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upon pulsed laser evaporation of solids
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Abstract. The appearance and development of large-scale
self-organising microstructures on the surface of monocrys-
talline Si and several other materials (Ge, Ti) are studied
upon their evaporation by 20-ns pulses from a copper va-
pour laser at 510.6 nm. The structures were formed upon
repeated pulsed laser irradiation (~ 10* pulses with an
energy density of 1-2 J cm™2) in the absence of optical
breakdown of the medium above the target surface in the
1-10° Pa pressure range in a wide range of angles of laser
radiation incidence on the surface. The structures are cones
with an apex angle of ~ 20 — 25°, which grow towards the
laser beam. It is shown that the spatial period of the struc-
tures developing during laser evaporation is determined by
the period of the waves arising on the melt surface and is
equal to 10—20 pm. The x-ray diffraction analysis showed
that the modified substrate region has a polycrystalline
structure and consists of crystallites with dimensions rang-
ing from 40 to 70 nm, depending on the pressure of the
ambient atmosphere.

1. Introduction

The action of pulsed laser radiation on the surface of solids
is, as a rule, an essentially nonequilibrium process, which
stems from inherently high temperature gradients and
short surface-heating times as compared with the relaxation
times of the system. Nonequilibrium processes can also be
observed upon continuous laser heating because of the ap-
pearance of a feedback between the thermal and ‘chemical’
degrees of freedom of the system [1]. This results in the
specific features in the growth of structures on the modified
surface of a solid such as the formation of dendritic V,0s5
crystals [2] or a rapid growth of Cu,O crystals towards the
laser beam [3].

Pulsed laser heating of a solid allows a significant increase
in the vapour density above its surface in comparison with
continuous laser heating. A characteristic feature of pulsed
laser action on a solid is the formation of large-scale periodic
structures on its surface. The formation of such structures
upon irradiation by nanosecond laser pulses was reported
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in papers [4 —7]. Periodic structures were observed on the sur-
face of such materials as Ge, Ni, Sn, Al, Cu, HTSC ceramics,
and also brass and bronze upon pulsed laser irradiation when
a breakdown occured in the medium above the target. The
mechanism of structure formation was related in the papers
[8,9] to the interaction of the melt of a solid with the plasma
of the optical breakdown in the medium.

The periodic structures are formed in response to expo-
sure of a surface to tens or hundreds of laser pulses with
an energy density high enough to melt the surface. The struc-
ture period depends on the pressure of gas above the surface
and also on the size of the laser spot. The structures arise
owing to the development of instabilities at the interface
between the melt and the plasma of the optical breakdown,
such as the Kelvin— Helmholtz or Rayleigh — Taylor instabil-
ities [9].

Several papers relate the formation of large-scale periodic
structures to the displacement of the melt material by the tar-
get vapour, which results in a spatial redistribution of the
molten material (see, e.g., Ref. [10]). The nonlinear optical
processes responsible for the formation of ordered surface
structures under intense laser irradiation of a solid surface
were reviewed in Ref. [11].

In experiments [12], the surface of monocrystalline Si was
exposed to several thousand radiation pulses of an excimer
KrF laser at an energy density of 1 -5 J cm™2. The authors
[12] observed a growth of silicon microcolumns with a large
height-to-diameter ratio, which extended over the initial sur-
face by 10 —15 um. The column growth took place in gaseous
media containing oxygen and also in SFe at a pressure of
~ 1 bar. The crystal growth mechanism referred to as ‘va-
pour —liquid — crystal’ [13], which is realised in the growth
of whisker single crystals was proposed as the mechanism
for growing silicon microcolumns. The authors of [12] also
assumed that the chemical interaction between the substrate
material and the gas medium may be responsible for the
growth of the structures.

In this paper, we study the formation of periodic micro-
structures in Si, Ge, and Ti, irradiated by a copper vapour
laser in a broad pressure range (1—10° Pa) in the absence
of breakdown in the gaseous medium above the target sur-
face. Under these conditions, microstructures are formed
that are morphologically different from those arising upon
plasma formation. The structure growth occurs in a broad
pressure range of the ambient atmosphere and is supposedly
unrelated to the chemical interaction with it. Since the target
surface solidifies in the interpulse period, the morphological
surface changes may accumulate and develop from pulse to
pulse.
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Microstructure formation and growth take place only
when the number of pulses is high enough (above 10%).
From this point of view, the high repetition rate of a copper
vapour laser — about 10 kHz — is undeniably an advantage
over other laser sources. For this reason, it is the use of the
copper vapour laser that enables the easy realisation of the
conditions for microstructure growth, as regards to the ene-
rgy density and to the number of laser pulses. The x-ray
diffraction analysis was used to study the crystal structure
of the modified Si surface and the dependence of the mor-
phology of the structures on the angle of the laser beam
incidence on the solid surface.

2. Experimental

We used (100) and (111) monocrystalline Si plates as sub-
strates for microstructure growth. Several experiments were
performed with monocrystalline Ge and polycrystalline Ti.
The substrates were irradiated in air at atmospheric pressure
and in a low vacuum (~ 1 Pa). To increase the size of the
region exposed to the laser radiation, the beam was scanned
over the sample surface. To this end, a sample was placed on a
computer-controlled stage. The typical scanning rate of the la-
ser beam across the surface of a sample was about 0.1 mm s~

In our experiments we used a copper vapour laser with a
wavelength of 510.6 nm, a pulse repetition rate f = 10 kHz,
and a pulse length T = 20 ns. The unpolarised laser radiation
was focused with a lens with a focal length of 5 cm on the
sample surface to a spot 40 pum in diameter. The angle of laser
radiation incidence on the sample surface was variable from
zero to 60°.

Under our experimental conditions for a laser energy den-
sity of about 1-2 J em 2, no optical breakdown plasma was
formed in the gas medium above the sample surface in air or
vacuum. The surface morphology after laser irradiation was
studied with a JEOL scanning electron microscope. The crys-
tal structure of silicon with the microstructures produced by
laser irradiation was studied by x-ray diffraction employing
DRON-2 and URD-63 diffractometers (the characteristic
copper K, radiation at 0.154 nm).

3. Experimental results

Repetitively pulsed laser irradiation of a solid surface with
an energy density high enough to melt the material results in
a significant change of its morphology. The silicon surface
irradiated in vacuum turns out to be covered with cone-like
structures spaced at 10-20 um on the average (Fig. 1). The
cone apex angles are equal to 20 —25°. Similar structures are
formed on germanium and titanium.

The energy density of laser radiation at 510.6 nm required
to produce the structures is 1 -2 J cm™2, and the number of
pulses is about 10*. This number of pulses of the copper
vapour laser is accumulated when the total exposure time
of a given point on a sample is equal to 1 s. For a larger num-
ber of pulses and/or a higher energy density, ablation prevails;
i.e., a cavity is formed whose depth increases with exposure
time. In the photograph of a cleaved facet of a sample shown
in Fig. 2, one can see structures that protrude above the sam-
ple surface by 20—30 um. In this case, the silicon substrate
beneath them lies below the level of the sample surface by
about the same value.

The formation of microstructures on the Si surface is
accompanied by the appearance of characteristic speckles

Figure 1. Morphology of monocrystalline Si after exposure of its surface
to 10* laser pulses for an energy density of 1 J cm 2 in a vacuum and a
magnified view of Si microcones (the inset).

in the laser radiation reflected from the sample. The micro-
structure-bearing portions of the Si surface appear per-
fectly black in the reflected light due to absorption resulting
from multiple reflections from the side cone surfaces.

Figure 2. Cleaved facet of a silicon plate showing the depth of the modified
region after laser irradiation in air (the oxide layer was removed by etching
in an aqueous solution of HF).

The exposure of Si to laser radiation in air is accompanied
by the formation of a thick oxide layer protruding above the
surface of a sample. Etching this layer in an aqueous solution
of hydrofluoric acid (HF) reveals a structure similar to that
produced under irradiation in vacuum. One can see from the
photographs presented, that the microstructure formation
brings about a manyfold increase in the surface area. Accord-
ing to simple geometric estimates, the surface area increases
by about a factor of five when microcones with an apex angle
of 25° are formed on a surface. This is confirmed indirectly by



712 V V Voronov, S I Dolgaev, S V Lavrishchev, A A Lyalin, A V Simakin, G A Shafeevl

the fact that release of gas bubbles, which accompanies the
dissolution of Si oxide in an aqueous solution of HF, contin-
ues for several days.

As the angle of radiation incidence on a sample is altered,
the inclination of the microstructures changes: They grow
towards the laser beam, as shown in Fig. 3. The emergence
of structures growing towards the laser beam is a specific
feature of this work, because structures of this kind were
not observed for oblique beam incidence in earlier works [4, 6].

The laser irradiation of a silicon surface is accompanied
by modification of its crystal structure. X-ray diffraction pat-
terns of the areas exposed to the laser radiation in air or in
vacuum exhibit peaks of all possible Si reflections, in addition
to a strong peak from a single crystal (Fig. 4). The Si oxide
produced by laser irradiation in air is x-ray-amorphous
and does not give rise to peaks in the diffraction pattern.

Figure 3. Microstructures growing upon oblique incidence of laser radia-
tion on the silicon surface in vacuum at an angle of 60°.
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Figure 4. Diffraction pattern of (100)-oriented monocrystalline silicon
with microstructures produced by irradiation in air, obtained in the 6/20-
scanning mode.

The Si diffraction pattern after laser irradiation in vac-
uum differs from that after laser irradiation in air by a
lower intensity of polycrystalline peaks. The intensity ratio
of the polycrystalline peaks is indicative of the absence of any
texture. The peaks are significantly broadened in comparison
with the peaks of a reference polycrystalline Si sample. The
peaks for the sample irradiated in air are broader than those
for the sample irradiated in vacuum.

A calculation of the dimensions of the regions of coherent
scattering by the Scherrer formula [14] yields 46 nm for the

sample irradiated in air and 72 nm for that irradiated in vac-
uum. The dimensions of coherent scattering regions corres-
pond to the dimensions of particles arising in the condensa-
tion of the evaporated material. The high integrated intensity
of polycrystalline peaks shows that a substantial fraction of
the material in the irradiated region of Si converts to the poly-
crystalline state.

The nanoparticles in a laser-irradiated region may facil-
itate a further increase in the specific surface of a sample.
The appearance of waves on the melt surface is the initial
stage of microstructure development. It is these waves that
determine the microstructure period. When the number of
laser pulses and/or the radiation energy are monotonically
increased, the origination of these waves precedes the forma-
tion of conic structures. Fig. 5 gives an example of the waves
generated on the Si surface after laser irradiation in vacuum.
One can see a transition from waves to conic structures. As
the number of laser pulses increases, valleys begin to develop
at the troughs of the waves and the cones appear at the crests
of the waves.

Figure 5. Structures arising on the Si surface upon pulsed laser irradiation
in vacuum for a laser energy density of 1 J cm™2.

4. Discussion

The growth of the structures on the surface of a solid upon
laser evaporation takes place owing to a redistribution of the
target material evaporated under the action of each laser
pulse. Estimates show that approximately 10'> Si atoms are
evaporated per one laser pulse. Taking the vapour diffusion
length to be equal to the average structure height (20 pm)
and the vapour temperature to be 2000 K, the pressure of
this vapour as an ideal gas may be estimated at 30 bar. In
this case, the silicon vapour density is 10*° cm ™. Such a high
vapour density ensures the fast growth of the structures.
The material evaporated from the target areas between
the cones condenses primarily at the cone apexes, which
rise above the surface. This redistribution takes place because
a feedback appears between the structure morphology and its
absorptivity. When the radiation absorption length is small
compared to the characteristic vertical size of the structure,
the regions of the microstructure surface that are irradiated at
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an angle close to the normal incidence will have the highest
temperature in a laser beam of the uniform intensity. Di-
rect measurements show that the reflectivity of a Si surface
at the wavelength of a copper vapour laser is 0.38 at normal
incidence and 0.72 for an angle of incidence of 78° (the angle
of radiation incidence on the side surface of the cone).

For a laser energy density close to the Si melting thresh-
old, an increase in the reflectivity with the increase in the
angle of radiation incidence ensures survival of the cone-
like structures from pulse to pulse. The laser radiation is
reflected from the side surface in the direction of the valleys
between the cones, thereby increasing the local radiation ene-
rgy density in them. In the presence of cones on the surface,
the temperature distribution over the surface becomes non-
uniform even when the radiation intensity distribution is
uniform, with the effect that vapour condenses primarily on
relatively ‘cool’ cone surface areas. In this sense, the evolving
structures are self-organising. During laser evaporation of
the structure, evaporation from the cone apex proceeds faster
than from the side surface owing to a larger radius of curva-
ture of the latter, which favours structure sharpening. Simi-
larly, for oblique incidence of the laser radiation, structures
directed at the laser beam are highest in reflectivity.

One can see from Fig. 5, that the microstructures develop
from the waves on the melt surface, which are the source of
initial nonuniformity of the surface absorptivity. The nature
of the initial surface relief (of the waves), which serves as the
initial nonuniformity for the development of microcones,
calls for further investigation. Capillary waves may be a pos-
sible mechanism for the formation of the initial periodic stru-
cture. The dispersion relation for capillary waves on the liquid
surface has the form [15]:

w? = Zhict,
0

where o is the wave frequency; o, s, and p are the surface
tension coefficient, the depth, and the density of the melt,
respectively; k is the wave vector of the capillary wave;
k =2mn//; and 1 is the wavelength.

Since silicon solidifies in the period between pulses, the
lifetime of the liquid phase should be taken as the wave period
T = 2n/w. In general, this time depends on the excess of the
melt temperature over the melting temperature. When the
energy density of the laser beam is close to the melting thresh-
old, this time may be taken to be equal to the laser pulse
length 7, i.e., T =20 ns in the case under consideration.
Assuming that the melt depth is 4 ~ 1 um (of the order of
the heat diffusion depth in silicon during the laser pulse)
and that ¢ = 850 mN m~! for 7 = 1550°C [16], we obtain
a wavelength of ~1 um, which is well below the observed
structure period.

However, under our experimental conditions, the above
dispersion relation is invalid, because it was obtained for
the waves on a free melt surface. The final dimensions of
the melt cell produced by the laser beam of size a x b impose
limitations on the spectrum of capillary waves. In this case,
the possible moduli of the wave vector k of the capillary
wave become discrete and are determined by the relation:
k?* = ’(m*/a* + n*/b*), where m and n are integers [15].

The Benard cells, the defect-deformation instability [17],
and the Rayleigh—Taylor and Kelvin—Helmholtz instabil-
ities [9] represent other factors that ar responsible for the
nonuniformity of the melt surface. The two latter effects,

however, seem to be highly improbable owing to a low density
of the environment under our experimental conditions.

Note that the surface tension coefficients for Ge and Ti
are of the same order of magnitude as for silicon: ¢ = 558
and 1558 mN m~' for 1550 and 1670°C, respectively. The
observed structure periods prove to be close and are about
10 pm.

The silicon evaporated during a laser pulse again deposits
on the cooled crystal in the form of clusters measuring tens of
nanometres in size. The microcones, containing such clusters
which have formed on a monocrystal, have, unlike the sub-
strate, a polycrystalline structure. Their appearance differs
noticeably from that of the microstructures produced in the
case of a laser-induced breakdown of the medium. In the lat-
ter case, a microstructure ends with a sphere-like swelling
whose diameter is close to the cone diameter at the structure
tip or even exceeds it [12].

Note that the microcolumns formed by the radiation of an
excimer laser on the surface of Si in Ref. [12] do not contain
the oxide layer, which is probably explained by the action of
the shock wave generated upon the optical breakdown of the
medium. Pedraza et al. [12] did not point out the occurrence
of a UV radiation-induced breakdown in the medium, but its
presence is indirectly evidenced by the absence of structure
growth at below-atmospheric pressures, when the breakdown
of the medium is significantly facilitated. It seems that under
our experimantal conditions, the breakdown of the medium
did not occur in the operating pressure range, which is asso-
ciated with a lower energy of the radiation quantum and a
longer duration of the laser pulse compared to that of the
excimer laser. The Si surface evaporated by the radiation
of a copper vapour laser in air is covered with a thick layer
of noncompact silicon oxide, as in the case of SiC ceramics
ablation in air [18]. Note that the structure growth toward
the obliquely incident laser beam does not take place in
the presence of a breakdown plasma [9] because the pressure
of a plasma cloud, which expands normally to the surface,
results in the mechanical disruption of these structures.

5. Conclusions

Therefore, in the absence of breakdown of the medium upon
pulsed laser evaporation of solids, there arise self-organising
structures on their surface. These structures are cones
extending over the surface by 20 —30 um, with axes directed
along the laser beam axis. The structures develop when the
number of laser pulses is high enough (~ 10*) and the energy
density in the laser beam exceeds the melting threshold of the
material. The initial nonuniformity for the structure develop-
ment, which determines their spatial period, is the waves on
the melt surface of a solid. The structures contain polycrys-
talline silicon whose particles measure tens of nanometres.
The formation of a cone-like profile proves to be possible
because the reflectivity increases with increasing angle of
incidence of the laser radiation. The melting and evaporation
take place primarily in the valleys between adjacent cones
while the cones themselves do not melt due to reflection of
the laser radiation from their side surface.

The self-organising structures considered above, which
arise upon laser evaporation of solids, have a broad spectrum
of potential applications. For instance, a modified silicon sur-
face exhibits a high absorption coefficient in the visible range,
which is undeniably of interest for solar battery production
technology. The high absorption coefficient of the silicon sur-
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face permits raising the photocurrent generation efficiency
and discarding the deposition of anti-reflection coatings,
which are efficient only in a narrow range of angles of laser
radiation incidence and are non-durable in service.

Conic sharpened microstructures are of interest as field
electron emitters, which are easy to integrate into silicon
microelectronic devices. Note that the previously observed
structures arising upon the laser breakdown of a medium
can hardly be used as emitters due to the spherical shape
of their point. Finally, the structure formation results in a sig-
nificant increase in the surface area of a solid, which can find
application in catalysis and production of sensor devices.
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