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interfering laser beams of a high-power pulsed laser pro-
vide the opportunity of applying a direct lateral interaction
with the surface microstructure of metals in micro/nano-
scale based on photo-thermal nature mechanisms. This “La-
ser interference metallurgy” allows the creation of periodic
patterns of features with a well defined long-range order
on metallic surfaces at the scale of typical microstructures
(from the sub micrometer level up to micrometers). This
technique is an approach to initiate metallurgical processes
such as melting, recrystallization, recovery, and defect and
phase formation in the lateral scale of the microstructure
itself and with an additional long range order given by the
interference periodicity. In this work, the laser interference
theory is described and used to calculate multi-beam inter-
ference patterns. A method to calculate the numbers of laser
beams as well as the geometrical arrangement of the beams
to obtain a desired periodical pattern prior to experiments is
presented. The formation of long-range-ordered inter-
metallic compounds as well as macroscopic and micro-
scopic variations of mechanical properties on structured
metallic thin films are presented as examples.

Keywords: Laser interference metallurgy; Intermetallics;
Topography; Mechanical properties
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1. Introduction

The topography and microstructures of material surfaces
strongly influence their properties and even their functions;
therefore the creation of well defined regular surface struc-
tures may lead to advanced functionalization as well as
completely new or enhanced properties [1—3].

Structuring techniques can be basically divided into two
groups: (1) methods which require mechanical processes
to produce the structure, and (2) methods which utilize
beams of electromagnetic waves (e. g. visible light, UV) or
particles (e.g. electrons, ions). The first group includes
techniques based on printing, molding and embossing mak-
ing use of a master [4]. The second group includes optical
lithography [5], E-Beam lithography [6], laser writing [7],
holographic patterning [8] and direct laser interference pat-
terning [9] amongst others,

Direct laser interference patterning [9] uses a single pre-
paration step whereas other holographic methods comprise
at least two different steps (irradiation, etching, developing,

etc). In addition, in the case of laser interference patterning
no masks are required. Relatively large areas can be directly
structured (of the order of cm?) in a time scale of a few sec-
onds. For example, using the direct laser writing technique,
about 56 h are required to produce a periodical line-type
structure on an area of 3 x 3 mm? with a period of 10 pm
(using a beam scanning speed of 30 pm - s~ ' [10]). The
same structure can be realized in only 10 ns using the direct
laser interference patterning technique.

Direct laser interference patterning has been applied in
different materials such as semiconductors, metals, ceram-
ics, and polymers [11-18]. In the case of metals, the inter-
ference pattern produced by bearns of a high-power pulsed
laser permits a direct, periodical local heating of the
surfaces through the local photo-thermal interaction be-
tween laser and metal. In the process of light interaction
with metals, the light quanta are absorbed by conducting
electrons, which dissipate the absorbed energy as thermal
lattice vibrations (19). Thus, different metallurgical effects
such as melting, recrystallization, quenching, recovery, de-
fect or phase formation can be exploited. Therefore, the
name Laser Interference Metallurgy (LIMET) was intro-
duced {9].

In this review, we present firstly the interference princi-
ple together with the advanced design of periodic patterns
by means of the two dimensional Fourier Transformation.
Next are shown some results of topographical structuring
of thin metallic films. Finally, the lateral formation of inter-
metallic phases as well as microscopic and macroscopic
modulation of mechanical propetties are reported as an ex-
ample.

2. Interference principle

The simplest form of light is a monochromatic, linearly po-
larized plane wave. This is a sufficient approximation of a
real laser beam. Under the assumption of plane waves, the
total field (E) of the interference pattern can be obtained
by adding all the individual “j”’ beams [20]:

n n
E Z Ej = Z Ejoej(h_w’) (1
=1 =

where Ey is the amplitude of the electric field of the j-
beam, r is the coordinate along the direction of propaga-
tion, w is the angular frequency, ¢ is the time, and & is the
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Table 1. Laser parameters employed to produce the one- and two-dimensional periodical structures shown in Fig. 5. For three laser
interference experiments, the angle between the laser beams parallel to the surface sample was 120° (symmetrical configura-
tion). E,%, E,% and E;% represent the percentage of the enmergy of each partial beam relative to the principal beam
(E % +E;% + Ex% =100%) (from (27]). .

Sample Fluence ay , o3 E%® E%® Es%
(mJ - cm™) (grad) (grad) (grad)

Fig. 5a 135 2.53 2.53 - 50 50 -

Fig. 5b 65 1.72 1.72 E 1.72 333 33.33 33.33

Fig. 5¢ 101 1.72 1.72 ¢ 1.72 33.33 16.66 50.00

Fig. 5d 142 1.83 1.83 1.83 3333 33.33 33.33

For relative low laser fluences, only the second layer with
the lower melting point is molten at the interference maxi-
ma positions. The molten material {(with a lower density
compared with the metal in the solid state, and thus with a
larger volume) deforms the upper layer leading to a peri-
odic pattern with a structure depth of the order of the layer
thickness. In addition, for metallic systems with very differ-
ent melting points, the structuring of the samples occurs at
lower laser fluences [26]. Examples of the periodical strue-
tures formed in this structuring regime are shown in Fig. 5a,
b and ¢ [27]. Table | shows the angles and the partial ener-
gies of the beams employed in each experiment as a percen-
tage of the total energy of the primary laser beam. The ex-
amples include structures produced with different

geometrical configurations (2 and 3 laser-beam interference
experiments) as well as different laser fluences [27]. The
experimentally obtained periodical structures are consistent
with the calculated interference pattern (see insert in Fig 5a,
b and ¢) and it can be demonstrated that the bumps are
located at the interference maxima positions.

In the second case, if the laser fluence is high enough to
melt the upper layer as well, the latter is removed at the in-
terference maxima producing a highly structured pattern
[28]. Thus, the structuring occurs with removal of material
at the energy maxima positions. This is illustrated in Fig. 5d
with a crater-type structure obtained in the sample
Fe(30 nm)/Al(120 nm). This pattern corresponds to the cal-
culated intensity distribution of Fig. 2b using equation (8)

Fig. 5. One- and two-dimensional patterns on Fe(30 nm)/Al{(120 ni)/glass sample. The inserts in (a), {(b) and (c) show the calculated interference
pattern according to [10]. The angle o and the conditions employed to obtain the structures are shown in Table 1. (a), (b} and (c) from [27]; (d) from

[20].
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with o= 1.64" and 4= 266 nm resulting in a period of
3.36 pm [20].

From both experiments, it can be concluded that the in-
lerference theory can be successf ully applied to calculate
the geometry of the pattern before irradiation, The lopogra-
phy type obtained will also depend on the laser {Tuence val-
ue, producing a structuring with or without removal of ma-
terial at the interference maxima positions,

5.2, Two layer systems —
Case B: Metal with the lower melting paint on tap

A second conliguration consists also of hi-layered samples,
but in this case, the metal with the lower melting point is
placed at the top of the sample (sample Al/Fe/glass). For
this configuration, three dilferent topography regimes are
obtained depending on the laser fluence. The first topogra-
phy tvpe occurs without removal of material at the interfer
ence peaks. In this case, the structure depth is very low
compared to the other opography regimes and is explained
due to the local thermal dilatation and permanent deforma-
tion of the layer. If the laser fluence is high cnough so thut
the Al-layer reaches the melting point, the first transition
in the topography regime occurs (see Fig. 6). On the high
fluence side of the transition, the Al al the interference
peaks is removed but the second layer remains in the solid
state. At higher laser fluences, the second layer is also mol-
ten resulting in a sceond ransition,

In [20, 25], finite element thermal simulations were nsecl
i explain the different topographical regimes which are ob-
tained depending on the laser fluence. The simulation is
based on the heat diffusion equation:

ar
Plpe =ty — Gy = gy + V[EVT) (139
it
where T'=Tlx, 2, 1) is the temperature at the position (x, 7)
attune f, g, the power per unit of volume added, G 20d iy
the power per unit volume required to melt and vaporize

Fig. 6. Resultmg line structure with a period of 3.08 pm of an
AlCID nm)/Fed 120 nm) sample. (1} interference minima: (21 interfer-
enee maximi [20].

the material respectively, cp the specific heat, k the thermal
conductivity, and p the density.

The power of the laser is absorbed into the material fol-
lowing an interference pattern given by:

2
I —
T [ e I P S
g=__ (15)

where « is the absorption coefficient,  the time, 1, the pulse
time, 7, the pulse duration (FWHM), r the reflectivity of the
surface, and I(x) is the two-dimensional energy per unit of area
of the interference pattern described by Eq. (6) (for further de-
tails about the simulation method see Refs. [20, 257).

Figure 7 shows the evolution of the structure depth (ex-
perimental), temperature at the interference maxima posi-
tions, and molten and vaporized material of the layers (si-
mulated) as a function of the laser fluence for the sample
Al(30 nm)/Fe(120 nm) [20]. As can be seen, the transitions
of the structure regimes occur when the laser energy is en-
ough to heat one or both layers up to their melting point:
the aluminum layer is removed for the laser fluence-range
at which the simulation indicates that the aluminum layer
is molten and that both layers are removed at the interfer-
ence maxima positions when both of the layers are molten.
These transitions can be seen in Fig. 7 as a sharp increase
of the structure depth as a function of the laser fluence and
are consistent with the simulation results.

6. Advanced microstructure design

T 4= t- -teep temperature gradient across the interfer-
[29], the process of laser interference structur-
se used for local phase formation, specifically
i. The intermetallic patterning permits the for-
face composites and therefore a new kind of
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Fig. 7. Structure depth (experimental), temperature, molten and vapor-
ized material (simulated) as a function of the laser fluence for the
Al(30 nm)/Fe(120 nm) sample. The details show the topography types
obtained in each energy regime: with and without removal of material
(optical micrographs) [20].



Basic

F. Miicklich et al.: Laser Interference Metallurgy — using interference as a tool for micro/nano structuring

tailoring of mechanical properties. Three different exam-
ples will be presented.

6. NisAl; long range order intermetallic formation

On a substrate (silicon wafer ¢-Si(100)) a Ni— Al film was
deposited with a film thickness of 900 nm at 400 °C by the
magnetron sputtering technique. The atomic ratio of the
layer was kept 3:1 for Ni: Al, which is the stoichiometric
ratio for NijAl [30]. X-ray diffraction was applied to prove
whether or not an inter-metallic reaction occurred between
Ni and Al (for details see [31]).

For characterization of the consequences for the mechan-
ical properties, a nano-indentational AFM was applied to
check the local hardness of the structured surface directly
within intervals of 200 nm. The hardness in the laser treated
area, where laser intensity exceeds a certain threshold level,
is significantly higher than that of the area in between,
where laser intensity is below this threshold level. The aver-
age hardness in the laser treated area is close to 10 GPa,
while for the “in between” area it is around 4 GPa, which
is close to the untreated state (Fig. R).

6.2. Grain size distribution, local phases and texture

The microstructural evolution (namely grain size distribu-
tion, local phases and texture) of irradiated NifAl multi-
films was analyzed by TEM measurements to explain the
property changes [32]. The sample consisted of twenty
Ni/Al bi-layers with a total thickness of around 1 pm. The
thickness of each metallic layer was 20.0 and 30.3 nm for
Ni and Al, respectively, obtaining an atomic ratio near 1 : 1,

The individual layers in the multi-film show a strong
plastic deformation in the area of laser intensity maxima,
There is a significant difference in the morphology of the
individual Ni and Al layers (see Fig. 9). The Al layers have
changed the thickness and layer morphology while the Ni
layers are only deformed without any significant thickness
change. In the upper two bi-layers, the layer structure is
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Fig. 8. AFM image (a) of the Ni—Al structured sample, and (b) the

corresponding hardness distribution along the scan length in one peri-
od. The line is only indicative [31].

T
2000

strongly deformed and a zone of inter-diffusion between
these layers can be found. This can be explained as follows.
The periodic heat treatment activates a periodic melting of
the Al layers but leaves the Ni layers in the solid state [25].
Because of the resulting compressive stress induced by
periodically and partially molten Al layers during the fast
thermal treatment, the Ni layers receive periodic deforma-
tion with high velocity (high-speed deformation [33])
which results in work hardening of the Ni films,

The grain sizes are determined by analyzing the size of
the bright grains in dark field images generated by different
diffracting reflexes. The grain size distribution is statistical
but it is grouped in local regions of laser structuring. The
unchanged sample regions show grain sizes of about 20 to
30nm due to the individual layer thickness (see Fig 9
area 1). The average grain size at the surface (see area 2) is
less than 10 nm which was also found by Liu et al. [34] in
similar experiments. In the last manipulated Al layer (see
area 3) exactly one grain has grown laterally to a size over
100 nm. The coolin% rate after melting was calculated to
be in the order of 10'® K - s~ on the surface [29], but it is
not constant and independent on the lateral and vertical co-
ordinates. The grain size changes according to the relative
position to the laser interference pattern. Due to the lateral
periodicity of the thermal treatment, the local grain size re-
flects the local cooling rate. In the upper layer in the area
of laser intensity maxima, the structure is fine grained (5
to 10 nm, area 2 of Fig. 9). In the lowest deformed Al layer
the lower cooling induces lateral grain growth to a size of
more than 100 nm (area 3 of Fig. 9) while the grain sizes
in the unchanged regions of the sample remain at about 20
to 30 nm, fixed by the individual film thickness (area 1 of
Fig. 9). In this way introduced residual compressive stres-
ses can reach values much higher than the yield stress be-
cause of the small thickness of 20 nm and 30 nm for the Ni
and Al layers, respectively,

a% *

.

: o F‘."‘m_.' -! "au * -
1100nm | & jareal Gl d
L—Ee, - 9 Ly A RN . |
Fig. 9. Cross-sectional TEM image (dark field) of an area exposed o
laser interference maximum, The microsructure in the individusd Al

sublayers appears to be fine grained in area 2 (5 to 10 nm), one large
grain in the area 3 (> 100 nm), and unchanged nano-grained structure
in the rest of the sample named area 1 (20 to 30 nm) [32].
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area 1 of fig. 8

Orientation
spread ]

area 2offlg. o

Fig, 100, TEM diffraction images: (a) un-ircadiated layers without or-
dered imtermetallics’ reflexes and o strong fiber texture (Fig. 8, area 1),
ibl strongly immadiated Layers with ordercd intermetallics’ reflexes and a
festure change with an orentation spread (Fig. 8, area 2) [32].

Figure 10 shows two electron diffraction images on dif-
ferent sample positions. A strong texture in the film can be
seen (Fig., 10a). Such a texture is normal for PYD produced
films. The texture and phase-microsiructure changes after
laser interference irradiation depending on the depth. The
deformation of Ni lavers described tilis the crystals in pre-
ferred directons perpendicular to the line-like interference
structure and generates an orientation spread in the electron
diffraction image (Fig. 10h), This could also explain the
hardness change as the resulting Ni texture is mechanically
maore stable than before irradiation.

The diffraction image of unchanged layers (Fig. 10a)
shows only Ni and Al reflexes but not ordered intermetal-
lics” reflexes. In the first two bi-layers, inter-diffusion be-
tween Nioand Al resulting from the temperature-driven
change of the diffusion coefficient and the deformation of
layers can he seen. In this way, the formation of intermetal-
lics is initiated by the laser interference irradiation. This is
showr in Fig. 10b where the higher ordered intermetallics’
reflexes of NiAlL NisAly, and NiiAl are observed. In
Fig, 10, an orientation spread of the AI00)/Ni(111) re-
llexes similar to the X-ray diffraction measurements in
[29] can be seen.

6.3. Scaling of mechanical behavior
A structural change that results in a prisperty change can be

imitiated by the laser fluence exceeding a certain threshold
vitlue. Line-type periodical struclures are comparable to

d(um)
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Fig. 11. Resulting scaling behavior of substrate/film systern e o
Laser Interference Metallurgy. The change in thermoelastic slope
measured with the substrate curvature technique is a function of the
periodicity d [36].

composites such as lamellar structures in bones [35], A sig-
nificant increment of the elastic modulus and hardness un-
der the laser intensity peaks was measured and explained
by changes in the grain size, which result from the hi zh
cooling rate at the interference maxima (about 10'° K . « ')
together with local phase changes {36]. In [36], the mucra-
scopic effects in thin films produced by Laser Interfercnce
Metallurgy were discussed. The results demonstrate that |o-
cal and periodic changes of the mechanical propertics due
to the microstructural manipulation of the samples results
in a macroscopic stiffness effect [36]. Using the mechanical
laminar theory, it was proven that the stiffness effect is o
function of the structure period 4 as shown in Fig. 11. The
demonstrated scaling behavior of the multilayered MNifAl
system was higher than that achieved by a biological hane-
like hierarchical structure.

7. Conclusions

The Laser Interference Metallurgy method allows the crea-
tion of several kinds of surface arrays with a well-dciined
long range order in the scale of the microstructure. Due 16
the strong interaction of the laser energy with the surface
of metals and with deposited metallic layers it can serve
for direct patterning of phases and various microstructural
features with well known metallurgical effects such as meli-
ing, recrystallization, quenching, recovery and defect and
phase formation, achieved laterally at a micro-scale.

Different aspects of Laser Interference Metallurgy wers
discussed. The formation of complex periodical structures
in thin metallic film samples by using three laser benms
with uniform and non-uniform intensity was demonstrated
and explained theoretically by means of laser interference
theory, Moreover, a method to calculate, prior to the ex-
periments, the number and geometrical arrangement ol
the laser beams needed to obtain a desired periodical pat-
tern was explained. The microstructural changes (namely
morphology, grain size distribution, texture, and phasc mi-
crostructure) in multi-layered metallic thin films were (le-
scribed. These changes have been demonstrated tc he
responsible for macroscopic and micrometer-scaled peri-
odical changes of mechanical properties. If the structure
is realized on a nanometer-scaled multi-film, a two step
hierarchical bio-mimetic composite structure can be oh-
tained.
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