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ABSTRACT 

Thin films of gold, copper and iron deposited on silica were driven into the substrate by a 
laser pulse. This transport takes place only when the irradiation is performed at a laser energy 
density of 0.7 J/cm2 or lower. Cross sectional transmission electron microscopy (TEM) of the 
irradiated specimens reveals two distinctive stages in the encapsulation process. In the first, the 
film melts and clusters into small particles and in the second one the particles are driven into the 
substrate by the laser pulse. The particle size of encapsulated metal varies from 5 to 50 nm. 
Selected area diffraction of the large particles and lattice fringe images of the smaller particles 
reveal pure metals, e.g., gold, copper or iron. Titanium films laser irradiated are not 
encapsulated in silica; instead, these iilms react with silica forming an amorphous compound. 
Apparently, one of the conditions required for encapsulation is that the metal should not react 
with the substrate material. On subsequent irradiation at a laser energy density of 1.5 J/cm2, 
ablation of silica partially exposes the metallic particles. Strong bonding between a new film 
deposited after irradiation and the substrate is obtained because these particles anchor the freshly 
deposited film. Anchoring is clearly revealed by cross sectional TEM. The mechanisms of 
encapsulation are discussed using results from TEM and adhesion testing. 

INTRODUCTION 

The research presented here is part of a study on the effects of pulsed-laser irradiation on 
ceramic substrates and metalheramics couples. In previous studies we have seen that the near 
surface regions of alumina and of aluminum nitride are strongly modified by pulsed laser 
irradiation.[ 1-41 For laser irradiations at or below 1 J/cm2 the surface of alumina is amorphized, 
and in sapphire a-Al2O3 is transformed into y-Al2O3 at laser energy densities of the order of 4 
J/cm2 [5]. 

Thermal decomposition of A1N takes place during laser irradiation and metallic 
aluminum is left on the substrate surface [6]. The amount of aluminum produced by laser 
irradiation of is a function of the-irradiation atmosphere. After irradiation in a reducing 
atmosphere, the amount of metallic aluminum present on these substrates is significantly larger 
than the amount present when the irradiation is performed in air or in an oxygen-rich atmosphere. 
Part of the metallic aluminum produced during thermal decomposition forms A1203 during 
irradiation in an oxidizing atmosphere. 

Reduction takes place in the near-surface region of A1203 when laser irradiation is 
performed in Ar-4% H2. Transmission electron microscopy shows that very small particles of 
metallic aluminum ranging in size from 2 to 20 nm appear embedded in the first 0.36 pm of the 
irradiated substrate [7]. Aluminum and/or substoichiometric alumina is produced when the 
irradiations are conducted in oxygen-rich atmosphere [4]. 

The effects observed in A1203 are clearly related to the irradiation-induced melting and 
subsequent rapid solidification, as well as to a certain amount of thermal decomposition. In AlN, 
laser irradiation promotes melting and thermal decomposition. The effects produced by laser 
irradiation in these two substrates are due to heat evolution and are thus pyrolytic in nature. We 
decide& to investigate whether pyrolytic effects could be laser-induced in silica as well, that 
would activate the surface for metallic deposition and possibly lead to increased adhesiqn 
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strength. As mentioned later, pyrolytic effects were not produced in silica. Instead, a new 
phenomenon, identified as laser encapsulation of metallic particles, was discovered and its 
consequences on the adhesion strength of metallic films was explored. In this paper we present 
transmission electron microscopy and adhesion testing results on the effects of laser irradiation 
on metaYsilica couples. We analyze the adhesion strength measurements in the context of the 
TEM observations, the nature of the encapsulation process, and the coupling between UV laser 
radiation and silica. 

EXPERIMENTAL PROCEDURE 

The substrates used were high purity fused silica manufactured by flame hydrolysis of 
Sic4 by Heraeus Amersil Inc. under the trade name of Suprasil2. They are amorphous with an 
average surface roughness of 2 nm. The total trace of impurities is less than 0.2 ppm. 

Initially, the substrates 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 0.5 to 3 
J/cm , in air, oxygen, &-4%H2 and pure H2 atmospheres, at a nominal pressure of 1 atm. After 
irradiation, 80 nm-thick copper and gold films were ion-beam-sputter-deposited from 99.99% 
pure targets onto the laser irradiated substrates at room temperature. The base pressure of the 
deposition chamber was 1x10-6 torr and the working pressure was 2 ~ 1 0 ' ~  torr. After deposition, 
the metallic film-silica couples were furnace-annealed at 300 or at 5OO0C for 1 h under a 
pressure of iX10-5 torr. 

In another set of experiments, copper, gold or titanium f h s  10 to 80 nm-thick were ion- 
beam-sputter-deposited from 99.99% pure targets onto as-received silica substrates. Deposition 
conditions were the same as above. These metaVsilica couples were next irradiated in air or Ar- 
4% H2 at a nominal pressure of 1 atm with the XeCl excimer laser at a laser energy density in the 
range of 0.5 to 3 J/cm2. After the irradiation, an additional 80 nm-thick film of the same metal 
was deposited on the substrate, and the system was subsequently annealed at 300 "C, under a 
pressure of - 1x10-5 torr. The last deposition and annealing were performed in order to preserve 
the laser-treated region for TEM observation and also to analyze samples with similar treatments 
as those used for adhesion testing. 

Cross-sectional TEM samples of metaYceramic couples were prepared 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 of 3 
mm outside diameter that fits the TEM sample holder. Since the sample slab and the brass tube 
had different shape, there was a large gap between them. In order to reduce uneven milling 
between plain glue and the sample, epoxy glue mixed with fine alumina powder was used for 
both, gluing the sample and filling the gap. iii) thin slices of 3 mm disks were cut from the brass 
tube with the interface in the middle of the tube, iv) the specimens were ground to a thickness of 
100 pm, v) the ground specimens were dimpled to a thickness of 20 pm or less, vi) sample 
preparation was finalized by ion milling 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 fdm, and ceramic 
substrate. In order to protect the interface from preferential sputtering during ion milling, the ion 
beam was partly obstructed, so that the samples were ion milled only from one side of the 
interface. This setup lets the ion beam sputtering proceed from the back of the substrate, while 
direct exposure of the interface to the ion beam is avoided. 

TEM 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. 

The pull tests were done at a speed of 3 p d s  with the help of a stepper motor and a 
computer controlled system. During pull testing alignment of the pins with the pulling direction 
was ensured to eliminate shear stresses. The maximum adhesion stress that can be measured 
using this system is of the order of 70 MPa because this is the limit of the epoxy glue used to 
adhere the pulling pin to the metallic film. 
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Figure 2. XTEM of a AdSi02 specimen laser irradiated at 1.5 J/cm2 in &-4%H2. 

An extensive reaction between films of gold, copper or iron and silica must not be 
expected because the free energy of formation of the oxide of these three metals is significantly 
larger that the free energy of formation of silica. In contrast, when a titanium film deposited on 
silica is laser irradiated at an energy density of 0.5 J/cm2, extensive reaction takes place, as 
expected, with the formation of an amorphous oxide of Ti. 

Adhesion Testing 

The adhesion strengths of copper and gold films deposited on Si02, as measured with a 
pull tester, are less than 5 and 0.5 MPa, respectively. In order to improve this very weak bonding 
attempts were made to modify the near-surface region of Si02 using laser irradiation. Previous 
experiments have shown that a very thin film of silicon deposited on silica prior to the deposition 
of a metallic frlm promotes a very strong metal/Si02 bonding. In order to produce a thin layer of 
silicon on the surface of silica, silica substrates were irradiated 'as described in the previous 
section. No detectable enhancement of the inetaVoxide bonding was observed for copper or gold 
films deposited on silica irradiated at laser energy densities between 0.5 to 3 J/cm2. Subsequent 
annealing of these couples at 500 "C did not improve the bonding strength either. 

Copper films 75 nm-thick were sputter-deposited on Si@, and the couples were laser 
irradiated at laser energy densities from 0.5 to 3 J/cmz. After irradiation another 75 nm of copper 
were deposited on the specimens and the system was annealed at 300 "C. After the annealing 
pins for performing the pull test were glued to the film. As shown in Figure 4 a seven fold 
increase in strength was obtained for samples irradiated at 2 J/crn2. This is a maximum since the 
adhesion strength drops for both higher and lower laser energy densities . 

Similarly, gold films - 75 nm-thick were deposited on Si02 and the couples were laser 
irradiated at laser energy densities between 0.5 to 3 J/cm2. Another 75 nm of Au were deposited 
after irradiation. After annealing pull tests were performed. A strong increase in adhesion 
strength reaching - 20 MPA was detected in specimens irradiated at 1 and 1.5 J/cm2. 
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EXPERIMENTAL RESULTS 

Transm ission electron microscouv 

A 20 nm gold film was deposited on silica and the couple was irradiated at a laser energy 
density of 0.5 Jkm2 in air. Subsequently, a second gold deposit and annealing were conducted 
as described above. Figure 1 is a cross sectional transmission electron microscopy (XTEM) 
micrograph of one of these specimens. The 20 nm-thick gold film initially deposited as a 
uniform coating on the surface of the silica has clustered into small spheres and these particles 
are embedded in the silica. The 80 nm-thick film deposited after the irradiation allows to 
determine that the particles that formed the initial film are buried -25 nm deep into the silica. 

Figure I. XTEM of a Au/SiO;z specimen laser irradiated at 0.5 Jkm2 in &-4%H2.' 

The same effect is observed if the deposited film is copper or iron. Copper or iron films 
deposited on silica also break .down into small particles that are encapsulated in silica after 
irradiation at a laser energy density of 0.5 J/cm2. 

80 nm-thick films of any one of the three metals break down into larger particles during 
irradiation but these particles penetrate the silica to a lesser extent than the smaller particles. 
Nonetheless, these larger particles are also encapsulated into silica because the silica covers 
entirely the metallic particles at the 0.5 Jkm2 laser enrage density irradiation. The important 
discovery in these series of experiments is that laser irradiation at low energy density produces 
the encapsulation of the metallic films and that a newly deposited film will be in contact with 
silica and not with the initial f h s .  

An 80 nm-thick gold film was deposited on silica and irradiated in air at 1.5 J/cm2. After 
irradiation the same procedure described above was repeated. Due to irradiation, the gold film 
also clustered into particles, but these particles were only partly driven into the silica. The silica 
does not completely coat the particles as it was the case when the irradiation was performed at a 
lower laser energy density. At a laser energy density of 1.5 Jkm2 the gold particles are partly 
exposed and the film deposited after irradiation is now in direct contact with the outmost portion 
of the particles produced from the initial film (Figure 2). 



Laser Energy Density (J/cm2) 
Figure 3. Adhesion test of copper films prepared as follows, i) 75 nm-thick were sputter- 
deposited on Si02,. ii) the couples were irradiated at laser energy densities from 0.5 to 3 J/cm2. 
iii) after irradiation another 75 nm of copper were deposited on the specimens and, iv) the 
specimens were annealed at 300 "C. 

DISCUSSION 

The first step in the process of encapsulation of the metallic films is the break down of 
the film into small particles. The laser pulse used in these experiments lasts 40 ns, and the films 
rapidly melt. An 80 nm-thick film of copper laser irradiated at 0.5 J/cm2 melts after the first 5 to 
10 ns of irradiation and remains liquid for 20 to 40 ns after the completion of the pulse(81. The 
reason why the liquid breaks into small droplets is to minimize the surface free energy of the 
system. Since the two media are in direct contact, heat is transferred to the silica by thermal 
conduction from the liquid metallic particle which is at its boiling temperature [SI. The silica 
adjacent to the liquid particles is melted and the film is propelled into the silica by the pressure 
developed by the explosive ablation and/or evaporation on the free surface of the metallic 
particle. An assumption of this model is that silica is not appreciably heated by the U V  radiation. 

No reduction of silica seems to have taken place during irradiation of silica even in pure 
hydrogen, suggesting again that the coupling of W light with silica does not promote pyrolytic 
processes. Buerhop et al[9] measured the change in temperature of various glasses during laser 
irradiation with C02 (h=10.6 um) and XeCl excimer lasers. At variance with the effects of 
infrared radiation, they found that high power UV causes ablation of glass with negligible 
thermal effects. 

We have found that significant ablation of silica takes place during 308 nm-wavelength 
laser irradiation at - 2 J/cm2 [lo]. This is consistent with the observation (fig. 2) that when the 
laser energy density applied to the system is increased the upper part of the metallic particles are 
free of silica. At laser densities of the order of 2 J/cm2 ablation of the silica uncovered the 
metallic particles. 

The weak adhesion of the metallic film'deposited on a metallic fildsilica couple 
irradiated at 0.5 J/cm2 can be understood by inspecting figure 1. This second film deposited after 
irradiation at low laser energy density is in direct contact with silica producing a weak bonding. 
When the couple is irradiated at a higher laser energy density the particles become only partly 
immersed in silica. When the second film is deposited on top, these particles act as anchoring 
places enhancing the bonding. This effect is clearly apparent from figure 2. If the laser energy 
density is further increased the particles that act as anchoring sites start to be ablated away and 
the adhesion decreases again. 
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SUMMARY AND CONCLUSIONS 

1. 

2 

3. 

4. 

5. 

6. 

When a 10 to 80 nm-thick metallic film is deposited on silica and irradiated at a laser energy 
density of 0.5 J/cm2 the film first breaks down into small spherical particles. During the 
irradiation process these particles are propelled into the silica and small particles are buried 
0.25 pm from the surface of the substrate. We have called this process laser encapsulation 
of metallic films in silica. 
The average velocity of the particles during the penetration in the silica can be estimated at 
3.6 ds. 
TEM observation show that if the irradiation is performed at laser energies of 1.5 to 2 J/crn2 
the metallic particles are only partially encapsulated. It is proposed that the particles became 
partly uncovered due to laser ablation of silica. 
The strong adhesion increase of metallic films deposited on silica containing metallic 
particles (of the same metallic species) laser encapsulated at laser energies between 1.5 to 2 
J/cm2 was attributed to partial encapsulation. 
Irradiation at laser energy densities of 2.5 and 3 J/crn2 lead to a drop of the adhesion 
strength of freshly deposited metallic films, which indicated that the initial film had been 
evaporated to a large extent. 
The results of this paper agree with the conclusion that UV laser irradiation does not produce 
a significant increase of temperature in the near-surface region of silica. 
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