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Microstructures produced on spatially confined substrates
exposed to repetitively pulsed laser radiation

S.I. Dolgaev, N.A. Kirichenko, A.V. Simakin, G.A. Shafeev

Abstract. The formation of microstructures is studied on
metal substrates with characteristic dimensions of tens of
micrometers that are comparable with the period of structures
produced on extended substrates. Experiments were per-
formed with nickel and nichrome targets composed of wires or
a foil. Targets were irradiated in air by 510-nm, 20-ns pulses
from a copper vapour laser operating at a pulse repetition
rate of 7.5 kHz. Irradiation produced microcones and circular
microstructures on substrates. The influence of the target
geometry on the morphology and ordering of microstructures
formed on it is demonstrated experimentally. The specific
features of structures produced on spatially restricted targets
are explained by the influence of boundary conditions on their
development. A mathematical model of the initial phase of
formation of the inhomogeneous profile of the surface of
spatially restricted substrates exposed to laser radiation is
proposed.

Keywords: microstructures, interaction of radiation with matter,
metal nanostructures.

1. Introduction

The formation of microcones under the action of repeti-
tively pulsed laser irradiation has been studied in papers
[1-5]. The development of microcones was observed in
many materials upon laser irradiation of substrates in
vacuum and gases. The characteristic period of microcones
produced on most of the materials irradiated by nano-
second laser pulses was about 20 um; this period on steel
irradiated by microsecond pulses was 70 pm [6]. In [5], the
periodicity of structures formed at initial stages was
assigned to capillary waves on the surface of the melt
produced upon laser irradiation. It was demonstrated
experimentally that the period of microcones depended
on the laser pulse duration [7]. We proposed a thermoca-
pillary model of the self-consistent growth of a periodic
microrelief [8] and showed the role of the melt flow during
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the formation stage of structures after the laser pulse end.
The authors of [9, 10] demonstrated the localisation and
ordering of silicon microcones in the region of interference
minima upon Fresnel diffraction of a laser beam from an
opaque screen. The localisation of microstructures was
explained in [9, 10] by the nonuniform heating of a
substrate in the interference light field. The possibility of
practical applications of microcones as electron emitters
and as the black-body model was demonstrated in papers
[11-14].

The laser-induced growth of structures has been studied,
as a rule, on extended targets of size considerably exceeding
the characteristic period of microcones. The dependence of
the structure period on the laser beam diameter has not been
analysed. At least both for a broad excimer laser beam and a
focused beam from a copper vapour laser, the typical period
of microstructures was 15—20 um. The formation of
structures on spatially restricted substrates such as wires
or foils of size comparable with typical periods of micro-
cones was not investigated. Temperature fields produced
during pulsed laser heating of such targets can be deter-
mined by the substrate geometry and can have its symmetry.
The proximity of the substrate edge to the localisation site of
structures suggests that the boundary conditions can affect
the hydrodynamics of the melt flow, which can influence
both the morphology and ordering of microstructures on
the target.

2. Experimental

Samples were irradiated by 510-nm, 20-ns pulses emitted by
a copper vapour laser with a pulse repetition rate of
7.5 kHz. The laser beam was focused to a spot of diameter
~ 100 pm on the sample surface, providing 5 J cm~? of the
radiation energy density in the focal spot. Experiments were
performed with nickel, nichrome, and copper targets
composed of wires or a foil and also with extended
substrates made of the same materials. Targets were made
of wires of diameter 50— 100 um, which were tightened to
circular bundles, and rectangular stacks were made of a 50-
pm-thick foil. Target end faces exposed to laser radiation
were polished. Samples were irradiated in air by repeatedly
scanning the laser beam along the specified path so that
each point of the target surface was repeatedly exposed to
laser radiation. The number of pulses required for the
formation of microcones achieved several thousands. The
surface morphology after laser irradiation was studied by
using optical or electron microscopy.
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3. Experimental results

Microstructure matrices produced on extended and spa-
tially restricted substrates have different morphologies.
Laser irradiation of extended nickel substrates leads to the
formation of microcones with period 20 pm on their
surface. The apexes of the cones rise above the substrate
surface, while their bases are located below its level, which
is typical for microcones observed for most of the materials
[4, 5]. No ordering of the structures over some directions
was observed. Upon laser irradiation of the end faces of a
nickel foil, two rows of microcones are formed, which are
oriented along boundaries of each of the plates (Fig. 1). At
the centre of some plates the third row of cones is formed.
The period of microstructures along boundaries of the
plates is close to that of nickel microcones on the extended
target and is about 20 um. The distance between the apexes
of the cones in the perpendicular direction was 34 pm. The
height—base diameter ratio for structures under study
achieved 3, which corresponded to the angle of incidence of
radiation on the structure surface equal to 72°.

Figure 1. Microcones produced on a nickel foil irradiated by 2 x 10°
laser pulses with an energy density of 5 J cm™. The scale mark is 50 um.

Upon exposing an extended nichrome substrate to
repetitively pulsed laser radiation, microcones with period
~ 25 pm were formed on its surface (Fig. 2a). The surface of
structures is covered by an oxide film on which microscopic
cracks are observed. On nichrome targets exposed to the
same radiation the circular microrelief was formed at the
periphery of wires (Fig. 2b). The relief depth on a substrate
of diameter 100 um achieved 30 um, corresponding to the
angle of incidence of radiation on the structure walls equal

Figure 2. Microreliefs produced on a semi-infinite nichrome plate (a) and
nichrome wires (b). The observation conditions are as in Fig. 1. The scale
marks are 20 (a) and 50 um (b).

to 30°. The wire images obtained with an electron micro-
scope exhibit distinct pits localised in the minima of the
relief, which are formed due to transfer of the material from
the lower parts of the relief to its elevated parts. The number
of pits within the site varied from one to several (three or
four). The pits were circular, some of then having the
triangular cutting. Between the pits the relief elevations
oriented in the radial direction were observed. On some
wires, the pits were symmetrically located with respect to the
substrate axis.

4. Simulation of the initial stage
of the relief formation

The difference of the morphology of structures formed on
spatially restricted nickel and nichrome substrates from the
morphology of extended substrates can be explained by a
considerable influence of boundary conditions. Our experi-
ments show that if a substrate is spatially restricted in one
of the directions (Fig. 1), the period of structures can
change. A change in the morphology of structures on
passing from an extended target (Fig. 2a) to a restricted one
(Fig. 2b) is also caused by the spatial restriction of the
substrate. In this case, the relief is not periodic: a concave
‘cup’ is formed on the ends of nichrome wires. In some
cases, an elevation is formed at the target centre. The
formation of such microstructures can be well described by
assuming that they are produced due to the appearance of a
thin film of the melt, which begins to flow under the action
of capillary and thermocapillary forces. Correspondingly, it
is necessary to solve jointly the heat conduction equation
and the equation of hydrodynamics of the melt flow in the
mathematical model of the process.

We used repetitively pulsed laser radiation in experi-
ments described above. Estimates show that the time
interval between laser pulses is so long that the target
has time to cool virtually completely after the end of a laser
pulse by the onset of the next pulse. This means that the
result of the action of a train of pulses preceding a pulse
under study is taken into account only by the profile of the
target surface produced by them. In this connection we
consider a mathematical model describing the action of a
single pulse on a spatially restricted target. In this paper, we
will restrict ourselves to the case of heating a foil end
(corresponding to the microrelief shown in Fig. 1). In
addition, we will consider only the initial stage of the
process when the curvature of laser-induced structures is
small. The latter assumption significantly simplifies the basic
equations of the model.

4.1 Heating problem

The first part of the model consists in the description of the
target heating and formation of the melt film. We assume
that the radiation intensity absorbed by a target is described
by the expression

10 =1 texn (- ). (1)

where 7 is the pulse duration. At the initial stage (during
several first pulses), the relative deformation of the target
surface is small. By assuming in the lowest approximation
that the target surface is plane, we can estimate the
characteristic thickness of the melt layer and elucidate the
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role of evaporation. According to our estimates, the thick-
ness of the melt layer is ~ 1 um. Because the penetration
depth of laser radiation in metals is ~ 1072 pm, we can
assume that radiation is mainly absorbed on the metal
surface.

The distribution of the temperature field in a target is
described by the heat conduction equation

oT 0 or
Cpa—&(k&), 0<Z<OO, (2)

where z is the coordinate measured from the target surface
deep in the target. At the melting front z = s(¢), where s is
the melt-layer thickness, the boundary conditions
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should be fulfilled. Here, the first equality takes into
account the solid metal—melt phase transition, and the
second one — the continuity of the temperature field and
position of the melting front. The quantities ¢, p, k, Ty,, and
L., in equations (2) and (3) are the heat capacity, density,
heat conductivity, melting point, and specific melting heat
of matter, respectively.

For radiation intensities used in our study, evaporation
plays a considerable role. The position of the evaporation
front is determined by the expression z = H(f), where H is
the evaporated layer thickness. Then, the boundary con-
dition on the external surface can be written in the form

oT
k==

a: =1—pL,u. 4

z=H

The evaporation rate u depends on the surface temperature
T, and is determined by the known expression

T, T,
u(Ty) = w(T)exp (ﬁ - 7)
)
w(r) = 2o ()"
0 pT, \ 2nky '

Here, p, is the atmospheric pressure; T is the boiling point
at the atmospheric pressure; m is the mass of a particle
being evaporated (in our case, the mass of a metal atom);
kg is the Boltzmann constant; and the quantity 7, is related
to the evaporation heat L, by the expression T, = mL,Xx
(pkg) ™.

The formulated problem was solved numerically and by
approximate methods. Let us present some solutions that
are substantial for a further discussion. The radiation para-
meters in (1) were set equal to

1=2x10"%s and I,=1.18 x 10> W cm 2. (6)

We used in calculations the values of parameters typical for
nickel:

m=9.63x102g pL, =5.68x10*Jcm™3,

T, =3073K, T,=1728K, pL, =2.66x10°Jcm>,
c=549Tem P K, p=891gem™,

k=0.66Wcm ' KL (7)

To simplify calculations, we assumed that thermal proper-
ties of the solid and liquid phases of a metal are the same.
Model calculations show that the abandonment of this
assumption under our conditions leads to negligible cor-
rections.

Figure 3a shows the time dependence T, = T'(0, ¢) of the
target surface temperature, and Fig. 3b shows the time
dependence s(z) of the melt layer width. We found that
the width of the evaporated layer under our conditions was

H= J u(T,(£))de ~ 0.02 um.
0
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Figure 3. Time dependences of the target surface temperature 7 (a) and
the melt layer thickness s (b) upon irradiation by the laser pulse described
by relations (1) and (6).

The dependence of the melt layer thickness s on the
radiation intensity (during one laser pulse) is also of interest.
The solid curve in Fig. 4a shows the maximum melt
thickness s.,,x achieved upon the action of a pulse with
temporal profile (1) as a function of I;. For comparison, the
dashed curve shows the dependence of the stationary
thickness sy of the melt film on the cw radiation of the
same intensity ;.

The dependence sy (/) corresponds to the qualitative
estimate presented in classical book [15]: sy ~ Spax ~ G/1,
where G ~ kT,,, T, 1is the characteristic vaporisation
temperature, and [ is the radiation intensity. This estimate
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Figure 4. Dependences of the maximum melt thickness s;,,, upon pulsed
irradiation (solid curve), the stationary melt thickness s, upon conti-
nuous irradiation (dashed curve) (a) and the maximum thickness H,,, of
the evaporated substance layer (b) on the radiation intensity /.
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reflects the fact that the vaporisation rate drastically
increases with increasing the radiation intensity (faster
than the velocity of the melting front). This restricts the
melt thickness. In the case of pulsed irradiation, melting also
occurs when the radiation intensity strongly decreases: the
vaporisation rate is no longer small, but the surface temper-
ature is high enough for the melting front to move inside the
target.

To emphasise a competition between evaporation and
melting, we considered the model problem of the target
heating by radiation with a rectangular temporal intensity
profile shown in Fig. 5a. Figure 5b shows the corresponding
time dependence of the melt thickness. Note that the melt
thickness drastically increases at the pulse end.
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Figure 5. Rectangular time profile of the radiation intensity (a) and the
corresponding time dependence of the melt layer thickness (b).

Figure 4b shows the maximal thickness of a matter layer
evaporated during a pulse as a function of the radiation
intensity 7 [for the invariable pulse duration 7 in (1)].

One can see from Fig. 4a that the melt thickness changes
weakly in a broad intensity range. It seems that this is an
important factor resulting in a certain versatility of the
parameters (amplitude and period) of structures produced
by using different lasers and targets.

4.2 Melt flow

Consider now the melt-flow dynamics on a surface. We
restrict ourselves to the case of heating a thin metal plate,
assuming that the coordinate x is measured along the target
surface of width L (L/2 < x < L/2) and the coordinate z is
measured along the normal to the surface. Irradiation
produces a ~ 1-mm-thick melt film on the target surface.
By assuming that the melt is an incompressible liquid, we
write the equation determining the film thickness:

Oh o(vh)

67[: uO(xal) T Tox

®)

where v =uv(x,7) is the flow velocity along the surface
averaged over the melt cross section; uy(x, ¢) is the rate of
changing the film thickness caused by melting and cooling.
The velocity v can be obtained from the Navier—Stokes
equation in the thin-film approximation for a viscous
liquid:

1 ,0p 1 O«

=—=h"=—+=-h—.
o 31 6x+2h6x ©)

Here, 1 is the melt viscosity, and the pressure

o%h

P =Dy

in liquid is the sum of the external pressure (vapour
pressure) p, and capillary pressure caused by the surface
tension with the coefficient o = o(7,) depending on the
surface temperature 7,. The second term in the right-hand
side of (9) takes into account thermocapillary forces
appearing due to the inhomogeneity of the temperature
field along the liquid surface. We can assume with sufficient
accuracy that o(7T) = oy + a;(T — T,,) in a broad temper-
ature range, where oy and «; are constants and T3, is the
temperature at which o(Ti,) = oy. Correspondingly, we
have 0o /0x = 01(07/0x) in (9). The finite thickness of the
target is taken into account by the boundary conditions at
the target edges, assuming that v=0 and A=0 for
x==+L/2.

To construct the self-consistent problem of the target
heating and melt flow, it is necessary to take into account a
change in temperature along the surface. During irradiation,
the heat is transferred over the distance ~(at)"/? ~ 1 um
(where a is the thermal diffusivity), which is significantly
smaller than the characteristic inhomogeneity scale of the
melt along the surface. Under these conditions, the temper-
ature field on the surface virtually reproduces the profile of
the source acting on the boundary. Due to deformation, the
normal to the surface makes the angle ¢(x) with the z axis,
where cos g = [1 + (0h/dx)?]""/%. It is known that in the
case of nonpolarised radiation, the angular dependence of
the absorptivity A4 of metals is described by the expression

1

1
A(g) =5 Ay(cos ¢ +cos ),

where A is the absorptivity for normal incidence. Thus, for
small deformations of the surface, the local radiation
intensity absorbed by matter is

1
Lis(9) = A(@)lycos ¢ =5 Ayly(1 + cos”p)

1 /0n\?
a3 (2)]

Let us represent the temperature field in matter as the
sum

(11)

T(x7zv Z) = TO(Z> l)+AT(X727 l)’ (]2)
where the first term corresponds to the case of a plane
surface, and the second term, taking the relief modulation
into account, can be written in the form

2
AT(x,z,l):—l<%) F(z,0). (13)

2

The function F(z, ) satisfies the boundary value problem

oF 0 oF
Cpa-&(k&)—o, 0<Z<OO,
(14)
L S B
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The further analysis is based on Eqns (8)—(14), taking
into account the dependence Ty(z,t) studied above. The
results of the action of a train of pulses can be found by
summing deformations produced by individual pulses. The
initial conditions for the n + 1th pulse (the initial surface
profile) are determined by the result of the action of the nth
pulse.

By using this model, we performed numerical calcu-
lations. The target width was set equal to 50 um. Figure 6
shows the surface profiles produced by the first and second
laser pulses.
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Figure 6. Profiles of the target surface produced after the action of the
first (dashed curve) and second (solid curve) laser pulses.

If the initial surface of the target is flat, a ‘cup’ (a profile
with a dip near its centre) is formed already after the first
pulse. This effect is caused by a high capillary pressure
appearing near the target edges at the initial stage of the
structure development. The melt moves from the edges of
the target to its centre and from the inner regions to
periphery. Calculations show that the melt flow velocity
with the target achieves 200 cm s~'. Figure 7 presents the
distribution of the flow velocity over the target surface at the
instant when the melt thickness is maximal. The velocity
v > 0 corresponds to the flow in the positive direction of the
x axis and v < 0 — in the negative direction. The melt flow
velocity near the target edges proves to be significant,
whereas near the centre the melt is almost at rest. As a
result, a ‘roller’ is formed along the target perimeter, which
is ‘frozen’ after target cooling, thereby fixing variations in
the relief. For the same reason, a small local maximum
appears on the surface near the target centre. Note that
variations of the surface profile from pulse to pulse are
relatively small — about 0.1 um. However, because the same
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Figure 7. Distribution of the melt flow velocities v over the target surface
at the instant 7 ~ 1.02 x 1077 s, when the melt thickness is maximal.

region of the surface is irradiated by hundreds of pulses, the
resulting deformation of the surface can achieve several tens
of micrometres.

It follows from our calculations that capillary and
thermocapillary forces make comparable contributions to
the mass transfer. However, the temperature gradients along
the target surface increase with increasing the surface
curvature (in particular, due to a change in the faction
of absorbed radiation). As a result, the relative role of the
thermocapillary deformation mechanism increases. Calcu-
lations showed that upon the action of the first pulses, the
vapour pressure does not cause a considerable deformation
of the surface because pressure gradients and the character-
istic interaction time prove to be small, although the
absolute value of the pressure can be considerable (up to
70 atm under our conditions).

The quantitative discussion of the later stages of the
surface evolution within the framework of the model
proposed above is complicated. However, we can point
out qualitatively new mechanisms coming into play. In
particular, when the profile slope becomes large, radiation
begins to experience multiple reflections from surface
inhomogeneities to other regions of the surface.

Irradiation produces cavities at the wire ends at the
central part of the substrate, with pits localised at the
bottom of cavities (Fig. 2). Note in this connection that the
flat surface of the substrate is unstable during its multipulse
laser-induced melting and evaporation: a small displacement
of the surface deep in the target due to the melt transfer
from the centre of the target to its edges produced by one
pulse is enhanced under the action of the next pulse. The
positive feedback for the instability development is provided
by the angular dependence of the absorbed radiation
intensity and, hence, the enhancement of bottom heating
with increasing the relief depth from pulse to pulse. In this
case, the caustic is localised at the substrate centre,
providing the primary heating and decrease in the surface
tension of the melt and its evaporation at the substrate
centre. Under the action of the surface tension gradient, the
melt flows in the radial direction from the centre of the
substrate to its periphery, increasing the relief depth. The
concentration of reflected beams in the relief depressions can
produce heating and melting of the material, which can be
followed by its intense evaporation. In these regions, the
dagger melting mechanism can be realised in which the
bending of the surface and removal of the liquid melt due
the pressure of the recoil vapours become substantial
[15, 16]. In this case, cavities produced in the target have
a large depth-to-diameter ratio (more than 1), which is
typical for the dagger melting mechanism [16]. We can
assume that the regularity in the location of cavities is
explained by the symmetry of thermocapillary flows within
the circular substrate.

5. Conclusions

We have studied experimentally the formation of micro-
structures on substrates of transverse size of the order of
tens of micrometers exposed to repetitively pulsed laser
radiation. The morphology of structures produced on
spatially restricted substrates differs considerably from
that for extended substrates. The target geometry affects
the ordering of the microrelief produced upon irradiation.
The formation of structures on spatially restricted sub-
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strates is related to the influence of the boundary conditions
on the melt flow dynamics. The model of the development
of structures on spatially restricted substrates has been
proposed which takes into account the heating, melting,
and evaporation of the material, as well as its flow under
the action of capillary and thermocapillary forces. Simu-
lations have shown that the movement of the material on
the surface of a spatially restricted substrate from the centre
to periphery is caused by thermocapillary forces, while the
reverse flow of the melt from the periphery to centre is
caused by the gradient of the capillary pressure. The
competition of these processes leads to the formation of a
relief with a dip at the centre and maxima at the target
periphery.
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