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The abrupt transition from low-spatial-frequency laser-induced periodic surface structure (LSFL) to high-
spatial-frequency laser-induced periodic surface structure (HSFL) in single-crystal superalloy CMSX-4
during femtosecond laser irradiation has been reported. Microstructural investigations indicate that the
transition was initiated by the generation of new grooves on the main ridges of LSFLripples. This transition
resulted in the period of HSFL nearly equal to half of LSFL period. Furthermore, the relationship between
both LSFL and HSFL and their parametric dependence was established. The microstructural observation of
the abrupt transition provides a morphological evidence of second harmonic generation being responsible
for the formation of HSFL.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Most laser-induced periodic surface structures (LIPSS) are the
wavelength-scale ripple structure, usually referred to low-spatial-
frequency LIPSS (LSFL), and they have been observed on most
materials. It is generally accepted that this type of wavelength-
scale LSFL arises from effects of optical interference due to coherent
interaction between the incident radiation and surface scattered
electromagnetic wave [1,2]. However, recent studies suggest that
another type of LIPSS with the spatial period much less than the
incident laser wavelength (A) was produced by femtosecond laser
irradiation on various solids, and it is referred to high-spatial-
frequency LIPSS (HSFL) [3-8]. There are two main mechanisms
proposed for the formation of the HSFL. One is involved in the inter-
action of incident laser pulses with laser-produced surface plasma,
in which the period ( A) of LIPSS was dependent on the laser fluence
[3,8]. For instance, the ripple period was found to decrease with
the laser fluence on the surface of copper [3]. Another mechanism
is associated with the combination of interference effects and sec-
ond harmonic generation (SHG) [4-7]. According to this model, the
HSFL period was given by A = /2 for strongly absorbing materials
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such as metals and A=A/2n (n is the refractive index of materi-
als) for transparent materials under normal incident irradiation.
To date, the process for the formation of the HSFL is still not well
understood, and further experimental and theoretical studies are
required.

In the current study, the LIPSS on the surface of a single-crystal
superalloy after irradiation by a femtosecond laser with various
levels of laser fluence and nominal pulse number was investigated.
The characteristics of both LSFL and HSFL and the direct correlation
between them have been identified by microstructural investiga-
tion. These results provide a morphological evidence of SHG being
responsible for the formation of the HSFL.

2. Experimental

A chirped pulse amplification-based Ti:sapphire regenerative
amplifier laser system (Spitfire, Spectra Physics) was used to gen-
erate linearly polarized laser pulses at a center wavelength of
A =800 nm with pulse duration of =120 fs and a maximum repeti-
tion rate of 1 kHz. The laser beam was perpendicular to the sample
surface and focused using a 5x microscope objective lens with
0.14NA (Mitutoyo). The energy of the laser incident radiation was
varied using a polarizer combined with a half wave plate. The sam-
ple was mounted on a computer-controlled xyz translation stage
with a spatial resolution of 125 nm, and the experiments were car-
ried out by translating the sample relatively to the stationary laser
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Fig. 1. Typical microstructures of LIPSS on the surface of single-crystal superalloy CMSX-4 after femtosecond laser irradiation with three feedrates at the constant laser
fluence @ =0.82]/cm?. (a) Feedrate v=3.75mm/s (N~9), (b) v=1.25mm/s (N~ 26), (c) v=0.625mm/s (N~ 52); (a2), (b2) and (c2) show higher magnification images of the
framed area in (al), (b1) and (c1), respectively; (a3), (b3) and (c3) show gray value profiles along the trace path in (a2), (b2) and (c2), respectively.

beam with the feedrates (v) varying between 0.125 and 16 mm/s
in the direction perpendicular to the incident laser beam. The cor-
responding nominal pulse number (N) was calculated based on the
feedrate and the focused beam diameter (~32 p.m). All experiments
were carried out in ambient air.

The sample used in the experiment was a second-generation
single-crystal superalloy, CMSX-4. The surface of the selected sam-
ple was polished by conventional metallographic procedures with a
final polish 0of 0.05 wm suspended alumina powder. Before and after
laser processing, the sample was subjected to ultrasonic cleaning in
ethanol for 5-10 min. The morphology of the laser-induced periodic
microstructure was examined by a ZEISS SUPRA 55 field-emission
scanning electron microscope (FE-SEM) operated in secondary
electron (SE) imaging mode. Some critical LIPSS were investigated
using an Agilent Technologies 5500 atomic force microscope (AFM)
in order to determine the amplitude of the ripples. The LIPSS period
was measured with the help of Image] program, which was created
at the National Institutes of Health, USA [9].

3. Results

Fig. 1(a-c) shows the typical microstructures of LIPSS on the
surface of the single-crystal superalloy CMSX-4 after femtosec-
ond laser irradiation with three feedrates at the constant laser
fluence @ =0.82]/cm?2. This fluence level was approximately 2.5
times higher than the ablation threshold for single-crystal super-
alloy MK-4, which has similar composition to CMSX-4 [10]. In all
cases, femtosecond-LIPSS have been observed and the orientation

of the ripples was perpendicular to the polarization of the 800 nm
laser radiation. Fig. 1(a2-c2) shows higher magnification images
of the framed area in Fig. 1(al-c1), respectively and Fig. 1(a3-c3)
shows the gray value profiles along the trace path in Fig. 1(a2-c2),
respectively. The microstructures clearly demonstrate the mor-
phological evolution of LIPSS. After irradiation with v=3.75 mm/s
(N~9), periodic ripples of classical LSFL were observed with the
period of ~760 nm approximately equal to the wavelength of the
incident laser (Fig. 1(a2-a3)). With decreasing levels of the feedrate,
new grooves marked by arrows appeared on the main ridges of the
ripples as shown in Fig. 1(b2-b3). When the feedrate was decreased
to 0.625 mmy/s (N~ 52), these new grooves became more distinc-
tive and the dominant feature of the HSFL demonstrated with a
shorter period of ~360 nm (Fig. 1(c2-c3)), which was nearly half of
the LSFL period.

In order to better understand the process of transforming from
the LSFL into the HSFL, the intermediate structure produced with
v=1.25mm/s (N~ 26) as shown in Fig. 1(b1-b3) was further inves-
tigated using AFM. Fig. 2(a) is a typical AFM 3-D profile image of this
intermediate structure, while Fig. 2(b) shows the higher magnifica-
tion image of the framed area in Fig. 2(a). Mixed characteristics of
both LSFL and HSFL were observed in this intermediate structure. It
is clearly demonstrated that each main ridge along the LSFL ripples
with a space of 760 nm (Fig. 2(a)) started to split into two ridges
with a new groove in some ripple area (Fig. 2(b)). The cross-section
profiles along the upper path and the lower path were shown in
Fig. 2(c). Compared with the LSFL ridges along the upper path, new
grooves masked by arrows in Fig. 2(c) were generated on the ripple
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Fig. 2. AFM analyses of the surface for single-crystal superalloy CMSX-4 after fem-
tosecond laser irradiation with feedrate v=1.25mm/s (N~ 26) at the laser fluence
@ =0.82]/cm?. (a) AFM 3-D profile image; (b) higher magnification image of the
framed area in (a); (c) cross-section profile for lower (HFSL) and upper (LFSL) path
in (a).

ridges along the lower path where most of the HSFL were located,
leading to AHSFL ~ A]_s]:]_lz.

Fig. 3(a) and (b) shows the optical spectra of the scattered light
from the irradiation area on the sample surface under two experi-
mental conditions, which are the same as those to produce typical
LSFL and HSFL, respectively, as shown in Fig. 1(a) and (c). It is
demonstrated that the discrete wavelength component at 400 nm
was only observed in the experimental condition where the HSFL
was predominantly visible as shown in Fig. 1(c1-c3). In the current
stage, the observed wavelength component of 400 nm is expected
to produce due to SHG.

Furthermore, the LIPSS on the surface of the single-crystal
superalloy CMSX-4 after femtosecond laser irradiation have also
been investigated with various levels of laser fluence and nomi-
nal pulse number. Fig. 4 is a map of the relationship among LIPSS,
laser fluence and nominal pulse number. The intermediate struc-
ture is regarded as the HSFL in this map since it is very difficult
to distinguish the boundary between the intermediate structure
and the HSFL. The following characteristics have been identified
in this map: (1) it has been divided into four-zones, consisting of
no-LIPSS, LSFL, HSFL and severe-damage zone; (2) no direct tran-
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Fig. 3. Wavelength distribution scattered from the irradiated surface of single-
crystal superalloy CMSX-4 at the constant laser fluence @=0.82]/cm? with (a)
v=3.75mm/s (N~9); (b) v=0.625mm/s (N~ 52). The chosen experimental con-
ditions are the same as Fig. 1(a) and (c), respectively.
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Fig. 4. Occurrence of LIPSS on the surface of single-crystal superalloy CMSX-4 after
femtosecond laser irradiation with respect to nominal pulse number and laser flu-
ence.

sition occurred from no-LIPSS to the HSFL; (3) the formation of
the HSFL is restricted to a relatively small operation region; (4) in
the severe-damage zone, the surface started to be severely ablated
due to large pulse number and high laser fluence, as a result, the
LSFL and HSFL finally disappeared. It is worthy of noting that the
transition boundary from the LSFL to the HSFL depended on the
number of laser pulses and the laser fluence. For higher laser flu-
ence (@ >2.05]/cm?), the transition has not been observed at any
number of laser pulses.
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4. Discussion

Recently, a number of different research groups have investi-
gated the HSFL on various solid surfaces and two main mechanisms
mentioned at the exordium have been proposed for the forma-
tion of the HSFL. In the present study, there was no ripple period
other than 360 nm and 760 nm in the laser fluence range between
0.82]/cm? and 3.28]/cm?. The insensitivity of the laser fluence on
the period for both LSFL and HSFL is clearly different from the pre-
vious report of continuous transitions of the ripple period with the
change of the laser fluence [3]. This result effectively excludes the
interaction of laser pulses and laser-produced surface plasma as a
possible explanation.

In order to verify the role of the SHG in the physical origin
of the HSFL, the possible relationship between the HSFL and the
wavelength of an incident laser after femtosecond laser irradiation
under different irradiation conditions became one of the funda-
mental issues [4-7]. Borowiec and Haugen reported that the period
of the HSFL in III-V semiconductors (InP, GaP, GaAs) was 4.2-5.1
times less than the wavelength of the incident laser [5]. They spec-
ulated that SHG at the surface might play a key role in the formation
of the HSFL. Jia et al. found the HSFL with A~ A/2n on the entire
ablation area of ZnSe crystal, and they attributed the formation of
the HSFL to the interference between the surface scattered wave
of the incident laser (800 nm) and its second harmonics at 400 nm
[7]. Bonse et al. observed the period of the HSFL (A ~ A/2) was half
of that of the LSFL (A ~ A) in single-crystalline indium phosphide
(c-InP), and the observations suggested that SHG was responsi-
ble for the HSFL formation [4]. In the current study, both spatial
LSFL (A ~760nm) and HSFL (A ~ 360 nm) after femtosecond laser
irradiation in the single-crystal superalloy were also observed. Fur-
thermore, microstructural investigation indicate that the formation
of the HSFL was initiated by the generation of the new grooves on
the main ridges of the LSFL ripples, i.e., the involvement of abrupt
transition from the LSFL to the HSFL, leading to Ayspr ~ ArspL/2.
And the spectroscopic results suggest that SHG was only associated
with the formation of the HSFL regime. As a result, the process for
HSFL generation is explained as follows: (1) second harmonic can
be efficiently generated on a significant rough surface structured
by the LSFL; (2) a new type of periodic modulated intensity field is
formed due to the interference effect between the second harmonic
and its scattered surface wave; (3) for the subsequent pulses, a pos-
itive feedback effect of this new field is created by succedent SHG,
and becomes significant enough to promote the transition from the
LSFL to the HSFL.

5. Conclusions

In summary, the formation of both wavelength-scale LSFL
(ArseL ~ 760 nm) and subwavelength-scale HSFL ( Aysp. ~ 360 nm)

has been observed in a single-crystal superalloy CMSX-4 after
femtosecond laser irradiation with various levels of laser flu-
ence and nominal pulse number. Microstructural investigations
indicate that the transition from the LSFL to the HSFL was ini-
tiated by the generation of the new grooves on the main ridges
of the LSFL ripples, leading to Apsg ~ ArspL/2. The map of the
occurrence for both ripple types and their parametric dependence
was established, and the formation of the HSFL only occurred
in a limited range of nominal pulse number and laser fluence.
The periods of both the LSFL and the HSFL are almost constant
and insensitive to the laser fluence and nominal pulse number.
The current results present morphological evidences to support
that the HSFL were generated under the help of the nonlin-
ear response of the LSFL, and it was due to the involvement of
SHG.
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