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ABSTRACT

Pulsed-laser irradiation of wide bandgap ceramic substrates, using photons with
sub-bandgap energies, activates the ceramic surface for subsequent electroless copper
deposition. The copper deposit is confined within the irradiated region when the
substrate is subsequently immersed in an electroless copper bath. However, a high
laser fluence (typically several J/cm^) and repeated laser shots are needed to obtain
uniform copper coverage by this direct-irradiation process. In contrast, by first
applying an evaporated SiOr thin film (with x ~1), laser ablation at quite low energy
density (~0.5 J/cm2) results in re-deposition on the ceramic substrate of material that is
catalytic for subsequent electroless copper deposition. Experiments indicate that the
re-deposited material is on silicon, on which copper nucleates. Using an SiO t film on
a laser-transparent substrate, quite fine (-12 \im) copper lines can be formed at the
boundary of the region that is laser-etched in SiOr. Using SiO t with an absorbing
(polycrystalline) ceramic substrate, more-or-less uniform activation and subsequent
copper deposition are obtained. In the later case, interactions with the ceramic
substrate also may be important for uniform deposition.

INTRODUCTION

Recent experiments in our laboratories have focused on understanding the
physical mechanism(s) for pulsed laser-induced surface activation of wide bandgap
ceramics such as alumina (polycrystalline AI2O3, P-AI2O3), sapphire (single crystal
AI2O3, C-AI2O3), and polycrystalline A1N.1"5 The activation process employs, in
sequence, pulsed ultraviolet (UV) laser irradiation of the ceramic substrate, followed
by immersion in an electroless copper plating bath. The result, under optimum
conditions, is that copper is deposited only in the laser-irradiated region, i.e., pulsed
laser irradiation activates the ceramic surface for subsequent copper deposition. A
useful feature is that the laser activation can be performed months in advance of copper
deposition.5

For polycrystalline A1N, recent studies1"3 show that repeated irradiations in air,
using any of several UV excimer laser wavelengths, result in A1N decomposition to
create a molten Al layer, some of which evaporates, followed by formation of a thin
(-0.1 |im) electrically conducting Al film upon cooling. This Al film catalyzes



Fig. 1. SEM images of sapphire surface
following 5 XeCl shots at 6 J/cm2 and
immersion in the electroless Cu plating
bath. Cu deposition is initiated at
fracture lines in the sapphire surface.

Fig.2. Copper spiral (bright) deposited
in the SiO.t-masked region of an AIN
substrate (dark); see text. The spiral lines
and spaces each are 10 |im wide.

subsequent electroless Cu plating, i.e., surface activation of AIN is due to the presence
of metallic Al.1'2

Until recently, there does not seem to have been a systematic exploration of the
possibility that electrically insulating ceramic materials other than AIN might also be
activated by pulsed UV radiation. Consequently, it was not known whether there are
surface activation mechanisms other than metal-film formation.

To address these questions, we recently initiated a comparative study of the
effects of repeated pulsed XeCl (308 nm) irradiation on the surfaces of two forms of
AI2O3, alumina and sapphire.4 We found that multiple laser irradiations activate the
surfaces of both alumina and sapphire for subsequent electroless copper deposition.5

However, scanning electron microscope images such as Fig. 1, as well as other data
(see Ret'. 6, in these proceedings), strongly suggest that there is more than one
mechanism for surface activation AI2O3.

The pulsed laser-induced surface activation process has obvious potential
applications to write copper lines or other metallic patterns on ceramic substrates.2'5

In order to explore questions of linewidth, resolution, and activation mechanisms, we
have carried out experiments using various masking techniques and materials, applied
either before or after laser irradiation. Figure 2 shows the result of an experiment in
which an AIN substrate was masked in a spiral pattern with -1.4 |im of electron-



_ _ thermally-grown SiCb films of similar
thicknesses showed that thev were
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5 0 0 . known to depend sensitively on oxide
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* calculations and experimental data for

4 0 0 oc(hv, r) for SiO t shows that our SiO r

, films have a composition near x - 1.0.**
;oo , Because of its strong absorption at 308

, / -_.-. •• 04S j cm.- nm. SiO r is easily removed by laser
0 m » *. - _ ablation (see below).

All laser irradiations were carried out
, using a pulsed XeCl (308 nm) laser

ENERGY DENSITY (j/crn") (FWHM pulse duration ~41 ns) equipped
with uniform-beam electrodes. For
studies of SiCH and SiOx, a narrow 2.5

Figure 5. Etch rate vs XeCl laser energy m m x 20 ram aperture was centered in the
density lor a ~\.5 urn SiOv film beam, followed by a fL = +50 cm
deposited on fused silica (derived from spherical lens. The laser energy density,
F't- 4*- Ej, was controlled via the lens-substrate

separation. Samples were placed in a
small chamber equipped with a Suprasil
window and m o u n t e d on
a microprocessor-controlled x-y stage.

Laser irradiations could be carried out in rough vacuum, as well as in Ar/49^ I-b or air
ambients at atmospheric pressure.

The surface morphology oi laser-irradiated areas was studied using optical
microscopy, scanning electron microscopy )SEM), and/or atomic force microscopy
(AFM). The laser etch depth was measured using a Dektak II stylus profilometer.
Post-irradiation depositions of electroless copper were carried out using a simple,
commercial solution (Shipley 328). The electroless copper bath was stirred
magnetically at 180 rpm and its temperature was controlled at 40 (± 1) °C using a
thermometer in the bath and a controller.

RESULTS AND DISCUSSION

Figures 4 and 5, for a -1.4 (±0.1) ^im-thick SiO r film on fused silica, shows
that for most Ej values pulsed XeCl radiation etches SiOr at a constant rate from the
first laser shot. There was no sign of incubation behavior for Ej > 0.4 J/cm-% though
-30 (-2) shots were required to initiate laser etching at 0.2 (0.3) J/cm<-. From the
straight-line lit to Fig. 5 an effective absorption coefficient oteff =3.1 x 104 cm'1 can
be inferred, considerably smaller than the measured a(3O8 nm) for SiO.r (Fig. 3), as is
true for other insulators.9"1 * The linear fit to Fig. 5 extrapolates back to a threshold
energy density Eli

Lhresh -0.45 J/cm-\ although laser etching actually was observed for
fluences as low as 0.2 J/cm2 (-1.2 nm/shot). The deposited energy density at
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Figure 3. Spectral dependence of the
absorption coefficient for j-heam
evaporated SiOA films (r -1.0) of two
different thicknesses.
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Figure 4. SiOr etch depth vs number of
XeCl laser shots, for laser energy
densities 0.3 < E,j < 3.0 J/cm2. The
sample is a ~l.5 urn SiOx film
deposited on a fused silica (Suprasil 2)
substrate. The dashed lines are linear
fits to the data.

beam evaporated Si()viwith v ~ I.O),
then irradiated 6 times ai the relatively
low (for A1N) fluence of 1 J/cm^. and
immersed in the electroless Cu bath. The
striking result is that Cu was deposited
preferentially in the SiOt-covered region,
where no activation had been expected.
Thus, laser treatment activated the SiO r
covered area more than the bare AIN.
and at a lower fluence. This result led us
to broaden our investigation of activation
phenomenon to include SiOr and (for
comparison) high quality SiCb grown by
thermal oxidation on Si wafers. In this
paper we present the first results of this
investigation. Our results regarding
surface-activation mechanisms for the
two forms of AbO-̂  are presented in the
following conference paper.6

EXPERIMENTAL

Two types of silicon oxide films
were used, thermal SiCb (grown by
high-temperature wet oxidation on
single-crystal silicon wafers) and SiOt
(deposited by electron-beam
evaporation). The SiOr depositions
were carried out in a diffusion-pumped
e-beam evaporator (base pressure
-5 x 10"6 Torr) near room temperature
without deliberate substrate heating.
The deposition conditions were not
varied to produce a range of SiO t
compositions because our purpose
simply was to produce an optically
absorbing thin-film material having
constant composition and quality. The
S1O2 films were grown by wet oxidation
at 1000°C in -1 atm pure oxygen
bubbled through hot water. Figure 3
shows the spectral dependence of optical
absorption for two SiOv films of
different thicknesses, determined using
scanning polarization-modulation
ellipsometry.7 The SiOr films have a
-1.6 x 1()5 Jnr1 at hv = 4.0 eV (308 nm
wavelength). Measurements for
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Figure 6. (a) Trench (running horizontally) etched clear through a~1.5 jim SiOt film
on fused silica, using 40 XeCl shots at 0.4 J/cm2. The dark line beyond the outer
border of each trench wall is the electroless copper deposit, (b) Profilometer scan
showing -1.5 nm-high Cu lines bordering the laser-etched trench (40 x 0.4 J/cm2).
(c) Top view of -12 |im-wide Cu line deposited after 20 shots at 0.4 J/cm2. (d)
Comer of trench (20 x 0.4 J/cm2). (e) SiOx surface -500 |im away from the etched
trench, (f) Parallel electroless Cu lines deposited following 40 shots at 0.3 J/cm2.



threshold, GCeff Ed1*"^, is about 14 kJ/cm3 for Ed11^*1 = 0.45 J/cm2, and about 6-7
kJ/cm3 near the actual etching threshold. The latter value is similar to the deposited
energy density in Kapton at threshold, for several laser wavelengths.9 As Herman
et al have pointed out, this suggests that there is a common thermal component in the
pulsed laser etching process for various high-cc materials and laser wavelengths.9

Figure 6 shows results of immersing XeCl laser-irradiated SiOx films in the
electroless copper bath for 4 hr at 40°C. A very thin line of copper was deposited
precisely along the outer boundary of the laser-etched trench, on top of the remaining
(unetched) SiO*. Thus, pulsed laser irradiation not only etched a well-defined trench
in the SiO* film, but activated a narrow region for subsequent copper deposition,
precisely at the outer boundary of the etched trench. As shown in Fig. 6(b), the height
of the Cu lines approaches 2 |im, and they are only -20 ^m wide at the base. For
only 20 laser shots at 0.4 J/cm2, Fig. 6(c), the Cu line-width decreased to -12 |im.
For only a few laser shots, no continuous Cu line was formed, but instead individual
nodules or "dots" of Cu were aligned along the edge of the incompletely etched trench.

We believe that the electroless Cu deposition is catalyzed by, and Cu initially
nucleates on, re-deposited material that was removed from the SiO t trench. The well-
defined, narrow line of re-deposited material apparently results from back-flow at the
outer boundary of the stream of ablated material leaving the trench. This view is
supported by the fact that the Cu line disappears at the corners of the trench
[Fig. 6(d)], where two back-streaming flows intersect at right angles, probably
creating considerable turbulence and eliminating any coherent line of re-deposition.
Optical microscope inspection showed that well-defined Cu lines were formed on
samples exposed to > 10 shots at 0.4 J/cm2, and the electrical continuity of these Cu
lines was confirmed with an ohmeter. Thus, although the presence of a trench wall
may help to define the line of re-deposited material, a trench etched clear through the
SiO t is not required. Small (< 5 jam), isolated Cu "dots' also were found both inside
[Fig. 6(b) and 6(c)] and outside [Fig. 6(e)] the trench, showing that there also is a
more-or-less-random distribution of re-deposited material on which Cu "dots' can
nucleate.

Very close to the laser etching threshold, the back-flow pattern apparently
changes, resulting in deposition of a double line of Cu after immersion in the
electroless bath, each line being < 25 |im wide [Fig. 6(f)]. At Ed = 1 J/cm2, only 4
shots were required to form an electrically continuous, -50 |im-wide Cu line. On the
other hand, when Ed was increased to the 2-3 J/cm2 range, the first few laser shots
produced more complex eiectroless Cu deposition patterns, including broad (-250
fim) Cu deposits on both sides of the trench as well as in the center of the incompletely
etched trench. However, once the trench was fully etched down to the fused silica
substrate, the Cu lines narrowed to -100 (im and were present only at the trench
boundaries. Finally, for high Ed values of 4-6 J/cm2, the first few laser shots
produced only isolated nodules of electroless Cu deposition, apparently because the
re-deposited material on which Cu nucleates was diffusely distributed and/or far away.
However, after a well-defined trench was formed, additional high-Ed shots produced
re-deposition, and subsequent electroless Cu deposition, in broad (-200-300 |am) less
dense lines bordering the trench.

In sharp contrast to the uniform etching behavior of SiO*, no optically visible
etch mark appeared on either high quality fused silica (Suprasil 2) or quartz after 40
shots at Ed -10 J/cm2. This is expected, due to the absence of any significant optical
absorption in high quality SK>> (8 eV < Eg < 9 eV). Similar experiments were carried



Figure 8. 200 nm Si()x on syton-
iT \'«(WMlri»y^TimiUlfWWF#/fll polished AIN. irradiated by 1 XeCl' laser

Figure 7. Silicon wafer with 98 nm-thick s h o t a t () 5 j / c m 2 ( s e e n i n t r a nsmitted
thermal oxide layer (a) alter 5 laser shots l i g h t ) ( a ) o n d a n d ( b ) m i ( j d l e o f l h e

it 2 J/cm2. and (b) after immersion in the laser-treated area,
jiectroless Cu bath.

out on high quality (non-absorbing) S1O2 layers grown on (001) Si. As is well
known, pulsed laser irradiation at Ej values above the Si melting threshold produces a
ripple pattern in the oxide; this pattern is impressed in the Si surface beneath when it
re-solidifies.1-"14 At sufficiently high Ej, buckling of the oxide layer can occur,
accompanied by exposure of the Si beneath. Figure 7(a) shows a 98 nm-thick thermal
oxide layer on (001) Si following 5 XeCl laser shots at 2 J/cm2. A well-developed
ripple pattern (period ~5 |im) is present together with oxide-layer buckling that is
revealed by the darker regions of exposed silicon. Figure 7fb) shows the result of
immersing this sample in the electroiess Cu bath: A continuous Cu film was deposited
only on the exposed Si regions where the oxide layer buckled, i.e.. the exposed Si is
electrically active and catalyzes electroiess Cu deposition.

The clear implication of these experiments is that silicon is the ;e-deposited
material that activates subsequent electroiess Cu deposition, when SiOv is iaser etched.
The re-deposited Si is confined mainiy to a well-defined narrow line, just beyond the
boundary of the laser-etched region, when SiOt is laser-etched at very low fluence.

However. SiOv also can be applied as a thin-film coating in order to activate an
entire designated area on a ceramic substrate, for later copper deposition. Figure 8

optical micrographs of an SiOt-coated AIN surface following irradiation by a



single XeCl laser shot at only 0.5 J/cm2, followed by immersion in the electroless Cu
bath. Cu is deposited throughout the laser-irradiated region, but is most dense toward
ihe ends and boundaries of the irradiated region, where the laser fluence was slightly
lower and more re-deposited Si remained. High-resolution inspection of this area
shows that Cu growth is initiated from many small islands, which gradually merge
with increasing immersion time in the bath. Similar results have been obtained for
SiCyalumina at Ej = 0.5 J/cm2.

The quite different uniform geometry of the activated region in these
experiments, in comparison with the results described above for SiOt on UV-
transmitting fused silica substrates, suggests the different optical properties of
polycrystalline A1N or AI2O3 substrates plays a role, and/or that a chemical reaction
between SiOx and the substrate may be involved. The significance of the SiOrbased
approach to activating a ceramic substrate for subsequent electroless copper deposition
that is outlined here is that it is much more efficient: The laser fluence required using
SiOr is much lower, 0.5 J/cm2 vs several J/cm2, and the number of laser shots is far
fewer, ~1 vs -10 (AhCh) or -40 (A1N), than when ceramic substrate is activated by
direct laser-irradiation.
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