 4.33, direct copper LMM Auger peak shifts to lower
kinetic energy direction by approx. 1.7 eV (peak ii), indicating the formation of
copper oxide at the interface. Below the copper oxide layer, direct copper LMM
Auger peaks are significantly changed (peak iii). The main peak position is that of
the elemental copper, but it is broadened, and new fine peaks at lower kinetic
energy range appear. Obviously, the reaction between the copper and substrate

occurs. This may have led to the strong bonding. However, figure 4.33 indicates
that not all of the copper contacting with the substrate was reacted to form any
compound because the main copper peak position is still from the elemental

copper. The reaction between copper and the substrate may be schematically
described in figure 5.1.

Based on the above analysis, the strong bonding mechanisms for the
couple laser-irradiated in Ar-4%H2 may be summarized as follows:

i)copper oxide formation at the interface by diffusion of the oxygen probably
dissolved in the bulk copper and/or excess oxygen in a part of the irradiated
alumina.

ii) copper-aluminum-oxygen compound as evidenced by the oxygen KLL Auger
peak broadening and the formation of the new copper Auger peaks at the lower
kinetic energy direction than the elemental copper peak.
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5.1.5 Cu/as-received AI2O3 couple annealed at 5(X)"'C

Sometimes copper deposited on the as-received alumina showed very
strong bonding after 500''C annealing. The analysis of the interface of this

strongly bonded couple showed peak shifts of A1 KLL peak by + 4 eV and of O
KLL by + 2 eV at the interface (figure 4.31). These Auger peak shifts at the
interface denote that aluminum is not from AI2O3 and oxygen is not from either
AI2O3 or copper oxides. This implies that the intermediate compound between
copper film and alumina developed linking these two dissimilar materials.

However, this kind of linking does not always happen in this couple. It seems that
the strong bonding is very much dependent upon the surface condition of the

substrate before the film deposition. In most cases, the surface of the alumina is

covered with a certain surface contaminants that impair the interfacial reactions,
resulting in the weak bonding.

5.1.6 CU/AI2O3 with the substrate irradiated in Ar-4%H2 at 3 J/cm2

This couple also showed very strong bonding after SOO'C annealing,
although it was weak upon 300°C annealing. It seems that the mechanism is very
similar to the irradiation at 1 J/cm^. However, no evidence of Cu20 ( O KLL at
512 eV) formation that is the most stable copper oxide was found at the interface
and in the film, and the copper oxide layer was very thin as compared to the
copper oxide developed in the couple irradiated at 1 J/cm2, The analysis of the
substrate before the film deposition showed that excess aluminum had formed on

the irradiated surface. Therefore, the available oxygen for the formation of copper
oxide is very small in this couple as compared to the couple with the substrate
irradiated at 1 J/cm2.

5.1.7 Gold/alumina couples irradiated in air and Ar-4%H2 atmospheres

As evidenced by the gold Auger peak shift, a chemical reaction between

gold and alumina can occur when the alumina is irradiated in an oxygen-rich
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atmosphere at a laser energy density of 1 J/cm2. This result is consistent with the
adhesion strength enhancement obtained in these couples. An adhesion strength
of 50 MPa for that couple measured by the pull test is much higher than the value
of 1 MPa that is obtained for substrates irradiated in Ar-4%H2 at 1 J/cm2.

Gold is not expected to react with oxygen, or oxides, because the heat of
formation of AU2O3 is + 39 Kcal/mol [111, 112]. However, Moore and Thomton

found that a strong bond developed when gold was melted on fused silica in the
presence of oxygen [113]. Their results also demonstrated a chemical reaction

between molten gold and silica although the reaction of gold with oxygen is not
thermodynamically possible.

The OKLL peak positions are 506.3 eV and 506.8 eV for the substrates

irradiated in oxygen rich and Ar-4%H2 atmospheres (figures 4.36 -a and -b). The

A1 KLL electron Auger peaks in the absence of the gold film are 1389.4 eV and
1390.8 eV for laser irradiation in oxygen and in Ar-4%H2, respectively. The
reference peak positions of the differentiated Auger peak spectra for aluminum
from metallic aluminum and alumina are ~ 1388 and 1396 eV, respectively.
Therefore, the two substrates contacting with gold film are not from the

stoichiometric alumina. These non-stoichiometries may be due to the laser
irradiation. However, the substrate irradiated in oxygen rich atmosphere reacted
with gold film as evidenced by the O KLL peak shift by 1.2 eV at the interface,
but the other irradiated in Ar-4%H2 did not.

The shift of A1 KLL at the interface of the Au film/alumina couple irradiated
in oxygen may be associated with the excess oxygen that may have reacted with
gold film at 300°C.

A1 KLL at 1390.8 eV from the alumina irradiated in Ar-4%H2 at 1 J/cm^

indicates that metallic aluminum and substoichiometric alumina could be present
in alumina irradiated in Ar-4%H2, because the overlap of A1 KLL peaks from
these different chemical states could shift the total aluminum peak towards higher
kinetic energies. However, the utmost surface of this substrate is easily reoxidized
to the stoichiometric alumina as shown in figure 4.15. That layer may have acted
as a reaction barrier. In the depth profile conducted in this work, the evidence of

the reoxidation was not detected, because the reoxidized layer will be only a
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mono layer and the Auger electron escape depth of A1 KLL is 4 -5 monolayers.
Once the reaction takes place in the couple, the thickness of the reacted layer
should be more than a mono layer. Since the sputtering rate used in this work is a
few A/cycle, the reacted layers will be easily detected. Therefore, no peak shift in
this depth profile indicates that there is no interfacial reaction.

The other possibility for the no detection of the reoxidized layer is ion
bombardment induced damage. However, the damage induced with 500 eV
energy ion bombardment is very small, as estimated by the TRIM calculation. The

calculation will be shown in the later section of this chapter.

5.2 Interface in the metallic films/ surface-modified AIN couples

As briefly mentioned in the section 4.5.3, there is a strong correlation
between the amount of oxygen at the interface and the adhesion strength. In this
section, the surface change due to laser irradiation and the interface analysis of
the couples will be discussed.

5.2.1 Laser induced surface modifications of AIN

As-received AIN substrate used in this work shows very rough surface ( <
0.4p,m) and larger grains than AI2O3 as described in section 3.1.1. As shown in a

SEM micrograph ( figure 4.24), these substrates includes large cavities on the
surface and exhibits sharp edges for each grain. The melting threshold energy
density appears to be at about 0.7 J/cm^ (figure 4.23b), since the irradiation with
0.5 J/cm2 does not change the topography as compared with the as-received
(figure 4.23a). As the laser energy density is increased, remarkable differences on
the surface topography are observed (figures 4.23, 4.25a, and 4.25b) and the

degree of surface smoothening increases.

Along with the decrease in the surface roughness of AIN substrate,

remarkable changes in the surface chemistry took place after laser irradiation.
Since AI2O3 is thermodynamically more stable than AIN [95], mechanical and

thermal processing in air induces the oxidation of the AIN surface. Therefore, the
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surface of as-received AIN was mostly AI2O3 (figure 4.16). After laser-irradiation
in Ar-4%H2 at 4 J/cm^, the A1 LVV peak position shifts to the higher kinetic
energy, implying that the surface is ablated and/or the substrate is decomposed
leaving metallic aluminum layers (figure 4.17). However, the surface is not the

perfect AIN even after removing the surface by laser irradiation, because the
surface A1LW p>eak is not from AIN (jieak i in figure 4.17). Two possibilities can
be considered in this respect; i) the laser ablation cannot eliminate the surface

oxide completely, or ii) complete ablation takes place, but thermally decomposed
metallic aluminum from AIN is exposed to the atmosphere and then reoxidized.
The latter is more likely to be the case since the surface is considerably
smoothened and subsequent sputtering changes the chemical composition from a
mixture of AIN and AI2O3 to a composite of A1 and AIN (peak Hi in figure 4.17).
These trends can also be found by oxygen and nitrogen Auger peaks (figure
4.18). The surface of as-received AIN exhibits mostly oxygen Auger peak,
whereas the irradiated surface shows both nitrogen and oxygen Auger peaks. Of
course, the oxygen peak is from the AI2O3 and the nitrogen peak is from the AIN

(figure 4.18).

It may be of interest to determine sizes and distribution of the metallic

aluminum clusters in the AIN matrix. Cross-sectional TEM micrograph shows that
undecomposed AIN particles are embedded in the metallic aluminum patch (figure
4.28) and that approx. patch size is ~ 1 - 2 pm. Auger mapping shown in figure
4.29 agrees well with the TEM result. Here, the Auger mapping is a planar view.
The electrical resistivity was measured on the surface of laser irradiated AIN and

it was found that the resistivity decreased as the laser energy density was
increased [114]. This indicates that the amount of metallic aluminum in AIN

increases with increasing the laser energy density. This is in contrast with the
result that laser irradiated alumina was electrically insulating and approx. size of
the metallic aluminum embedded in the alumina laser irradiated in Ar-4%H2

atmosphere at 3 J/cnfi is approx. 25 nm.
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5.2.2 Cu/AIN couple with the substrate laser irradiated in air at 0.3 J/cm^ energy
density

This couple was annealed at 300°C for 1 hr. Oxygen at the interface of this
couple is from the copper oxide as well as aluminum oxide (figures 4.30 and
4.31). The existence of AI2O3 indicates that the laser irradiation did not remove

the aluminum oxide layer that inherently existed on the as-received AIN

substrate. Since the threshold energy density for the melting of the alumina and
aluminum nitride (approx. 0.7 J/cm^) is much higher than this energy density, it is
hard to believe that any chemistry change on the ceramic surface occurred.

However, various O KLL kinetic energies and peak shifts of the Cu LMM and A1

KLL at the interface imply that the chemical reaction took place in this couple
after 300°C annealing.

Possible changes on the substrate irradiated at 0.3 J/cm2 are the surface

cleaning and presence of excess oxygen. When the alumina was irradiated in air
at 0.4 J/cm2, excess oxygen was detected on the surface as shown in table 4.4.
The excess oxygen existing in the alumina layer on the surface of AIN may have
played a role in the copper oxide formation at the interface. When the strong
bonding was obtained for the couple with an as-received AIN substrate after

300°C annealing, there might have been less surface contaminants by chance so
that they could not impair the reaction between the film and the substrate.

5.2.3 Cu/AlN couple with the substrate irradiated in air at 3 J/cm^ and in

Ar-4%H2 at 1.5 J/cm^

This couple with the substrate irradiated in air at 3 J/cm2 showed weak

bonding at 300°C annealing but very strong at 5(30''C annealing. Although the
energy densities are different, the couple irradiated in Ar-4%H2 at 1.5 J/cm2 also

showed similar trend. Therefore, the couples with the substrates irradiated in air at
3 J/cm2 and in Ar-4%H2 at 1.5 J/cm^ annealed, respectively, at 300''C (weak
bonding) and 500''C (strong bonding) were analyzed.

By comparing the depth profiles acrossing the interface of these two
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couples, a big difference in the gradient of oxygen concentrations can be

realized. In the couple annealed at 300°C, the oxygen concentration variation at
the interface is almost negligible as compared to the changes of A1 and N
concentrations ( figures 4.42). This means that the film mostly contacts with the
AIN substrate. In the other couple annealed at 500°C, on the other hand, the

concentration gradient of oxygen increases steeply as the interface is approached
(figure 4.44). The oxygen seems to be mostly from copper oxides because the
oxygen concentration decreases with the decrease of the copper concentration

as approaching to the interface. In both couples copper oxide formed at the

interface, however, the kinetic energies of O KLL in the layer closer to the
interface of the couple annealed at 300*C and at SOO'C are, respectively, -510
eV and 512 eV which are indicative of the formation of CuO and Cu20,

respectively.

It is hard to believe that the excess oxygen exists on the surface of the AIN
laser-irradiated in Ar-4%H2 at 1.5 J/cm^. However, the depth profiling of the
couple annealed at 500°C shows that considerably thick oxide layers exist at the
interface (figure 4.44). As the interface is traversed by the sputtering, the O KLL
peaks change from 512 eV to 507.5 eV and the A1 KLL peaks from - 1392 eV to
1395 eV. As previously discussed, O KLL at 507.5 eV and A1 KLL at 1392 eV

mean that most probably a Cu-Al-0 compound formed at the interface of this

couple. In this respect, the strong bonding mechanism of the copper deposited on
AIN substrate is similar to the copper on alumina substrate. As indicated by the
1395 eV A1 KLL, metallic aluminum is formed in both of the substrates by the laser
induced decomposition of AIN. That metallic aluminum may have been reoxidized
and then Cu-O-Al compound produced when the couple was annealed at higher
temperature ( 5{X)°C in this work).

In the couple with the substrate irradiated in air at 3 J/cm2 and annealed at

300 C, O KLL and A1 KLL showed similar behavior to the case of the irradiation

in Ar-4%H2 at 1.5 J/cm2, but the low concentration of the oxygen may have
produced poor linking between the copper film and AIN substrate, resulting in the
weak bonding.

At the moment, the origin of the oxygen introduced at the interface during
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annealing at SOO'C is questionable. The possibilities are as follows:

(i) The dissolved oxygen in the film may have been diffused to the

surfaces of the film, followed by the oxidation (the diffusivity of the oxygen
increases with increasing the temperature).

(ii) The oxygen may have become encaptured in between the film and the

substrate during deposition due to the rough surface characteristic of the AIN

substrate ( figure 4.25). The captured oxygen may have diffused out during
annealing and the amount of the diffused oxygen is proportional to the annealing

temperature.

(iii) The oxygen may be from the annealing furnace. The oxygen from the

chamber may have diffused through the film and reacted with the film and

substrate at the interface.

If case (i) is true, oxygen concentrations at both of the surfaces of the film

should be the same. If case (iii) is true, the concentration of the oxygen on the film

surface should be larger than that at the interface. However, in the couple

annealed at 500°C the concentration at the interface is much higher than that on

the surface of the film. Therefore, the oxygen may be argued to have come from

the interface as explained in case (ii).

5.2.4 Cu/AIN couple with the substrate irradiated in air at 1 J/cm2

This couple showed strong bonding when it was annealed at 500°C. At

the interface the copper was in contact with two different areas, that is, AI2O3

and AIN enriched areas as explained in section 4.5.3.4. In both areas, copper

oxides were detected (figures 4.47 and 4.48), however, oxygen from copper
oxides in contact with AI2O3 is mainly from CuO, while the other is mainly from

Cu20. In both cases, after removing the film O KLL peak positions are ~ 507 eV,

that is not exactly from the AI2O3 and the A1 KLL is from the non-stoichiometric

alumina or aluminum nitride. Therefore, it is concluded that in both areas

interfacial reactions take place whose product may be Cu-O-Al compound.
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However, the amount of the reaction products will be different.

5.2.5 Gold/AIN couple with the substrate irradiated in air at 2 J/cm2

Upon annealing at SOO'C, gold film /AIN couples exhibit weak bonding as
shown in figure 4.4, and, in general, the adhesion strength decreases with

increasing laser energy densities. However, an increase of the annealing
temperature to 500'C resulted in very strong adhesion of the couples irradiated in
both air and Ar-4%H2, regardless of the energy densities.

In the interface of the couple annealed at 300°C, oxygen is from the AI2O3

(~ 506 eV). That means that the metallic aluminum decomposed from AIN

substrate is reoxidized and no reaction with gold film takes place. In agreement
with this, the A1 KLL at the interface is from the stoichiometric alumina. The

metallic aluminum and/or substoichiometric AI2O3 and/or AIN detected after

encompassing the interface for both couples implies that AIN is decomposed by
the laser irradiation, followed by the reoxidation.

After 500"'C annealing of this sample, gold LVV peak shifted by - 1.5 eV
and A1 KLL peaks exhibited complex shaped, indicating that an interfacial
reactions took place. Since the gold can not react with oxygen and/or alumina,

the possible interfacial reaction can be considered as following. During the 500'C

annealing the stable reoxidized aluminum oxide was broke and then the gold film
contacted with the unstable metallic aluminum and substoichiometric AI2OS and/or

AIN. Hence, the reaction might have taken place, leading to the strong bonding.

5.3 Gold film deposited onto ion bombarded sapphire

Pull-tests show that the adhesion of sputter-deposited gold films to
annealed and pre-sputtered sapphire is over 15 times higher than that of the film

deposited onto as-received sapphire. No annealing after deposition is required to
achieve such a strong bonding. The causes of the increase in bonding strength
has been analyzed by AES and are discussed in the next sections.
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5.3.1 Ion bombardment effect on AI2O3 substrate

AI2O3 was reduced by 7 keV Ar ion bombardment, because the Auger

electron kinetic energies of A1LVV from metallic aluminum (68 eV) was detected

(figure 4.29). However, the metallic aluminum produced do not cover the entire
bombarded surface, because the A1 peak from the metal, that has a higher
sensitivity factor than the corresponding peak A1 from AI2O3, is much lower than

the latter.

Kim et. al. [95] reported that oxides with formation free energy (AGf°)
above -60 kcal/mol were reduced by 400 eV Ar*" ion bombardment, while oxides

o

with AGf below -118 kcal/mol were stable to this exposure. They concluded that

the ratio of reduced oxide to total sputtered amount during ion bombardment is
inversely proportional to the magnitude of AGf'. Evidence of the reduction of
ferric oxides to FeO was reported by Mclntyre et. al. [115]. The heats of
formation of these oxides are -177 kcal/mole. However, Mitchell et. al. [116]
found that the reduction in at % oxygen during ion bombardment at a beam
energy between 1 and 4 keV for a-Fe203, Fe304 and FeO was always -5% of

each initial concentration, which is almost negligible. When they used 1 keV Xe
ions, the reduced oxide decreased even further, to ~4 at. % of the initial

concentrations. The formation free energy of AI2O3 (- 377 kcal/mol) is much

lower than those of the iron oxides. From Kim's work, one could expect AI2O3

not to be reduced by ion bombardment but rather to undergo mostly sputtering.
Our results thus suggest that there is no clear correlation between ion-induced

ceramic oxide reduction and heat of formation, at least for reduction taking place
at the very near-surface.

Electron irradiation during AES analysis can also cause decomposition of
the ceramics [77]. The threshold electron dose for decomposition of AI2O3 is

approx. 7.8C/cm2 after 50 nA for 3 kV beam energy and an incubation period is
usually required for the decomposition onset at any given current density.
However, the peak shown in figure 4.30 was obtained immediately after
acquiring the data with a current density much lower than the threshold value for

decomposition onset under electron irradiation. Therefore, it is concluded that in
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these experiments the reduction of AI2O3 is due to the ion bombardment. At an

ion energy of 3 keV no reduction was detected. By contrast, Schrott et al.
reported reduction of AI2O3 with 0.5 keV Ar+ ion bombardment [117] using a
much higher ion current than used here. Clearly, the ion energy is not the only
parameter influencing the reduction behavior of AI2O3.

5.3.2 Effects of Sputtering on gold/A1203 couples

One of the advantages of performing the interface analysis with a variable
coverage film is that the effects of the ion beam bombardment required for AES
analysis can be reduced. The displacement, vacancies plus replacement collisions,
generated by the 500 eV Ar"^ ions impinging on a 1.1 run Au film/sapphire were
calculated using the TRIM code [85] and are shown in figure 5.2. The threshold
displacement energies for Au, O and Al were assumed to be 20, 40 and 18 eV,
respectively. The displacement energy for oxygen is possibly a lower limit, as per
data in the literature [118] . For this film thickness, the damage is almost
completely confined to the film, and only 10 % of the gold atoms at the interface
have been displaced from their positions. In the case of 0.1 nm film the damage at
the interface increases considerably, as can be seen in figure 5.1b. The ion gun
current was 2 nA and the average flux, calculated using 200x200 mm2 sputtered
area, was 3.1 x 1013 ions/(cm2.s). The sputtering rate with 500 eV Ar+ ions is
4.3x10 3 nm/s as obtained using the same TRIM full cascade calculation.

The damage per unit time at the interface in displacements per atom (dpa) is
plotted as a function of film thickness in figure 5.3. The total damage can be
calculated by integrating the damage per unit time during the sputtering interval
as

X

J S(x)dt = J Six)dx
0  0

where S(x) is the damage per unit time plotted in figure 5.2, ts is the sputtering
time, the variable x represents the film thickness and Vg is the sputtering rate. In
this approximation, the damage generated by removing the gold film up to a
thickness of 0.11 nm and 0.6 nm are, respectively, 0.25 dpa and 0.56 dpa. This
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Figure 5.3. Displacements per ion at interface as a function of film thickness

173



damage is at most about half of the damage generated for denuding the interface

(1.05 dpa). This analysis indicates that a substantial damage to the interface is

avoided if a thin gold film remains in the surface during the analysis of the
interface.

As already indicated in the experimental section, neither shifts in the

electron Auger peaks of gold nor reduction of AI2O3 were detected in specimens

that had not undergo 7 keV pre-sputtering. The analyses for these specimens

were performed using the same technique, demonstrating that the damage
produced at the interface did not introduce artifacts in any of the results

presented here.

5.3.3 Gold film/sapphire substrate interface

We have shown that strong adhesion of gold films is obtained when the
AI2O3 substrates are bombarded before deposition with 7 keV Ar ions. Post-

deposition annealing is not required to enhance bonding. There is also a definite

effect of annealing preceding substrate sputtering prior to deposition, as shown in

Table 4.1. Annealing removes contaminants such as carbon, hydrocarbon and

hydroxyl [12, 119, 120 ]. Surface contaminants on the substrate may act as a
barrier impeding the occurrence of bonding [19].

It was shown that the interface region and its immediate neighborhood can

be probed taking advantage of the electron escape depth and the shallow wedge
in the film. For instance, when the gold film deposited on the substrate is ~ 1.5 run

the chemical state of A1 at the interface can be analyzed using the A1 KLL Auger
electrons that have an electron escape depth of ~ 2 nm. As the electron beam is

moved toward the center of the sputtered region, the film becomes thinner and
larger portions of the substrate are probed.

The increased kinetic energy of the oxygen KLL Auger electrons at the

interface (figure 4.52c) reveals that oxygen at the interface is in sub-

stoichiometric alumina because the kinetic energy of the oxygen Auger peak
tends to decrease with increasing oxidation number [65]. As revealed by the

oxygen positive peak shift, metallic aluminum features appear in the A1 KLL
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Auger peak spectrum (figure 4.53). Metallic aluminum features are more

prominent at the near surface than in the subsurface, as shown in the series of

Auger peak spectra in figure 4.53. Increasing the analysis volume from the
substrate surface, the A1 KLL Auger peak becomes more characteristic of AI2O3.

The A1 KLL peak spectrum from the substrate near-surface (approx. 5A depth),
figure 4.53, shows a complex fine structure containing peaks which are neither
from metallic aluminum nor from AI2O3 peaks. These peaks may stand for the

reaction of pre-sputtered sapphire with gold film. The reduced kinetic energy of
the Au NVV Auger electron at the interface (figures 4.52 -a, and -b) indicates that

gold has reacted at the interface. This result is in agreement with the conclusion

from the O KLL Auger peak that a metastable interfacial compound is formed at

the interface. This metastable compound seems to be favored by the highly
metastable reduced alumina generated during presputtering and the relatively
high kinetic energy of the incoming gold atoms.

5.4 Copper drift into Si02 matrix under an applied electric field application

In studying copper penetration into Si02, it is of interest to know how the

elemental copper is changed to the copper ion prior to the drift. One possibility is
that copper is firstly oxidized at the interface by annealing and copper ions are
then generated from the oxide under electric field application, followed by the

drift into the matrix.

Figure 4.54 clearly shows that copper oxide is formed at the interface of

Cu/Si02. In the same couple, copper is detected in the Si02 substrate as shown in

the SIMS profile of figure 4.55. It was also reported that electric field enhanced

copper penetration was achieved at temperature as low as 250°C [121, 122]. No

copper drift was found when the electric field is applied in the vacuum

atmosphere [89]. Therefore, the formation of oxide at the interface may be very
important for the copper drift. It may be a source of copper ions under an applied
electric field.

It is not clearly understood why the concentration decreases at the

Cu/Si02 interface and increases deeper inside. Also, no change in the
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concentration was detected at the interface of Si02/Si.

Figure 5.4 is a schematic of the electric field driven diffusion path of Cu
into Si02. Further study will be required to investigate the mechanism.

5.5 Electron irradiation induced decomposition of AI2O3 substrate

Decomposition of AI2O3 has also been achieved by ion beam

bombardment and laser irradiation. As already shown these methods can be used

for a wide range of applications such as surface modification, thin film

metallization, enhancing adhesion of metallic films to various surface modified

substrates, etc.. Electron beam induced decomposition of ceramics might also be
open for these applications but requires further studies. Electron bombardment

can induce physical or chemical desorption of ionic, neutral and molecular species
from the surface and can also promote decomposition of insulating materials.

The decomposition of the subsurface layers is much slower than that of the

surface layer. Probably, the reason for this delay is that the oxygen formed by
decomposition in the inner layers must be transported to the surface for
desorption.

A dose of ~ 4.9 x electrons/cm^ (7.8 C/cm^) at 3 kV is required to
initiate the electron-induced decomposition of alumina. This dose is independent
of all but the lowest instantaneous electron flux used in this paper. The
decomposition rate of alumina first increases with dose from the onset, but it

decreases at larger doses, e.g., higher than 8x10^0 electrons/cm^ for the case
shown in figure 4.8. The dose required for the decomposition onset is however
strongly dependent upon the state of the surface. All the reported dose threshold

values were obtained after the specimen surface was sputter-cleaned with 1 keV
Ar+ ions until the carbon Auger peak disappeared.

The decomposition onset can be drastically delayed by carbon surface

contaminants that apparently act as a barrier for the desorption of oxygen
evolving from decomposition. When a significant carbon layer is present on the

surface of sapphire the threshold dose for decomposition more than doubles

relative to the sputter-cleaned substrates. Therefore, maximum decomposition

176



2
*4)
E
O

'B

■i? 'i? ■.
• •• *.*• •.! •*.*• %'• '

-v. -v.
*.*• •.*• *.*• •/• •.*.

■/. •V-i;• .*/• ,*.• .•;• x
a>

t£
o

•fi
o

w■  \ . / v- /■v-v.v.v.v.v.y.v./.y.

Cu ions Cu ions

Silicon

Figure 5.4. Schematic of copper diffusion into silica under an electric field.

177



rate can be obtained when no surface contaminants are present. A very low

current (< 20 nA) and a low voltage (3 kV) are required to eliminate oxide

decomposition during analysis. A large rastering area significantly reduces the
electron flux and thus increases the time required for the decomposition onset
(see Table 4.2).

It has been reported that the heating produced by electron bombardment

of insulating materials can change the near-surface chemical composition [123].

However, since the threshold dose required for the onset of decomposition is,

within experimental error, independent of the flux for an electron beam current

greater than 53 nA, heating due to electron bombardment does not affect the

decomposition behavior significantly.

The kinetic results shown in figure 4.8 correspond to the decomposition

that takes place only in approximately the first surface monolayer. This

independence of the decomposition onset flux implies that each electronic

process inducing decomposition is independent. Besides the electron induced

decomposition of the oxide, reoxidation can take place by oxygen molecules
present in the chamber atmosphere that impinge on the sapphire surface.

However the electron fluence required for the decomposition onset is nearly
independent of the rastering area (less than 6% difference, as can be seen in table

1). There is almost no re-oxidation. Then, neglecting re-oxidation, the

decomposition kinetics can be expressed by the equation

^ = l-exp(-7ar) (5.1)
/Vo

The data in figure 4.8 was fitted using equation (5.1) with the cross sections as an
adjustable parameter. The value of ct was found to be 3xlO"24 cm^. The

magnitude of the cross section is significantly smaller than values reported for
ESD (~ 10-20 cm2) [124,125].

The effect of the residual gas in the chamber on electron irradiation-

induced decomposition was studied for Si02 by Thomas [75]. In his study, the
saturation value of N/Nq decreases as the partial pressure of oxygen increases

(see figure 4 in ref. 75).
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We have observed that when the spot-size beam is used AI2O3

decomposition starts almost immediately for a flux of 2.9x10^® electrons/cm^.s. As
shown in figure 4.7e, after 30 s of irradiation a significant portion of the first

monolayer has been decomposed, but further decomposition seems to proceed

very slowly. In fact, the peak of aluminum from alumina after 300 s indicates that

a very significant portion of alumina at the surface has not been decomposed yet
(figure 4.7e). On the other hand, in scanning mode it is seen that only a small part
of the monolayer has been decomposed after 27 s, but almost complete
decomposition took place after 270 s (figure 4.7d). If each electron produces an

independent event of excitation/decomposition we should expect that at a higher
flux the onset time should be shorter, as observed, and also that the

decomposition should end earlier. An earlier end, however, appears to be

inconsistent with the previously described results. The cause of this apparent
contradiction is the contribution of the Auger electrons excited by back scattered

electrons in the near surface region that is close to but not within the irradiated

region. The area that is outside the surface of incidence of the primary beam is
not decomposed, in principle, and contributes always a certain amount to the

intensity of the aluminum peak from undecomposed alumina. Figures 5.5 -a and

-b are schematics of the relation between the irradiated area and the region where

the back scattered electrons produce excitation and emission of Auger electrons
for the cases of spot beam and scanning mode. Clearly the ratio of area irradiated

by the primary beam to area irradiated by the back scattered electrons is much

larger for the scanning beam than for the spot beam. Ishimura and Shimishu [126]

calculated the backscattering corrections for Auger analysis. They computed the
backscattering factor, R= 1 + Ib/Ip, where lb and Ip are the Auger intensities
excited by back scattered and primary electrons, respectively. In the case of

aluminum, for an energy of the primary beam of 3 keV and a binding energy of

the Auger electron of 100 eV the R factor is 1.67 [126]. This indicates that 67%

of the signal is contributed by the excitations induced by the back scattered

electrons from both inside and outside the zone irradiated by the primary beam.
The Auger signal of aluminum from sapphire does not disappear even if all

the region irradiated by the primary beam has been decomposed because the
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back scattered electrons excite Auger electrons also outside the irradiated region.

The ratio of the aluminum peak from metallic aluminum (68 eV) to the aluminum

peak from alumina (54 eV) when the area irradiated by the primary beam is fully

decomposed is,

Rd = C--^ = —^
4T(l+y)

where C is a constant accounting for the sensitivity factors of the aluminum
peaks, Ap is the area irradiated by the primary beam and Ab is the area irradiated

by the back scattered electrons. The area irradiated by the primary beam has
been assumed to be a square of side I and x is a characteristic length related to the

range of the back scattered electrons outside the zone irradiated by the primary
beam (figure 5.5). As the scanning area is increased I becomes much larger than
T and the ratio x/l may be neglected in eq. 5.2, which reduces to

Rd = f - (5.3)
4 T

The ratio Rd increases as the length of the rastering area increases as can be seen

in figure 4.9.

5.6 Studies on the sample charging during AES analysis

In the analysis of the metal/ceramic interface, the sample charging due to
the electron accumulation in insulating materials can be avoided by taking
advantage of the conductive film at the sputter crater edge. However, a bare

ceramic insulator often produces the charging during AES analysis that results in
an artificial peak shift. A new way to surmount this problem was devised in

thiswork and successfully applied to the analysis. In this section the principle to

deal with the charging of the insulator is discussed.

Figure 5.6 is a schematic of the dependence of the secondary electron

emissions induced by the incident electron for typical insulating materials as a
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Figure 5.5. Schematics of the relation between the irradiated area (Ap) and the
region (Ab) where the back scattered electrons produce excitation and emission
of Auger electrons for spot beam (a) and scanning mode (b).
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Figure 5.6. A schematic of the secondary electron emission coefficient as a
function of the incident electron beam angle and energy.
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function of the incident angles. 5 , the secondary electron yield, is the number of
the secondary electron per incident electron. When 5 =1 (at the two cross over

points in the figure 5.6), no charging occurs. When 8 < 1, the sample is negatively
charged and the kinetic energy of the emitted Auger electrons will be reduced,
causing to a peak shift to lower energies in the peak spectra. When increasing the
incident beam angles, a cross over point in the higher incident beam energy
region (Ep2) shifts toward higher electron energies (figure 5.6). Therefore, the

increased incident beam angles allow one to use higher incident electron energies
without the sample charging. However, figure 5.6 is only applicable to a flat
sample. If the surface of the ceramic has a certain roughness like alumina and

polycrystalline AIN, the curve in figure 5.6 is no longer applicable.
Electron trajectories at each electron impinging area should be considered

to predict the charging during AES analysis of the ceramic with a certain

roughness. At given incident electron beams, electron trajectories generated
byincident electron beams are various depending on the impinging areas on the
surface of the polycrystalline ceramics. Electron beams impinging on the grain
boundaries or in the cavities will have longer trajectories than those impinging on
the protruded areas, resulting in more sample charging. A conceptual schematic
for this is shown in figure 5.7. In this case, the sample charging is dependent on
X8i that is varied upon the analysis areas. The area dependence of the sample
charging is well shown in figures 4.13 -a and -b. The charging varies from positive
to negative even within a grain.

Conventional methods such as a reduction of accelerating voltages and
current densities, using conducting masks, heating, etc. can be employed in the
specific cases as already explained in section 2.6.3.3. Recently, a more general
method using an electron flooding gun when 5>1 and/or a positive ion gun when
8<1 was suggested to control the charging during AES by Ishimura et. al. [127].
They could analyze an insulator without any charging with this way. Sputtering
problem when using an ion gun was also solved by using the low energy helium
ions rather than the usual argon ion [127]. This method has also a problem since
the static charging on the surface is only temporarily frozen. Therefore, the sample
charging of the insulating materials still remains as a challenging problem in the
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Figure 5.7. A conceptual schematic of the two dimensional electron trajectories

possibly produced in a particle or grain as a function of the surface topography

and the electron impinging position. When the AES analysis area includes more
than a grain or a particle, if Xai > 1, = 1, and <1, positive charging, charge

neutrality, and negative charging are obtained respectively.
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AES analysis.

In this work, the charging was solved by a new technique using the

surface topography. The secondary electron image was enlarged and the analysis
area was selected within a grain. The charging could be controlled by selecting

the analysis area ( both position and area) on the top of a grain or a particle. It

was aimed at adjusting the electron trajectories as described in figure 5.7. When
Z5i = 1, the charging can be minimized.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

Metallic film/Laser surface modified ceramic couples

• CU/AI2O3 couple

1) Excess oxygen is found on the surface of AI2O3 laser-irradiated in the

oxidizing (e.g., air), whereas metallic aluminum is detected if the irradiation

atmosphere is reducing (e.g., Ar-4%H2). However, in both cases metallic aluminum

~ 20 nm in diameter is formed in the subsurface of the substrate.

2) Excess oxygen introduced in the AI2O3 substrate gives rise to the

formation of copper oxide in the copper film closer to the interface of CU/AI2O3

couple after low temperature (300°C) annealing. Along with the formation of the

copper oxide, a Cu-Al-0 compound develops at the interface of this couple.

3) The adhesion of this couple with the substrate irradiated in Ar-4%H2

atmosphere of > 1 J/cm^ can be enhanced by annealing at 500°C. The interfacial
reaction between the copper, metallic aluminum, and substoichiometric AI2O3

defines the adhesion mechanism.

• Au/Al203 couple

1) Strong bonding of these couples takes place when the substrate is
irradiated in air, while couples involving substrates irradiated in Ar-4%H2 exhibit

weak bonding.

2) The formation of an Au-O-Al compound at the interface, which occurs

when the substrate is irradiated in air, is responsible for strong bonding in this

couple.

186



• Copper/AIN couples

1) As received AIN substrate is covered with aluminum oxide on the

surface. Laser irradiation eliminates the oxide layer by ablation.

2) Significant surface smoothening and decomposition take place in laser
irradiated AIN. However, decomposed metallic aluminum formed from the

decomposition is reoxidized upon exposure to air. Thus, aluminum oxides form in
the utmost surface layers, leaving buried metallic aluminum.

3) AI2O3 and AIN coexist on the laser irradiated AIN surface. It seems that

the adhesion strength can be importantly affected by the relative amount of these

compounds at the surface, where the metallic film is deposited.

4) When the couple contains a substrate irradiated at low energy densities
(< ~ 1.5 J/cm2), a relatively low temperature ( BOO'C) is required to enhance the
adhesion. By contrast, when the substrate has been irradiated at a higher energy
density (> 1.5 J/cm2), also higher annealing temperature (500'C) produce
comparable adhesion improvement.

5) The mechanism leading to strong bonding of the Cu/AIN couple is the
formation of a Cu-Al-0 compound at the interface of the couple similar to that
formed in the case of the AI2O3 substrate. Hence more aluminum oxides at the

surface produces higher adhesion strength.

6) When the substrate has been irradiated at lower laser energy densities
within a given range, a lower annealing temperature produces a high adhesion
strength. This result may be related to the observation that aluminum oxide on the

surface of as-received AIN substrate is less ablated during the laser irradiation.
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• Au/AIN couple

1) When the couple with the substrate irradiated in air at 2 J/cm^ is
annealed at SOO'C and SOO'C, the adhesion was weak and strong, respectively.

2) SOO'C annealing induced the interfacial reaction of this couple, as

evidenced by the gold Auger peak shift and a complex fine structure of A1 KLL

peaks at the interface.

Gold film/presputtered sapphire couple

1) Pull-tests show that the adhesion of sputter-deposited gold films to

annealed and pre-sputtered sapphire is over 15 times higher than that of the film

deposited onto as-received sapphire. No annealing after deposition is required to
achieve such a strong bonding.

2) Formation of metallic A1 together with oxygen-depleted alumina is

detected on the surface of AI2O3 bombarded with 7 keV Ari" ions.

3) This interfacial metastable compound seems to be the cause of the
strong bonding between gold and sputter-etched AI2O3. The formation of the

compound is favored by the reaction between the reduced alumina generated

during presputtering and the relatively high kinetic energy of the incoming gold

atoms.

Analytical techniques

1) Sample charging during AES analysis of polycrystalline ceramic

materials can be reduced or eliminated by focusing the analysis area in a grain and

selecting the top part of the grain.

2) Decomposition of the AI2O3 by electron beam bombardment can be
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eliminated by reducing the current density below -7.8 C/cm^ at an accelerating
voltage of 3 KV. Similar value for the decomposition was obtained for AIN.

3) The interfacial reactions taking place in the metal/ceramic couples can
be detected by analyzing on the film using higher Auger electron kinetic

energies. This method can eliminate above mentioned sample charging and
decomposition problems without any efforts, and is especially very useful when
the thickness of the interface is very thin, viz., less than a few monolayers.

4) When the thickness of the interface is relatively thick, conventional

sputter depth profiling method can also be successfully used for the interface

analysis. In this case analysis area should be the sputter crater edge. Then, the
sample charging can be eliminated until the sputter etching exposes the substrate
after removing the interface, because the interface in the analysis area is

continuously connected to the metallic film.

Decomposition kinetics

1) Surface contaminants act as a barrier for the decomposition.

2) As evidenced by A1 KLL Auger peak, decomposition can take place in
the subsurface at least 3 - 4 monolayers.

3) The reason why the decomposition does not take place completely, as
seen in the Auger spectra, is due to the back scattered electrons.
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