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ABSTRACT

Surface modification can improve materials for structural, tribological, and
corrosion applications. Excimer laser light has been shown to provide a rapid
means of modifying surfaces through heat treating, surface zone refining, and
mixing. Laser pulses at modest power levels can easily melt the surfaces of many
materials. M’'xing within the molten layer or with the gas ambient mnay occur, if
thermodyne: ~.cally allowed, followed by rapid solidification. The high tem-
peratures all yw the system to overcome kinetic barriers found in some ion mixing
experiments Alternatively, surtace zone refinement may result from repeated
melting—solicification cycles.

Ultraviolet laser light couples energy efficiently to the surface of metallic and
ceramic materials. The nature of the modification that follows depends on the
properties of the surface and substrate materials. Alloying from both gas and
predeposited layer sources has been observed in metals, semiconductors, and
ceramics as has surface enrichment of Cr by zone refinement of stainless steel.
Rapid solidification after melting often results in the formation of nonequilibrium
phases, including amorphous materials. Improved surface properties, including
tribology and corrosion resistance, arc observed in these materials.

INTRODUCTION

The properties of material surfaces have been modified by coatings, rf heat
treatment, and the use of directed-beam technologies including ion-, laser-, and
electron-beam processes. In the case of thermally activated processes, each of
these techniques has associated with it characteristic depths of treatment and
associated cooling rates. Deeper penctration generally is associated with slower
cooling rates because of liinitations of heat transfer in the material. In this paper
we will discuss the use of excimer laser light to drive thermally activated
processes in surfaces of both metals and ceramics in order to alter the surface
propertics of the materials. Typical treatment depths are of the order of 100 nm.
This depth scale is comparable to that obtained in ion-beam processing, for which
there is a substantial literature and history of application.

Excimer lasers are characterized by relatively short pulse lengths (~ 25 x 10-?
s), and wavelengths in the ultra-violet (UV), Common wavelengths are 1933, 248,
308 or 351 nm corresponding to Arl, KrF, XeCl, or Xel' laser gases. These laser
wavelengths are quite efficient, with electrical conversion efficiencies comparable
to those of C O lasers which are widely used for cutting, heat treating, and
cladding  « el 2,3, 4

The - aciaer lasers for many applications lies in the strong coupling
between Light al tnese wavelengths and many materials. This coupling enhances
the overall efficiency of the process. For processing with 5-10 pulses per position
at 1.0 J-cm-«. typical values 1o the experiments described here, a laboratory scale
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laser with an output of 15 W (average) can treat material at approximately 1.5
cm2-s-1. Industrial excimer lasers with average outputs of 150 W exist and can
process material at rates of approximately 15 cm2-s-1. These rates are extremely
attractive from an industrial point of view. Finally, many processes can be carried
out in air or in a shield-gas environment, eliminating the need for vacuum systems
typical of ion- or electron-beam systems.

Excimer Laser Materials Interactions

Figure 1 shows the reflectance spectrum for Al, Fe, and SiC3. At 248 nm, the
wavelength used for most of the experiments to be described below, the reflectance
of many metals is similar to that of Fe. Although Al represents the worst case, the
AlpOj3 inevitably found on the surface is a good absorber so the coupling is better
than it appears from the figure. The energy per photon of excimer laser radiation
is high (~5 eV for 248 nm), and the energy is absorbed in electron excitations that
are thermalized very rapidly (~ 10-12 s) so that the effect of laser radiation on the
surface is essentially purely thermal below the threshold for ablation. The
absorption depth in most materials is of the order of 5-20 nm. This combination of
properties means that much of the incident laser energy is deposited in a volume
very close to the surface.
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Figure 1. Reflectance vs wavelength for Al, Fe, and SiC. Krl® excimer
wavelength of 248 nm is indicated.

In reality, the reflectance of metal surfaces is somewhat lower than this ideal
due to oxides, as mentioned above. Further, the reflectance is a dynamic variable
and for most metals decreases with increasing temperature, Therefore, as the
Jaser light interacts with the surface, heating it, the reflectance decreases.
increasing the efficiency of the coupling. However, although the effect is not
linear, the facts that the reflectance in the UV is not too large to begin with and
the pulse length is short reduce the opportunity for thermal runaway.

The dyamics of the laser-surface interaction can be understood at a number of
levels. The simplest level uses the thermal diffusivity, v, and the pulse length t, to
estimate the depth of material initinlly affected by the laser pulse. This thermal
depth,



Zth = =27VtoK (1)

defines the depth of penetration of the heat pulse during the time of the laser
pulse. For metals and many ceramic materials, this depth is of the order of 100
nm. When zi, is much larger than the absorption depth, as it is for UV laser
processing, von Allmen has shown that the details of the absorption process do not
affect the temperature distribution below the absorption depth and the process
can be thought of as a simple heat pulse initially affecting the surface to the
thermal depth and then being conducted into the bulk of the material6. At this
level it is a simple matter to calculate the incident fluence requiraed to heat or melt
the volume of depth 2z}, and area illuminated by the laser pulse.

At laser pulse energies of the order of a joule, spot sizes for surface processing
are of the order of a square centimeter. Thus it is legitimate to ignore edge effects
and think of the problem as one-dimensional heat flow from a surface source.
There is also radiation from the hot surface but radiation and convection at the
free liquid surface are negligible on the time scales involved here. The time
history of the temperature of the melted surface layer of metals can be calculated
directly from the fundamental optical and thermal constants of the material. If we
assume that the laser pulse has a square temporal profile, so that the incident
power is either a constant P, or zero, the temperature, T, of the material at any
depth z and time t is given analytically by7.
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where R = reflectivity, x = thermal diffusivity, K = thermal conductivity, and
t, = pulse length

Melting can be accommodated by a heat of fusion term in T and appropriate
conditional statements, This calculation still ignores many significant aspects of
the sohdification process, such as the temperature dependence of many of the
varinbles. This model uses no adjustable parameters and the room temperature
vialues of all material properties and illustrates the essentinl features of the
process. At low [Tuences, the material simply heats up rapidly and begins to cool
when the pulse terminates. At higher fluences, the surface of the material melts,
and the melt front propagates inward until the energy of the pulse is dissipated in
the melting process and by conduction into the bulk of the material. The melt
front then siups and a resolidificntion front. moves back toward the free surfiee. It
is important to understand that melt depths are of the order of a few hundred
nianometers, so “bulk” of the material means only a few tenths of millimeters,
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Figure 2. Temperature profile calculated for excinier laser melting of Ti-6Al-
4V at 1.0 J-cm-2 at 30 ns (peak temprature) and 80 ns.

Figure 2 shows the temperature profile calculated from equation 3 for an
incident fluence of 1.0 J-cm2 on Ti-6Al1-4V at 30 ns and 80 ns. These times
correspond approximately to the peak temperature and freezing point,
respectively. This calculation results in a melt depth of the order of 0.4-0.5 um
with the surface returning to within 5 C of room temperature within 0.02 sec and
a cooling rate after solidification in excess of 109 K-s-1. At this fluence, the surface
layer is molten for a period of approximately 50 ns. During this time, di{fusion in
the liquid state can occur on a distance scale of the order of 10 nm. Because the
surface returns to room temperature rapidly, repetition rates of the order of 10 Hz
can be used without cumulative eftfecte and the process is essentially a serial one.
Therefore multiple pulse processing can increase the diffusion distance
substantially.

More detailed models of the excimer laser-surface interaction exist that include
many of the aspects ignored in this calculation8 9. However, the model described
above contains all the essentisl features of the process and we have found it useful
in predicting the effect of excimer laser processing on a number of materials!0, 11.

The greatly enhanced diffusion rates which result from melting suggest many
possible applications of the melting-resolidification process. Mixing, diffusional
phase transformations, and zone refinement are all possible using excimer laser
processing, As discussed above, one of the features of excimer laser processing, «
direct result of the short pulse duration and shallow thermal depth, is the seral
nature of the process. Even at repetition rates as high as 100 Hz, puises can be
considered to be independent events and the diffusion effects obsurved for a single
pulse can he multiplied simply by increasing the number of pulses. This is
illustrated in figure 3 which shows the distribution of implanted 3C before and
ufter processing with 6 and 10 pulses of laser radiation at 1 J-cm-2 at a repetition

rate of 1 Hz12, A {it to the as-processed profiles yields diffusion lengths 2 \/rlf)—of

41 nm nnd 651 nm respectively. For t = nt, where n is the number of pulses and t
the melt duration calculated from the model described above (60 nas), diffusion
lengths per melt period of 36 and 32 v are obtained. These figures imply a
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Figure 3. Concentration of 13C as implanted and after laser processing with 5
and 10 pulses at 1.0 J-cm-2.

diffusion coefficient of 5 x 10-5 cm2-¢-!, in good agreement with the published
value for C in Fel3 at 1550 C of 6-7 x 10-5 cm2-s-!. This result also emphasizes
that diffusion occured in the liquid state, as the solid state diffusion of C in Fe is
orders of magnitude slower tkan this value.

The ability to obtain uniform illumination of the sample during laser
processing is essential to the success of the process in application. Although
excimer laser beams are physically large (typically 2 cm x 3 ¢cm or larger), the
intensity profiles are not uniform, so some means of homogenizing the intensity of
the beam is necessary to obtain uniform processing. We have used a device using
two arrays of cylindrical lenses at right angles to decompose and refocus the beam
with a high degree of uniformity (> 95%). Other wmethods involving prisms or
reflectors can also be devised. The large size of the beam makes this problem
somewhat less romplex. In addition, if multiple pulse processing is involved,
overlapping of the pulses in one or two dimensions serves to increase the overall
uniformity of the process.

We have found that for polished metal surfaces with an average surface
roughness of 60 nm, the surface roughness after multiple pulse laser processing
with the homogenized beam is of the order of 70 nm. This is apparent as a slight
haze on the otherwise mirror smooth surface, a result of slight imperfections in
that cause locally nonuniform absorption. For most applications, this is a
sufficiently smooth finish and no further processing is necessary. As described
below, laser surface processing can actually be used to planarize otherwise
optically rough surfaces.

APPLICATIONS

Because of the short time at temperature, transformations available to short-
pulse laser processing below the melt threshold are limited to those of the
diffusionless (martensite) type. These have been demonstrated in Ti alloys!! but
other application, for example o surface hardening of steels, has not.

The rapid solidification associated with quenching following short-pulse laser
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processing often leads to metastable microstructures. This results from the
inability of the atoms in the melt to readjust configurationally to their equilibrium
positions in the time available prior to solidification14, 15 This can result in the
“freezing in” of high temperature phases, the formation of amorphous or glassy
metal alloys, and local supersaturation of alloys, as well as the formaticn of of fine
grained microstructures in surface modified materials. These are features which
are dependent on the short pulse durativ.. and small z;p, features which are
shared by other short pulse laser processing. The cocling rate is directly
proportional to the temperature difference between the molten layer and the
substrate. Thus, cooling or heating the substrate can result in incre: ced or
decreased cooling rates, respectively. A wide range of microstructures is therefore
accessable using pulsed laser surface me!ting16,17.

For example, Frohlingsdorf and Stritzker used excimer lasers to probe the
amorphization and crystallization of pure Ga films at low temperaturesl!8.
Amorphous Ga resulted from laser melting and resolidification of amorphous, «
phase, and metastable p phase materials. Excimer laser surface melting has been
used to examine the effects of rapid solidification on pre-alloyed Fe-B19 and Ni-
Ti20 -lloys. We have observed formation of amorphous phase materials in several
sys...ns, including Fe-Ti 21  Fe-C12, and Ti-B22,

Surface Mixing

The earliest attempts at laser surface processing were mixing or laser surface
alloying experiments. The technology was subsequently developed both for
semiconductor processing23 and, using IR lasers, for a number of applications
using gas, powder, plated, or foil schemes to introduce alloying elements?. In IR
laser mixing, substantial convection occurs in the melt pool, which complicates
analysis of the mixing. In the excimer laser case, there is no convection because of
the short melt duration and small z;;,. However, many similar processes are
possible although the length scales possible are much shorter than in the IR case.
A number of papers have discussed the possibilities and limitations of mixing in
pulsed laser processing situations?4. 25, The essential conclusions being that

mixing will occur where allowed by thermodynamic considera‘ions.
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Figure 4. Rutherford backscattering spectrum showing laser mixing of 50 nm
layer of Ti on AISI 304 stainless steel,
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In Figure 5. we show the Rutherford Backscattering (RBS) spectrum showing
excimer laser mixing of a single evaporated 150 nm layer of Ti on AISI 304
stainless steel. In the as deposited film there is no Fe on the surface and the Ti
peak, superimposed on the Fe in the substrate is well delineated. After processing
with 10 pulses of excimer radiation at 1.4 J-cm2, the Ti peak broadens, reflecting
both the diffusion of Ti into the substrate and the diffusion of Fe into the surface
layer. The broadening, as well as the amount of Fe at the surface, increases with
the number of pulses, representing increased mixing. The microstructure of the
surface film was found to be amorphous, reflecting the rapid solidification.

As has been observed?6 for steel surfaces implanted with Ti and C, an
amorphous surface alloy was formed by laser mixing and this surface alloy shows
improved friction and reduced wear behavior2?, We have also observed improved
tribological properties for the oxide film resulting from excimer laser processing of
AISI 304 stainless steel28.

It is also possible to mix metals into ceramic substrates. Figure 5 shows the
RBS spectrum of a single 100 nm layer of Ti on polycrystalline SizgN4. In this case
the Ti peak is well separated from the Si substrate edge and the effect of the
mixing on the Ti layer and the substrate is quite clear. The Ti layer broadens and
Si appears in the surface layer. X-ray diffraction of the surface before and after
processing shows that the Ti reflections disappear and TiN reflections consistent
with very small grain size appear?9. These results are generally consistent witn
those expected for these systems3V, Similar results have been found in the mixing
of Ni on SiC and SizN43! and Ti on SiC10. These surfaces show improved fracture
toughness32, reduced friction, and improved wear properties33.
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Figure 5. Rutherford backscattering spectrum showing laser mixing of 150 nm
layer of Ti on a SizN4 substrate. Tilt angle of sample is 600.

Predictions ot miscibility in metal-ceramic systems can be used to guide
experiments in this area8. 34, For example, mixing of Zr and Ti on Al303 should
be difficult because of the limited solubility of these metals in AlvOQ3. Indeed, we
observed melting and beading up of the metallization in these systems when lager
processed. However, although Cr lias ¢ high solubiiity in Al;Og, attempts at laser
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mixing in this system have been unsuccessful35 Excimer laser surface processing
has been used to improve the adhesion of Cu films to AloO3 substrates36, 37,

The results of laser mixing of a 100 nm layer of Si evaporated onto Nb are
shown in Figure 6. As in the previous examples, Nb diffuses into the Si surface
layer and the Si peak, here superimposed on the Nb signal broadens as the Si
diffuses into the substrate. Reconstruction of this spectrum indicates that a 200
nm thick surface layer of NbSio with a graded interface is formed after 5 pulses at
1.7 J-cm2. Mixing of Si on Nb with ion beams was not successful. Nb surfaces
mixed with Si demonstrated substantially changed oxidation characteristics38.
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Figure 6. Rutherford backscattering spectrum showing laser mixing of 200 nm
layer of Si on a Nb substrate. Reconstruction of this spectrum is consistent with a
200 nm layer of NbSig with a graded interface to the Nb.

Excimer laser mixing has also been demonstrated from gas and liquid
ambients. We have demonstrated formation of metastable TiO particulates in Ti
alloys processed in air39 and the incorporation of N into the surface when
processed in a pure N2 atmosphere40. Carburization of Ti by processing in
methane4l. has also been demonstrated wiich formation of TiC verified by ESCA.
These techniques result in the formation of what is effectively a metal matrix
composite of the base metal and precipitate particles. Nitrides of Be and several
transition metals have been formed by excimer laser processing in liquid Ny42, 443,
However, scanning eleciron microscope irnages of the surface reveal them to be
rather porous, a result of boiling at the liquid-solid interface during processing.
Combining gas and evaporated layer source mixing, simultaneouv¢ nitridation and
silicide formation has been accomplished by processing Ti layers on Si in a No
atmosphere44,

The evolution of the microstructure of laser mixed surfaces is complex, but is
understandable in the context of the melt duration and solidification rates
involved. This is perhaps best illustrated by consideration of laser mixed Fe-Ti-C
multilayer structures43. With these sub-micron layers, the average composition ¢i
the composit: layer (FeTiy gC) 1) is determined initially by the relative
thicknesses of the constituent layers and phase formation is less influenced by
diffusional gradients. Laser processing with a single pulse at 1.1 J-cm-2 results in
an amorphous structure with small TiC precipitates. When treated with a single
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pulse at 1.7 J-cm'2, no amorphous diffraction pattern is seen but patterns
consistent with small grained TiC and Fe3C are evident. Treatment with ten
pulses results in development of larger o-Fe grains.

Low fluence, single-pulse processing results in less than complete mixing of the
multilayers, formation of the amorpnous phase expected for this Fe/Ti ratio*6, and
formation of small scale TiC precipitates, reflecting the strong driving force for
TiC formation. A longer melt duration (higher fluence processing) allows the
formation of more complex compounds, specifically Fe3gC. Development of fully
stable structures is still inhibited by composition and rapid solidification Finally,
with multiple pulse processing, more Fe diffuses out into the surface layer from
the substrate and there is sufficient time and Fe concentration for larger o-Fe
crystallites to grow. Direct ion-beam mixing of Fe-Ti-C multilayers has not been
successful, indicating a kinetic barrier of some kind to the ion-bezm mixing
process4? which is overcome at the temperatures involved in laser processing.
Rapid solidification of Ti and C implanted Fe by laser and e-beam techniques
produced microstructures consistent with these results45.

This discussion demonstrates that by judicious choice of surface layers, excimer
laser mixing can selectively tailor not only the composition of the surface, but also
the microstructure. The examples demonstrate the applicability of the process to
a number of systems.

Surface Segregation

In the examples discussed above, mixing occurred among constituents of the
surface driven by thermodynamic forces. In some cases this resulted in
metastable structures. Differences between solid and liquid solubilities of
particular constituents of materials can be exploited to change the surface
composition of those materials. In particular, if the solubility of a constituent is
higher in the liquid state than in the solid state, a moving melt front will tend to
drive a concentration gradient ahead of itself. This zone refinement phenomenon
can be used to change the surface concentration of materials and perhaps even to
create new materials.

In AISI 304 stainless steel, the concentration of Cr exceeds the equilibrium
solid sclubility limit for that material. Thus, repeated melt-resolidification cycles
will increase the surface Cr concentration. Figure 6 shows the ratio of Cr to Fe
peak ampiitudes determined by Auger electron spectroscopy4? in the oxide films of
AISI 304 stainless steel laser surface melted at 1.0 J-cm'2. In addition to
increasing the Cr content, the surface oxide becomes somewhat thicker.
Treatment at higher fluence (> 1.5 J-cm'2) ablates the surface oxide and the
increase in Cr is less pronounced.

The effect of the increased Cr content in the st rface oxide is to stabilize that
oxide, increasing the resistance of the material to corrosion. A substantial change
in pitting behavior was also observed.
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Figure &. Cr to Fe peak amplitude ratio measured in the oxide film of AISI 304
stainless steel laser treated at 1.0 J-cm-2,

A more dramatic use of this same technique is the use of excimer laser melting
and resolidification to drive C atoms implanted into Cu back to the surface at high
temperature and pressure to form diamond films in the surfaceS0. These results
remain somewhat controversial as they have not been duplicated. Nevertheless,
the possibility exists to concentrate constituents at the surface of a material by
effectively zone refining the near-surface region. Excimer lasers have also been
used to improve nucleation and adhesion of chemical vapor deposited diamond
filmssS1.

Other Processing Applications

Short absorption and themal depths also enable the use of lasers to melt and
reflow thin metal films in semiconductor devices in order to planarize the surface.
The low viscosity of molten metals allows rapid filling of trenches and vias for
interconnects and for further processing on the planarized surface. This has been
demonstrated in Au52, A153and most recently Cu54: 55,

Processing at higher fluences (> ~3 J-cm2) alters the surface morphology of
most metals due to ablation as well as shock and plasma effects. Excimer laser
processing at high fluences in a number of gaseous and cryogenic liquid ambients
;has a substantial effect on surface topography of Al, Ni, Ti, and Zn surfaces®5.
These changes in surface morphology were used to try to alter the strength of wire
bonds to a number of of excimer processed Cu, Ni, Au, and Ag alloys, including
excimer laser mixed Cr on Cu57. Changes in the surface state following excimer
laser surface processing were shown to increase the coupling between Cu surfaces
and CO2 radiation, enabling the efficient cutting and drilling of this otherwise

highly reflecting material8, 59,
CONCLUSIONS

Many bulk properties of materials such as fracture strength and toughness are
limited by their surface properties, and many surface properties of interest suc’ as
tribology and corrosion resistance are dependent on the microstructure and local
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chemistry of the surface. The ability to tailor the surface using excimer laser
processing, microstructurally by controlled rapid solidification and chemically by
alloying, has broad application. Virtually any metal, including refractories, can be
melted by single excimer laser pulses enabling the formation of novel alloys.
Microstructural control of the resultant layers through rapid solidification
increases the breadth of application. Mixing of metals and alloys and even
dissimilar materials such as metals and ceramics is not only possible, but
relatively straightforward. The basic science of the technology 1s clear, what is
needed is more intense development of the technology for specific applications.
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