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ABSTRACT 

A near-surface thin layer is melted when single crystal alumina (sapphire) is pulsed laser- 
irradiated in an Ar-4%H2 atmosphere. y-alumina grows epitaxially from the (Oool) face of a- 
alumina (sapphire) during the rapid solidification of this layer that occurs once the laser pulse is 
over. Cross sectional high resolution transmission electron microscopy (HRTEM) reveals that the 
interface between unmelted sapphire and y-alumina is atomistically flat with steps of one to a few 
close-packed oxygen layers: however, pronounced lattice distortions exist in the resolidified y- 
alumina HRTEM also is used to study the metalceramic interface of a copper film deposited on a 
laser-irradiated alumina substrate. The observed changes of the interfacial structure relative to that 
of unexposed substrates are correlated with the strong enhancement of film-substrate bonding 
promoted by laser irradiation. HRTEM shows that a thin amorphous film is produced after 
irradiation of 99.6% polycrystalline alumina. Formation of a diffuse interface and atomic 
rearrangements that can take place in metastable phases contribute to enhance the bonding strength 
of copper to laser-irradiated alumina. 

INTRODUCTION 
\ 

The use of metai-ceramic oxides couples is limited by the smngth of the interfacial bonding. 
A thermodynamic model links the bonding strength of the metal-oxide with the heat of formation of 
the oxide of the metallic component of the couple [I]. The lower the value of the heat of formation 
the stronger the bond. Under this assumption gold is not expected to m c t  with any oxide because 
the heat of formation of the gold oxide is positive [2]. However, a very srxong bond between gold 
and silica is developed if the gold is melted on top of fused silica in the presence of oxygen [3]. 

The body of evidence for metal-oxide bonding presently available strongly suggests that the 
bonding strength is not only dependent upon thermodynamic parameters, such as the heat of 
formation, but also upon the chemical and physical conditions of the ceramic surface. Low-energy 
ion beams have been used to modify the near-surface region of alumina, generating a strong bond 
to copper 141. More recently it has  been shown that a very strong bond also develops if alumina 
substrates are pulsed laser irradiated prior to metal deposition. In the case of gold-alumina couples 
the bonding increases more than 10 times relative to the untreated samples if the laser irradiation is 
performed under an oxygen atmosphere [SI. For copper-alumina couples the bonding is strongly 
enhanced if the irradiation is performed at a laser energy density of 1 J/cm2 in oxygen or in Ar- 
4%H2 atmospheres, increasing from 14.5 MPa in the as-received substrates to 73-74 MPa in both 
cases [6]. At higher laser energy densities the bonding strength of copper-alumina couples rapidly 
decreases when the substrates are irradiated in an Ar-4%H2 atmosphere 161. 

The electromagnetic radiation of the laser is absorbed at the alumina grain boundaries, 
impurities and damage sites existing before or generated during the irradiation. Defect sites 
generated during irradiation are the main source of light absorption In sapphire. The 41 ns pulse 
produces heating, melting (-0.2 pm) and evaporation in a - 1  pm-thick layer in both alumina and 
sapphire [7,8,9]. Following irradiation rapid solidification of the melted region takes place. 

A strong bond is also produced when metallic films are epitaxially grown on ceramic oxides, 
e.g. nickel films grown on alumina [ 101. The chemical and physical characterization of the metal- 
oxide interface is vital to understand the bonding process. Several analytical techniques were used 
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in this research program to study the surface modifications produced in alumina and sapphire by 
laser irradiation, as well as the corresponding changes in the deposited metallic film. The 
microstructural and phase changes in the irradiated alumina and in the deposited film, across the 
interface, were analyzed by cross-sectional transmission electron microscopy (XTEM). The 
atomic structure of the rnetaUceramic interface is being currently analyzed by cross-sectional high 
resolution transmission electron microscopy (HRTEM). HRTEM images may not provide a 
unique atomic configuration, due to current limitations in spacial resolution. However, image 
simulation can help to model the interface and compose the atomic configurations at the interface. 
Changes in chemical composition that take place at the metal-irradiated oxide interface have been 
studied using x-ray photoelectron spectroscopy (XPS) [ 1 I]  and Auger electron spectroscopy 
( A E S )  [ 121. These changes are another major factor affecting the metal-oxide bonding. 

In this paper we report the phase transformations that take place during laser irradiation in 
alumina and in sapphire. Also initial results are presented on the microstructural changes that take 
place after copper deposition and annealing of the copper-alumina couples. 

EXPERIMENTAL 

Commercial alumina substrates of nominal purity 99.6% were irradiated with ten sequential 
pulses of a XeCl excimer laser (k308 nm). All the irradiations were performed at laser energy 
densities in the range of 1 to 4J/cm2 in either oxygen or Ar-4%H2 atmospheres, a t  a nominal 
pressure of 1 atm. After irradiation, 80 nm-thick copper films were ion-beam-sputter-deposited 
from 99.99% pure targets onto the irradiated substrates. The base pressure of the chamber was 
1x104 torr and the working pressure was 1x10-5 torr. After deposition, the metallic film-alumina 
couples were furnace-annealed at 300 and 500OC for 1 h under a pressure of 1x10-5 torr. 

Cross-sectional TEM samples of metdcerarnic couples were prepared from the laser irradiated 
regions as follows. i) two pieces of the specimen with interfaces of interest were cemented 
together, face to face, using a thermal set epoxy, ii) a slab was cut from the cemented sandwich 
and glued into a brass tube having a 3 mm outside diameter and 2.3 mm inside diameter, iii) thin 
slices of 3 mm disks were cut from the brass tube with the interface in the middle of the tube (this 
method eliminates the carbon ring for mounting the cross-sectional sample, and also makes it 
suitable for low angle ion milling), iv)  the specimens were ground to a thickness of 100 pm, v) the 
ground specimens were dimpled to a thickness of 20 pn or less, vi) the final stage was ion milling 
of the TEM specimen to perforation. 

Ion milling was performed at 6 kV, 1 mA, and 12-14 degrees of milling angle in a liquid 
nitrogen-cooled stage. The milling rates are quite different for epoxy, metal film, and ceramic 
substrates. In order to preserve the interface from preferential sputtering during ion milling, the ion 
beam was partly obstructed, so that the samples were only ion milled from one side of the 
interface. This permits the ion beam sputtering to proceed from the back of the substrate, while 
direct exposure of the interface to the ion beam is avoided. 

E M  images were recorded on a JEOL 4000EX operated at 400 kV and a Hitachi HF 2000 
FEG operated at 200 kV, both equipped with a Gatan slow scan CCD camera for acquiring 
digitized images. 

RESULTS AND DISCUSSION 

Laser irradiation of alumina 

Figure 1 is an XTEM image of an alumina substrate, laser irradiated at 1J/cm2 in k - 4 % H 2  
atmosphere. A uniform featureless layer of about 0.2 pn-thick was formed after laser irradiation. 
Convergent beam electron diffraction (CBED) from this layer shows a typical amorphous ring 
pattern (Fig. 1). The oxygen-to-aluminum concentration ratios detected by energy dispersive x-ray 
spectroscopy (EDS) from the amorphous region and from the substrate were the same, indicating 
that the amorphous phase is produced during the rapid solidification of the laser-melted surface 
alumina layer. A crystalline layer adjacent to the amorphous layer and in contact with the substrate 
can be seen in fig. 1. This region has a cellular morphology and the same crystallographic 
orientation as the substrate. This observation indicates that a solidification process had started 
from the solid substrate but the advancing interface was arrested and the rest of the liquid frozen in 
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I Fig. 1. Amorphous layer formed in alumina 
after laser irradiation at 1 J/cm2 in Ar-4%H2. 
Insert: CBED from amorphous region. 

Fig. 2. Melted and resolidified layer in alumina 
after laser irradiation at 1 J/cm2 in Ar-4%H2 
showing a cellular structure grown from the 
unmelted substrate. 

an amorphous state. The interface arrest cannot be related to a faster cooling of the liquid ahead of 
the solid-liquid interface because the heat generated during laser processing is dissipated by thermal 
conduction toward the bulk [SI. A more plausible explanation is that a solute baildup ahead of the 
advancing interface takes place by soiute rejection from the solid. This buildup of solute slows 
down the solid/liquid interface allowing the rest of the liquid to become amorphous. 
The coexistence of a crystallized region with an 

of the deposited energy and local chemical 
composition can promote a complete layer of 
either crystalline or amorphous material. In 
fig. 2, an XTEM of a copper-alumina specimen 
reveals that in this instance the melted region 
grew fully crystalhe without any amorphous 
region. This specimen was produced under the 
same nominal conditions as those shown in 
figure 1. However. an amorphous layer was 
observed in a iarge majority of analyzed 
specimens in-adiared at 1 J/cm2. 

On the other hand when the alumina 
substrates are irradiated at 3J/cm2 resolidifica- 
tion with columnar grains growing from the 
substrate proceeds to completion. In some 
instances small pockets of amorphous material 
can be seen surrounded by crystalline material 
(Fig. 3). No extended amorphous region is 
produced, however, in alumina substrates 
irradiated at a laser energy density of 3Jlcm2 
because the cooling rate in these substrates is 
slower than in the substrates irradiated at 
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Fig. 3. HRTEM image of an interfm between 
a copper film and an alumina substmte laser 
irradiated at 3J/cm2. Notice the amorphous 
pocket formed from the last-solidified melt 

1 J/cm2. 
Another possible reason for the mostly 
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crystalline phase produced when the substrates ye irradiated at a higher laser energy density can be 
related to the pattern of impurity accumulation in the melted region. Considering that the alumina 
substrates are melted and resolidified ten times, in each melting cycle the impurities are pushed 
toward the free surface by the solidhiquid interface. This procedure induces an accumulation of 
impurities that could ultimately facilitate the amorphization of the surface layer. However, when 
the irradiation is performed at 3J/cm2 significant ablation of the surface layer also occurs [SI. In 
this way, the removal of a surface layer in each cycle prevents the occurrence of significant 
impurity accumulation. 

Laser irrad’ati 1 onof- hi 

A uniform resolidified layer is produced when c-axis sapphire substrates are laser-irradiated in 
Ar-4%H2 at 4J/cm2 energy density. Selected area diffraction (SAD) pattern shows that this melted 
layer is resolidified as y-alumina, which h a s  a spinel-type cubic structure 1.131. The yalumina has 
g r o g  epitaxially from the sapphire substrate with an orientation relationship (OOO1)a//( 11 I)y, and 
[Ol lOIa//[l lO]y. Fig. 4 shows a HRTEM micrograph of a sapphirely-alumina interface. The 
lattice image in the y-alumina varies significantly due to defects and elastic distortions generated 
during rapid solidification. The image contrast changes from area to area in the yalumina region 
indicating that there are small misorientations as the melted liquid resolidifies. 

Fig. 4. HRTEM image of sapphire/y-alumina interface. Insert: simulated interface image (Cs=l.O 
mm, defocus=-47 nrn, thickness= 10 nm). 

The interface structure along sapphirely-alumina was simulated using the MacTemps image 
siwlation program [14]. n e  y-alumina phase is an aluminum deficient spinel structure of the 
Fd3m space group. The oxygen atoms occupy all coordinated (e) sites and aluminum atoms 
occupy ail octahedrally coordinated (d) sites and U3 of the tetrahedrally coordinated (a) sites 
(Wyckoff notation) [15]. At the interface the stacking sequence of close-packed oxygen layers 
changes from pseudo-hexagonai structure (abab-) of sapphire to cubic structure (abcabc-) of y 
alumina 

The structure of sapphire was simulated first to match the observed HRTEM image in the 
sapphire region, and then the same parameters were used for interface simulation. The best 
matched simulation was found by comparing the simulated image to the experimental HRTEM 
image (see insert in Fig. 4). The atomistic stmcture of this interface produced by the atom overlay 
to the simulated image indicates that the interface terminates in an oxygen plane. (Fig. 5). 
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eramic couples 

The interface of a copper/alumina couple 
was investigated after annealing the specimen at 
50OoC for 1 h. In ail the cases analyzed in this 
section the alumina substrates were irradiated at 
a laser energy density of I J/cm2. Selected area 
diffraction (SAD) of the sputter-deposited 
copper film produces a ring pattern, indicating 
that the copper grains have no preferential 
orientation. Consistently, HRTEM images 
show no epitaxial relationship between laser 
irradiated alumina and sputter deposited 
copper. It is for this reason that lattice images 
of both copper and alumina at the interface are 
very difficult to obtain. Also, the need of 
maintaining edge-on conditions at the interface 
strongly restricts the stage tilting angles. Fig. 6 
shows a HRTEM image of a region that 
comprises the copper-alumina interface. The 
alumina substrate is crvstalline with a unique 

0 atom Alatom 

orientation, except at thi interface where smah 
grains that seem to have originated at that inter- 
face grew into the alumina substrate. 

There are significant changes in morphology from region to region. Another region of the 
copper-alumina interface is shown in fig. 7. The original sharp interface has become diffuse. The 
diffusion of copper in sapphire at 500°C should be negligible [ 161. However, we have detected 
copper in alumina at - 15 nm from the copper-alumina interface. It is possible that copper diffusion 
into the ceramic is strongly enhanced in the highly defective near-surface region which contains 
vacancies, dislocations and columnar boundaries. 

Fig. 5. Simulated HRTEM image of sapphire/ 
alumina interface with atoms overlay. 

t -  . ~ 

Fig. 6. HRTEM image of an interface between a 
copper film and an alumina substrate, laser irra 
diated at 1 J/cm2 after 1 h anneal at 500OC. Small 
crystals can be seen at the interface. 

Fig. 7. HRTEM image of an interface between 
a copper film and an alumina substrate, laser 
irradiated at 1 J/cm2 after 1 h anneai at 500% 
showing a rough interface. 
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The fonnation of a diffuse interface should help to increase the bonding strength between the 
metallic f h  and the oxide. Also the existence of a disordered region or, more generally, of a 
region that is far from equilibrium can lead to strong bonding. Thus, atomic relaxations that take 
place in the amorphous phase during annealing accommodate the metal into lower energy positions 
further improving the bonding. 

CONCLUSIONS 

An amorphous layer -0.2 p - t h i c k  is formed on the near-surface region of alumina after laser 
irradiation at an energy density of 1 J/cm2. When the irradiation is performed at an energy density 
of 3J/cm2 the melted region solidifies with the same orientation as the matrix. The crystalline 
region has a columnar structure, in which the columnar grains are separated from each other by a 
low angle grain boundary. Also a high dislocation density is observed in the resolidified structure. 
In some instances resolidified material can be found when the irradiation is performed at 1J/cm2 
while pockets of amorphous material can be seen in samples irradiated at 3J/cm2. 

The cubic spinel y-alumina is formed when sapphire is laser irradiated at 4J/cm2. 
This study shows that, after annealing, formation of a diffuse interface and atomic 

rearrangements that can take place in metastable phases contribute to enhance the bonding strength 
of copper to laser-irradiated alumina 
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