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Mechanism of suprawavelength microstructures formation on metal
surfaces by linear polarized ultrashort laser radiation
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The model for suprawavelength structures formation based on the experimental data of nano- and microrelief of
metal surface evolution under linear polarized laser radiation and on the nonlinear mathematical model of ordered
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The model of formation of subwavelength resonance
periodic structures on metal surfaces by ultrashort pulsed
laser radiation (LR) has been proposed for the first time
and verified experimentally in [1]. A considerable number
of studies reporting the observations of formation of inter-
related suprawavelength nano- and micrograting structures
(in what follows, they are referred to simply as structures)
on metal and semiconductor surfaces under the influence of
ultrashort pulsed LR have been published in the last decade.
However, an explanation for the formation of suprawave-
length structures has been formulated only in the case
of their normal orientation (g || E) [2]; no mechanism of
formation of anomalously oriented (G L E) structures has
been proposed [3-7]. Here, E is the LR electric field vector;
lowercase and uppercase letters g and G denote grating
(structure) vectors corresponding to normal and anomalous
orientations. Experimental studies into the formation of
so-called thermochemical laser-induced periodic surface
structures (TLIPSSs) of an anomalous orientation have been
published in recent years. It proved difficult to determine
the mechanism of their formation [7]. A model based on
LR scattering by metal surface irregularities into TE surface
plasmon polaritons (SPPs) [8] (under the assumption that
G is an interference grating formed with a contribution
from TE SPPs) has been proposed. In the present study,
a model of formation of suprawavelength structures of an
anomalous orientation (G) with consideration of the mutual
interference of SPPs, where these structures are regarded
as one of the possible stages of evolution of the resonance
nanorelief morphology (g) driven by the mutual interference
of SPPs propagating in neighboring directions, is proposed.
Here, g is a superposition of resonance gratings with a
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certain spread of directions around the primary one, which
is specified by vector E, and equal periods.

Let us examine the model more closely. Gratings g with
their depth h increasing with number of pulses N form
under the influence of linearly polarized radiation (normal
incidence). At h on the order of several tens of nanometers,
the efficiency of dissipation of converted LR into SPPs
becomes equal to the absorption capacity of the metal
surface. The mutual interference of SPPs needs to be taken
into account in this case [9]. The directions of most efficient
SPP excitation become isolated (from angular spectrum Ag
of SPP propagation directions; see Fig. 1) in a self-organizing
nonlinear dissipative dynamic LR—metal system. Aided by
their spatial overlapping and interference, this results in
the formation of large-scale gratings G (with spatial scale
D > A, where 1 is the LR wavelength), which are nearly
orthogonal to E [9]. Structures G differ from gratings g in
having a greater spread of periods and directions. However,
if LR scanning at rate v is implemented, selection of SPP
excitation directions is effected (in particular, at v | E),
structures g gradually become oriented (see, e.g., [10,11]),
and a grating orthogonal to direction E, G L E, forms:
two orthogonal gratings g and G overlap. Experiments
have demonstrated that the growth of the control value
(energy density Q or number N of pulses) leads to an
abrupt variation of period D (see, eg., the experimental
data for brass in Fig. 2 [12]). This change is triggered by
two factors: first, angular spectrum A¢ becomes narrower
as N (or Q) increases; second, the periods of gratings g
are discrete and increase with Q [13]. Their enhancement
translates into a discrete growth of D (see Table 1, which
is based on the data from Fig. 2; f is the spatial frequency
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Table 1. Period d of microstructures of a normal orientation (g) and characteristic spatial scale D of structures of an anomalous

orientation (G) formed on brass at a fixed number of pulses Nerr = 1600 and various energy densities Q of ultrashort pulsed LR
(A =800nm, 7 = 125fs). The data from Fig. 2 were used to determine these values (grating vectors and periods are denoted by
lowercase and uppercase letters in the case of normal (g || E) and anomalous orientations, respectively)

Q, J/em? Jexp, ym Otheor , A/ n Dexp, um Diheor, /¢ I4
0.36 0.6; 1.2 3/4; 3/2 ~1 1.36 2 1.18
045 06; 1.2 3/4; 3/2 ~1 15 2 1.07
0.52 06; 1.2 3/4; 3/2 ~1 1.66 2 ~1
0.60 0.6; 1.2 3/4; 3/2 ~1 1.66 2 ~1
0.68 0.6; 1.6 3/4;2 1.0; 1.0 3.16 4 1.02
0.82 2.8 4 1.14 6.31 8 1.02
1.06 2.8 4 1.14 7.1 9 1.01

Note. Two structure periods, which form in the same irradiation region (and are normally spaced apart within the region) at a given Q value, are indicated

for dexp and Giheor -

4

Figure 1. Circle vector diagram illustrating the momentum
conservation law and the mutual interference of surface plasmon
polaritons having wave vectors Ksi, ksy, which propagate in
neighboring directions, with the formation of suprawavelength
grating G that is nearly orthogonal to vector E.

of structures). Discrete values of theoretical period dipeor
of grating g were determined with the use of a nonlinear
mathematical model (NMM) of formation of spatial periods
of structures within the framework of the universal polariton
model (UPM) of laser-induced destruction of condensed
media [2,14] and agree with experimental data [15,16]. The
following notation is used in Table 1: n is the real part
of the complex refraction index of the air—brass interface
for SPPs; £ characterizes the difference between theoretical
period Diheor and experimental period Ijexp of grating G and
is a quantity comparable to 7; and dexp is the experimental
value of the period of grating g. It can be seen from
Table 1 that the growth of I5eXp is correlated with the
growth of experimental period dexp of grating g and starts
at Q = 0.68 mJ/cm?. The evolution of periods of gratings
g governs the formation of gratings G upon their spatial
overlapping and shapes the resultant surface morphology
(Figs. 1 and 2).
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Grating data from [12] (Fig. 8) are provided in the end row of the table.

The geometric treatment of vectors kg1, ksp, and G
(Fig. 1) and experimental angular spread A¢ of SPP
propagation directions provide a theoretical estimate of
the spatial scale of grating G: Dipeor = (2—3)kA, where
K = diheornn/A is taken from the third column of Table 1.
Thus, the coupling between the characteristics of normal and
anomalous gratings was estimated. This estimate clarifies
the experimental discrete growth of D in steps of A. As was
demonstrated earlier [2,14,17], variations of deyp follow the
Sharkovskii ordering [18,19], and variations of D governed
by this quantity also follow the same ordering, which is
typical of such nonlinear dynamic systems (see, e.g., [2,14]).

The transformations of relief on brass are associated
with the mechanism of ,recording® of structures in a
melting—crystallization cycle. If metals are processed
in an oxidizing atmosphere, relief G may be ,recorded”
by modulating the thickness of an oxide film (at low
values of Q), which hinders strongly the transformation
of relief [13,20-26]. Let us examine the specifics of
this regime using the example of ultrashort pulsed LR
(A =1026 nm, 7 = 232fs, v = 200kHz, v = 3.5 um/s, and
the spot diameter is 14.7 um) incident on chromium films
in air at low scanning rates (v < 10um/s) [20]. Gratings
g (diheor = 1/3n =~ 300—400nm) were observed first, and
structures G formed after that (Fig. 3). Following the same
procedure of D estimation that was used for brass, we find
D < 1 ~ 1026 nm, which correlates with the experimental
data: Dexp ~ 930 nm (Table 2).

According to our model, the properties of structures G
differ substantially from the properties of resonance struc-
tures type g (i.e., the so-called periodic surface structures,
PSSs) [27], since (1) the orientation of structures G may
differ significantly from perpendicular E (by up to 20—30°)
and have a wide directional spread (this remains true
in the v L E geometry), which was observed experimen-
tally [8,20]; (2) the experimentally observed spread for D is
substantially more pronounced compared to dep for PSSs
(especially at v | E) [24]; (3) structures G are secondary in
relation to g; (4) the mechanism of their ,recording” is
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Figure 2. Left column: magnified images of regions of a polished
brass surface irradiated with a series of linearly polarized laser
radiation (2 = 800nm, 7 = 125fs) pulses (Nefr = 1600). These
images were obtained with a scanning electron microscope (SEM).
Right column: the corresponding fast Fourier transforms of the
surface relief at various energy densities of laser radiation Q, which
are indicated in the left part of the image. Spatial frequencies
f of gratings are converted into periods in accordance with the
following relation: f/k — ki [12].

modulation of an oxide film thickness; (5) structures G
scale with the LR wavelength [23] (usually as ~ 4; see
Table 2); (6) in experiments with the air pressure increasing
from 2.2 - 1075 Pa, a smooth transition from the formation
of gratings with g || E (d =1/2n ~ 338nm) and gratings

Table 2. Characteristic spatial scales Dexp of gratings G formed
on the surface of a titanium film with a thickness of 90 nm under
the influence of laser radiation with different wavelengths and with
LR scanning in direction v || E [23]

A, nm

1026 513 256

Parameter

943 £ 30
853+ 20
940 £+ 23

~ Vacuum 416 £17 | 182 +22
Dexp, Air

nm | Nitrogen, 2.5 atm

Q, mJ/cm? 70 50 35
v, um/s 1 3 1

G LE (d=1/45~ 172nm) on titanium, where gratings
G modulate the ridges of grating g, to PSSs (d = 1/2n)
and structures G = (Dexp =~ 0.6 um ~ Dyheor ~ 0.67 um at
2-10° Pa) was observed [25]. Here, & is the real part of the
refraction index of the metal—air interface for wedge SPPs
propagating along waveguiding protruding relief elements of
PSSs with a transverse subwavelength spatial scale [28]. The
mentioned experimental features, which are uncharacteristic
of PSSs, provide support for our theory that explains the
formation of structures G (TLIPSSs) on oxidizing metals
in numerous experiments [13,20-26]. Thus, the model
characterizes well the results of numerous experiments with
metals [3,7,29], oxidizing metals [13,20-26], semiconduc-
tors [5], and, possibly, dielectrics [30).

We note in conclusion that an NNM- and UPM-based
model of formation of suprawavelength microstructures of
an anomalous orientation was proposed. The model relies
on mutual interference of SPPs propagating in neighboring
directions that are excited by linearly polarized LR pulses
on metal surfaces. The dynamic interdependent coexistence
and development of spatially overlapping gratings g and
suprawavelength surface structures of an anomalous ori-
entation was noted. It was demonstrated that the spatial
scale of suprawavelength structures varies discretely and
proportionally to the LR wavelength in accordance with
the Sharkovskii ordering. The model is also applicable
to semiconductors and is consistent with a large set of
experimental data. It characterizes well the formation of
TLIPSSs if one takes into account the distinct nature of
relief ,recording” in the form of modulation of thickness
of an oxide film that hinders strongly the transforma-
tion of anomalous structures. The model is consistent
with numerous experiments into structuring of surfaces
of oxidizing metals and into the dynamics of surface
morphology. It is universal in the sense of applicability
to metals, semiconductors, and, possibly, dielectrics. The
obtained results may be used in the field of laser processing
of materials with substantially different physical proper-
ties.
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Figure 3. SEM images of TLIPSSs formed on the surface of a chromium film by laser radiation with energy E = 83 (a) and 10? nJ (c)
and the corresponding images obtained with an atomic force microscope (b, d). Magnified images of overlapping structures g + G [20]
are shown in the insets (panels a and c).
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