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1. Introduction  

Recently, the processing of materials by femtosecond (fs) laser pulses has attracted a great 
deal of attention, because fs pulse energy can be precisely and rapidly transferred to the 
materials without thermal effects (Stuart et al., 1995). In particularly, periodic 
microstructures can be produced in almost any materials using fs pulses directly and 
without the need for masks or chemical photoresists to relieve the environmental concerns. 
For instance, nanoripples (Hsu et al., 2007; Luo et al., 2008; Sakabe et al., 2009; Jia et al., 2010; 
Yang et al., 2010; Bonse & Krüger, 2010; Okamuro et al., 2010; Huang et al., 2009), 
nanoparticles (Jia et al., 2006; Luo et al., 2008; Teng et al., 2010), nanocones (Nayak et al., 
2008), and nanospikes (Zhao et al., 2007b) have been induced in various materials using 
single-beam fs laser pulses in air. In addition, fs laser ablation for metals and 
semiconductors in a vacuum environment (Amoruso et al., 2004; Liu et al., 2007a) and in 
liquid (Tsuji et al., 2003) have also been extensively investigated. These results are a strong 
indicator of the application potential of fs laser pulses in science and industry.  
In this chapter, we demonstrate the generation of nanoparticles and nanostructures 
(including ripples and dots) using fs laser pulses. Initially, we selected the II-VI 
semiconductor ZnSe to demonstrate the fabrication of nanoparticles. Following the 
irradiation of fs laser pulses at a wavelength of 800 nm and pulse duration of 80 fs, many 
hexagonal-phase ZnSe nanoparticles formed on the surface of an undoped (100) cubic ZnSe 
single-crystal wafer. The interesting phase transition from the cubic structure of ZnSe single-
crystal wafer to the hexagonal structure of ZnSe nanoparticles may have been caused by the 
ultra-high ablation pressure at the local area due to the sudden injection of high-energy 
leading to solid-solid transition. This chapter discusses the details of the mechanisms 
underlying this process. 
In the second part of this chapter, we introduce controllable nanoripple and nanodot 
structures to high-Tc superconducting YBa2Cu3O7 (YBCO) thin films. We also introduce the 
surface morphology of YBCO thin films under single-beam and dual-beam fs laser 
irradiation. The generation of periodic ripple and dot structures is determined by the 
application of laser fluence, the number of pulses, polarization and the incident angles of the 
laser beam. The period and orientation of ripples and even the size and density of dots can 
be controlled by these parameters. 
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2. Fabrication of hexagonal-phase ZnSe nanoparticles 

Zinc selenide (ZnSe) has been studied extensively since the 1970s for implementation in II-
VI semiconductors, due to its promising opto-electrical and electrical properties of direct 
wide band gap 2.7 eV at 300 K (Tawara et al., 1999; Dinger et al., 2000; Xiang et al., 2003). 
Over the last decade, the development of nanotechnologies has had a tremendous impact on 
industry and basic scientific research. The nanostructures of ZnSe, in particular, have 
attracted considerable attention recently (Tawara et al., 1999; Sarigiannis et al., 2002). 
Generally, crystalline ZnSe exhibits two structural phases, cubic and hexagonal. In ambient 
environments, the cubic phase is most often studies because the hexagonal structure is 
thermodynamically unstable (Sarigiannis et al., 2002; Che et al., 2004). In this section, we 
demonstrate the fabrication of hexagonal-phase ZnSe nanoparticles using femtosecond laser 
pulses and characterize their properties. 

2.1 Experimental setup and procedure 
In this study, the laser source plays an important role causing materials to undergo various 
changes. To reach the nonlinear region, a light source with high pulse energy is required. 
The seed pulses at 800 nm were produced using a mode-locked Ti:sapphire laser (Coherent-
Micra10) pumped by a diode pump solid state laser (Coherent-Verdi). After being stretched 
to ~200 ps, these pulses were synchronously injected into a Ti:sapphire regenerative 
amplifier (Coherent-Legend) pumped by a 5-kHz Nd:YLF laser and the amplified pulses 
(pulse energy ~0.4 mJ) were recompressed toτp ~ 80 fs at sample surface. 
Figure 1 shows the experimental setup used for the fabrication of ZnSe nanoparticles. A plano-
convex fused silica cylindrical lens with the focal length of 100 mm was used to focus the 
femtosecond laser pulses into a line spot (2270 Ǎm×54 Ǎm). The (100) cubic ZnSe single-crystal 
wafers were mounted on a motorized X-Y-Z translation stage in air and scanned using the 
focused laser spot at the scanning speed of 100 µm/s as shown in Fig. 1. The pulse energy was 
varied using metallic neutral density filters with OD0.1-OD2 (Thorlabs ND series). 
Following femtosecond laser irradiation, a white-yellow powder [as shown in the inset of 
Fig. 2(b)], i.e. ZnSe nanoparticles, was observed on the surface of a ZnSe single-crystal 
wafer. Depending on the experimental objectives, these ZnSe nanoparticles could be 
dissolved in ethanol with ultrasonic waves or picked up with Scotch tape. After removing 
 

 
Fig. 1. Experimental setup for the fabrication of ZnSe nanoparticles. 
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the ZnSe nanoparticles from the surface of a ZnSe single-crystal wafer, many sub-
wavelength ripples were observed on the surface, as shown in Fig. 2(b). These ripples 
appeared perpendicular to the scanning direction of the laser beam and the polarization of 
laser pulses, which are presented by the dashed and solid arrows, respectively, in Fig. 2(b). 
 

 
Fig. 2. SEM images of ZnSe single-crystal wafers; (a) before; and (b) after femtosecond laser 
pulse irradiations. Inset: OM images of ZnSe single-crystal wafer; (a) before; and (b) after 
femtosecond laser pulse irradiations. The dashed arrow indicates the scanning direction of a 
laser beam. The solid arrow indicates the polarization of laser pulses. 

2.2 Characteristics of ZnSe nanoparticles 
Figure 3(a) shows X-ray diffraction patterns of ZnSe nanoparticles fabricated at various 
fluences, which can be indexed by the hexagonal structure according to the JCPDS card 
no.80-0008 for ZnSe (a = b = 3.974 Å, c = 6.506 Å). It can be clearly seen that the cubic phase 
of the ZnSe single-crystal wafers has been transferred to the hexagonal phase in the ZnSe 
nanoparticles. Because hexagonal ZnSe is a metastable phase under ambient conditions, it 
can only be fabricated under the very strict growth conditions (Jiang et al., 2004; Liu et al., 
2007b). However, hexagonal ZnSe nanoparticles can be easily and reliably achieved using 
femtosecond laser ablation as demonstrated in this study. Additionally, Figure 3(b) shows 
the room-temperature Raman scattering spectra of the ZnSe wafer, before and after the laser 
irradiation, and fabricated nanoparticles. The Raman peak at 252 cm-1 can be assigned to the 
longitudinal optical (LO) phonon mode of the cubic structure observed both in the ZnSe 
wafer before and after laser processing. For ZnSe nanoparticles, a strong peak appears at 234 
cm-1 which is the so-called surface phonon mode (Shan et al., 2006). Typically, this surface 
phonon mode is a characteristic feature of nanostructures due to their large surface to 
volume ratio. Besides, no LO phonon mode of cubic structure is observed in ZnSe 
nanoparticles indicating that the crystal structure of ZnSe nanoparticles is pure hexagonal 
phase which is in accord with the X-ray diffraction patterns shown in Fig. 3(a). 
Figure 4(a) shows a typical TEM image of ZnSe nanoparticles with the smooth spherical 
shape. A high-resolution TEM image at the atomic scale for one ZnSe nanoparticle is 
presented in the inset of Fig. 4(b). Furthermore, the six-fold electron diffraction pattern can 
be clearly observed in Fig. 4(b). Through the analysis of distance and angles between the 
nearest diffraction points and the center (biggest) point, the crystal structure of ZnSe 
nanoparticles was identified as a hexagonal and the orientation of each diffraction point is 
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marked in Fig. 4(b), which consists with the results of XRD in Fig. 3(a). The energy 
dispersive spectroscopy (EDS) spectrum in the inset of Fig. 4(a) illustrates the composition 
of these ZnSe nanoparticles, comprising only two elements of Zn and Se. This reveals that 
the high purity of hexagonal ZnSe nanoparticles can be reliably and simply fabricated using 
femtosecond laser pulses. 
 

 
Fig. 3. (a) X-ray diffraction patterns of ZnSe wafer and ZnSe nanoparticles fabricated at 
various laser fluences. H: Hexagonal. C: Cubic. (b) Raman spectra of ZnSe wafer and ZnSe 
nanoparticles fabricated at the fluence of 220 mJ/cm2. The 632.8 nm line of laser with 0.33 
mW was used as the excitation light. 

 

 
Fig. 4. (a) TEM images of ZnSe nanoparticles fabricated by the fluence of 220 mJ/cm2. (b) 
TEM diffraction patterns of ZnSe nanoparticles in (a). Insets: (a) The EDS spectrum shows 
the composition of ZnSe nanoparticles; (b) High-resolution TEM image at the atomic scale. 
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Fig. 5. Size distribution of ZnSe nanoparticles at various laser fluences corresponding to the TEM 
images in Fig. 4(a) with an area of 3.2 Ǎm × 2.6 Ǎm. The solid lines are the log-normal fitting.   

The size distribution of ZnSe nanoparticles fabricated at various fluences was analyzed in 
Fig. 5. By the fitting of the log-normal function, we determined that the average diameter of 
ZnSe nanoparticles was approximately 16 nm in the case of 135 mJ/cm2. With an increase in 
the laser fluence to 198 mJ/cm2 and 220 mJ/cm2, the average size of the ZnSe nanoparticles 
increased to 20 nm and 22 nm, respectively. This indicates that the size of ZnSe 
nanoparticles can be controlled by laser fluence. Furthermore, the generation rate of ZnSe 
nanoparticles using fs laser pulses is approximately 3.63×1010 s-1 (or 7.26×106 per pulse) with 
a fluence of 135 mJ/cm2. For the higher fluence of 220 mJ/cm2, the generation rate of ZnSe 
nanoparticles increased by one order of magnitude to 3.63×1011 s-1 (or 7.26×107 per pulse). 

2.3 Mechanism underlying the formation of hexagonal ZnSe nanoparticles 
During femtosecond laser irradiation, a large amount of energy is transferred to the 
specimens thereby inducing dense plasma on the surface of the sample. However, the 
duration of energy transfer (~80 fs) is too short for the lattice and the energy is only 
absorbed by the electrons within the extremely short interaction time. The ablated plume is 
confined within the laser focused position of the laser by the surrounding air. Thus, the 
rapidly cooling leads to the formation of nanoparticles on the surface of samples within the 
ablated plume to avoid a reaction with the air. That is the reason for the lack of impurities in 
the ZnSe nanoparticles fabricated by fs laser pulses in a study. 
According to the early research, ZnSe transforms from a cubic structure to the hexagonal 
structure when the temperature is above the transition temperature (Ttr) of 1698 K (Rudolph 
et al., 1995). When ZnSe crystals are irradiated by the femtosecond laser pulses, the 
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temperature of the ZnSe crystals increases. In the case of pulse lasers, an increases in the 
transient temperature ΔT in materials can be estimated according to the relationship of ΔT = 
W/(C×V), where W is the pulse energy, C is the heat capacity, and V is the illuminated 
volume. For ZnSe at 300 K, C is 1.89×106 J/m3K (Martienssen & Warlimont, 2005), V is 
2.29×10-13 m3 [absorption depth ~1.87 Ǎm estimated from the nonlinear absorption 
coefficient β (Tseng et al., 1996)], and W is on the order of 0.243 mJ (which is assumed to be 
totally absorbed by ZnSe). Thus, the ΔT is approximately 560 K, which is far below the 
structural transition temperature of 1698 K. Therefore, a structural transition could not be 
induced by the increase in temperature. To identify the mechanism underlying the phase 
transition of ZnSe from cubic to hexagonal, we further analyzed the influence of “ablation 
pressure” (Batani et al., 2003), which has been studied from various perspectives over the 
past few decades (Key et al., 1980; Groot et al., 1992). When solids are irradiated by laser 
pulses, high-density plasma is formed on the surface of the samples. The compressed 
plasma in laser driven implosions has been characterized as the ablating or exploding 
pusher according to the surface ablation pressure and bulk pressure due to the preheating 
through electrons.  
In 2003, Batani et al. (Batani et al., 2003) derived the shock pressure with the laser and target 
parameters expressed as  

 
7 13 1
16 84 4

14(Mbar) 11.6( ) ( ) ( )
2 3.510

I A Z t
P

Z


 
  (1) 

where I is the laser intensity on target with the unit of W/cm2, λ is the laser wavelength in 
µm, A and Z are, respectively, the mass number and the atomic number of the target, and t 
is the time in ns. Figure 6 shows the effective pressure in the irradiated region with the laser  
 

 
Fig. 6. Simulated ablation pressure as a function of the laser peak power density according 
to the Eq. (1). The shadow area indicates the range of laser peak power density in this study 
and corresponding ablation pressure. The dashed line represents the pressure of cubic-
hexagonal phase transition, was obtained from ref. (Greene et al., 1995). 
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peak power density of the laser of 0 ~ 3.0×1012 W/cm2. In this study, the maximum pressure 
induced by the laser reached approximately 1.5 Mbar. According to the studies of Greene et 
al. in II-VI compounds (Greene et al., 1995), the solid-solid transition point, i.e. the cubic-
hexagonal phase transition, of ZnSe is approximately 0.55 Mbar. In our experiments, the 
ablation pressure induced by the femtosecond laser pulses on the ZnSe single crystals was 
in the range of 1.0 Mbar to 1.5 Mbar as shown in the shadow area of Fig. 6. This exceeds the 
solid-solid transition pressure 0.55 Mbar (the dashed line in Fig. 6). Therefore, the 
hexagonal-phase ZnSe nanoparticles transferred from the cubic phase may be caused by 
high ablation pressure resulting from the femtosecond laser pulses, and the accompanied 
increase in surface to volume ratio in the nanoparticles. 

3. Generation of nanoripples and nanodots on YBCO 

Issues related to energy have gradually gained in value and attracted attention around 
world and, the high-Tc superconducting YBa2Cu3O7 (YBCO) has potential as an alternative 
material for green energy applications, e.g. electric power cables, transformers, motors, 
electric power generators, magnetic levitation systems, due to its high critical current of 77 
K. For commercialization, critical current is the key parameter, and fs laser pulses may 
provide a new avenue to enhance the critical current of YBCO thin films. In this section, we 
demonstrate the formation of laser-induced subwavelength periodic surface structures 
(LIPSS), such as ripples and dots, on YBCO thin films using femtosecond laser and 
characterize their properties.  

3.1 Preparation of YBCO thin films 

The YBCO thin films used in this study were prepared by pulse laser deposition (PLD) with a 
KrF excimer laser operating at a repetition rate of 3-8 Hz with an energy density of 2-4 J/cm2 
as shown in the inset of Fig. 7(a). The oxygen partial pressure during deposition was 
maintained at 0.25 Torr, and the substrate temperature was maintained at 780-790 oC. After 
completion of the deposition process, the film was cooled to room temperature under 600 Torr 
of oxygen with the heater off. The thickness of the film was approximately 200 nm. As shown 
in the X-ray diffraction (XRD) pattern in Fig. 7(b), the YBCO films were (001)-oriented normal  
 

 
Fig. 7. (a) Resistance versus temperature curve measured on an as-deposited YBCO thin 
film. Inset: schematic illustration of the pulse laser deposition (PLD) system; (b) X-ray 
diffraction pattern of an as-deposited YBCO thin film. 
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to the (100) LaAlO3 (LAO) substrate. The temperature-dependent resistance of an (001)-
oriented YBCO thin film was measured using the standard four-probe configuration as 
shown in Fig. 7(a). The resistance decreased linearly with temperature in the normal state 
and then dropped sharply to a zero-resistance superconducting state at 90.1 K. Both features 
are consistent with the XRD results, indicating the high quality of the YBCO films. 

3.2 Generation of YBCO ripple structures 

Figure 8 shows the optical system for generating ripple structures on the YBCO thin films. A 
commercial regenerative amplified Ti:sapphire laser (Legend USP, Coherent) with an 800-
nm wavelength, 30-fs pulse duration, ~0.5-mJ pulse energy, and 5-kHz repetition rate was 
used as the irradiation source. After passing through a variable neutral density (ND) filter, 
the normal incident laser beam was focused on the surface of the sample forming a spot of 
~200 Ǎm by means of a convex lens with a focal length of 50-mm. The number of pulses or 
irradiation time was precisely controlled by the electric shutter.  
 
 

 
 

Fig. 8. Experimental setup for the generation of ripple structures on YBCO thin films. 

SEM analysis (Fig. 9) indicates that the morphology of fs laser-induced surface structures 
depend strongly on the laser fluence. Figures 9(a)-9(f) show the evolution of the ripple 
structure on YBCO thin films irradiated by a single-beam fs laser with various laser fluences 
(F) and a fixed number of pulses (N=600,000). With an increase in laser fluence, the ripple 
structure becomes clear in SEM images, as evidenced by the appearance of satellite peaks in 
the 2D Fourier spectra in the insets of Figs. 9(c)-9(f) [there are no satellite peaks in the inset 
of Fig. 9(b) for the case of low laser fluence]. The spatial period Λ of ripples, estimated from 
the position of a satellite peak in the 2D Fourier spectra, was dependent on the laser fluence, 
as shown in Fig. 11(a). Once the laser fluences 頑154 mJ/cm2, the ripple period remained at 
approximately 517 nm. Furthermore, the “periodicity” of the ripple-like structures was 
approximately 500 nm, which is much smaller than either the spot size or the wavelength of 
the femtosecond laser, indicating that the pattern was not formed by simple plow-and-
deposit processes. 
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Fig. 9. Morphological evolution of structures on YBCO thin films induced by linear 
polarized fs laser with fixed number of pulses N=600,000 and various fluences (a) F = 0 
mJ/cm2, (b) F = 43 mJ/cm2, (c) F = 59 mJ/cm2, (d) F = 79 mJ/cm2, (e) F = 154 mJ/cm2, (f) F = 
319 mJ/cm2. Inset: 2D Fourier spectra transferred from their corresponding SEM images (10 
Ǎm×10 Ǎm with pixel resolution of ~0.04 nm). The scale bar is applied to all pictures. 

Figures 10(a)-10(c) show the evolution of the ripple structure on YBCO thin films irradiated 
by a single-beam fs laser with various numbers of pulses (N) and the fixed laser fluence F = 
79 mJ/cm2. With an increase in the number of pulses, the ripple structure became 
increasingly clear in SEM images, as evidenced by the appearance of satellite peaks in the 
2D Fourier spectra in the insets of Figs. 10(b) and 10(c) [there are no satellite peaks in the 
inset of Fig. 10(a) for an as-deposited YBCO thin film]. The spatial period of ripples, 
estimated from the position of satellite peaks in the 2D Fourier spectra, is independent of the 
number of pulses or irradiation time, as shown in Fig. 11(b). Once the number of pulses 頑 
50,000, i.e. the sample surface was irradiated by the 75 mJ/cm2 laser pulses for 頑10 s, ripples 
can be clearly observed on the surface of the sample. In addition, the real-time evolution of 
the ripple structure appears in the transmission measurements in Fig. 10(d). In the case of F 
= 154 mJ/cm2, the transmission power of the laser beam dramatically increased to within 2 s 
and then saturated after ~10 s. Some specific points were marked at 79 mJ/cm2 of Fig. 10(d), 
and corresponding SEM images are shown in Figs. 10(a), 10(b), and 10(c), respectively. At 
0.1 s [i.e. N=500 in Fig. 10(a)], there are almost no structures on the surface of YBCO thin 
films. However, the rippled structure can be observed at 10 s [i.e. N=50,000 in Fig. 10(b)]; 
meanwhile, the transmission power dramatically increased due to the thinning of YBCO 
films inside the grooves. For an extended irradiation time of 30 s [i.e. N=150,000 in Fig. 
10(c)], the ripple structure does not change from that of Fig. 10(b), e.g. the spatial period of 
ripple as shown in Fig. 11(b), except for the contrast of grooves causing slight rise in 
transmission power in Fig. 10(d). Furthermore, the characteristics of changes in transmission 
power in Fig. 10(d) are independent of laser fluence. This indicates that the formation of 
ripple structures is very rapid, with only ~2 s needed, and the formation processes is 
independent of laser fluence. Laser fluence only affects the spatial period of ripple 
structures, as shown in Fig. 11(a).    
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Fig. 10. Morphological evolution of structures on YBCO thin films induced by linear 
polarized fs laser with fixed laser fluence F = 79 mJ/cm2 and various numbers of pulses (a) 
N = 500, (b) N = 50,000, (c) N = 150,000. (d) The transmission power of laser pulses as a 
function of irradiating time, i.e. pulse number N. Inset: 2D Fourier spectra which were 
transferred from their corresponding SEM images (10 Ǎm×10 Ǎm with pixel resolution of 
~0.04 nm). The scale bar is applied to all pictures. 
 

 
Fig. 11. (a) Dependence of the ripple period on the fluence. (b) Dependence of the ripple 
period on the number of pulses. The dashed lines are a guide to the eyes. 
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Fig. 12. Morphological evolution of ripple structures on YBCO thin films induced by linear 
polarized fs laser with F = 300 mJ/cm2, N=150,000, and various incident angles (a) θ = 0°, 
(b) θ = 30°, (c) θ = 60°.  (d) Dependence of the ripple period on the incident angle of 
laser pulses. The dashed lines are a guide to the eyes. All SEM images are 10 Ǎm×10 Ǎm 
with pixel resolution of ~0.04 nm. 

On the other hand, with the fluence and pulse number fixed at ~300 mJ/cm2 and 150,000, 
respectively, we found that the spatial period decreased with an increase in the incident 
angle (θ) [see Fig. 12(d)]. However, the observed period of ripple at θ = 0° was significantly 
smaller than the prediction of Λ=ǌ/(1+sinθ) (Zhou et al., 1982). In addition, the incident 
angle-dependent period of ripples on YBCO thin films cannot be described using this 
simplified scattering model [the solid line in Fig. 12(d)]. Therefore, the influence of surface 
electromagnetic waves, i.e. surface plasmons (SPs) should be taken into account in the 
formation of subwavelength ripples (Sakabe et al., 2009; Huang et al., 2009). According to 
Shimotsuma’s et al. results (Shimotsuma et al.; 2003), femtosecond incident light easily 
excites plasmons on the surface of various materials. As shown in Fig. 13(c), once the 
momentum conservation condition for the wave vectors of the linear polarized laser light 
(Ki), the plasma wave (Kp), and the laser-induced subwavelength periodic surface structures 
(LIPSS, KL) is satisfied, such plasmons could couple with the incident light. The interference 
between the plasmons and the incident light would generate a periodically modulated 
electron density causing nonuniform melting. After irradiation with a femtosecond laser, the 
interference ripple was inscribed on the surface of the YBCO thin film.    
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Fig. 13. SEM images (10 Ǎm×10 Ǎm with pixel resolution of ~0.04 nm) of fs LIPSS induced 
by (a) the left- and (b) right-circularly polarized beams; (c) Schematic of the momentum 
conservation condition of wave vectors of linear polarized laser light (Ki), plasma wave (Kp), 
and LIPSS (KL); (d) Schematic processes of the LIPSS by circularly polarized laser light (Ki,C). 
The scale bar is applied to all pictures. 

Interestingly, when we used a circularly polarized beam, the rippled structures were still 
produced, as shown in Figs. 13(a) and 13(b). The orientation of the ripples was set at -45° 
and +45° for left and right circularly polarized beams, respectively, with respect to the 
incident plane of the beam. In both cases, the spatial period was 491 nm, as produced by fs 
laser pulses with a fluence of 185 mJ/cm2 and number of pulses set to 150,000. These results 
show the orientation of rippled structures strongly depend on the polarization-state of 
incident fs pulses. These results are consistent with the results of Zhao et al. on tungsten 
(Zhao et al., 2007a, 2007b). In principle, circularly polarized light (Ki,c) can be decomposed to 
two perpendicular linear-polarization lights (Ex and Ey) through retardation of ǌ/4 in phase, 
as shown in Fig. 13(d). Linearly polarized light Ex and Ey can induce the LIPSS KL,x and KL,y, 
respectively, as long as the momentum conservation condition in Fig. 13(c) is satisfied. Thus, 
both KL,x and KL,y with phase coherent further cause the KL,c according to the momentum 
conservation condition of KL,c = KL,x + KL,y. The 45° wave vector of LIPSS, KL,c, is completely 
consistent with the direction of the satellite peaks in the 2D Fourier spectra [the inset of Fig. 
13(a)]. Namely, the orientation of ripples is -45° for left-circularly polarized beams with 
respect to the incident plane of the beam. Similarly, right-circularly polarized beams induce 
a +45° orientation of LIPSS, KL,c, according to the momentum conservation condition of KL,c 
= -KL,x + KL,y consistent with the results in Fig. 13(b). 
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3.3 Generation of YBCO dot structures 
To produce dot structures on YBCO thin films, we adopted a dual-beam scheme using the 
modified Michelson interferometer shown in Fig. 14. The polarization of both beams was 
individually controlled by two quarter-wave plates before the reflection mirrors in both 
arms of the dual-beam setup. After the beam splitter in the dual-beam setup, both beams 
were collinearly and simultaneously focused on the surface of the sample using a convex 
lens with a focal length of 50-mm. Before generating the YBCO dot structures, we measured 
the interference patterns between two beams to check the temporal overlap of the two 
pulses. In the inset of Fig. 14, the interference pattern between the two pulses with parallel 
polarization can be clearly observed after adjusting the delay in one of the two pulses. The 
polarization of two pulses was set perpendicularly to each other to eliminate interference 
patterns and generate the YBCO dot structures. All experiments were performed in air 
under atmospheric pressure. 
As shown in Figs. 15(a1)-15(d1), it is surprising that many dots rather than regular ripples 
appeared on the surface of YBCO thin films using a dual-beam setup with perpendicularly 
linear polarization. In the case of the dual-beam setup, the KL,x and KL,y without coherence 
in phase induced by random phase and perpendicularly linear-polarization beams (Ex and 
Ey),  respectively, would not satisfy the conservation of momentum of KL,c = ±KL,x + KL,y and 
be unable to create ±45° wave vector of LIPSS, KL,c as shown in Fig. 13(d). Therefore, the KL,x 
and KL,y which are perpendicular to each other would lead 2D nonuniform melting and 
further aggregation to form randomly distributed dots [see the 2D Fourier spectra in the 
inset of Figs. 15(a2)-15(d2)] due to surface tension. In the case of N = 25,000, the average 
diameter of dots was approximately 632 nm estimated by the log-normal fitting presented in 
Fig. 15(a2). An increase in the number of pulses resulted in a marked broadening in the size 
distribution, although the average size only slightly increased from 632 nm to 844 nm [see 
Figs. 15(a2)-15(d2)]. For N = 300,000, the size of a part of dots was on the order of 
micrometers. However, larger dots influence the dot density on the surface of YBCO thin 
films. For instance, the density of dots increases with the number of pulses 雁150,000. Once 
the dots grow too large to merge with the nearest neighbors, or even next nearest neighbors, 
the density of the dots significantly shrank, as shown in Fig. 15(c1). In this manner, the size 
and density of YBCO dots can be controlled by the numbers of pulses from the fs laser. 
 

 
Fig. 14. Experimental setup for the generation of nanodots on YBCO thin films. 
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Fig. 15. Dot structures on YBCO thin films induced by a dual-beam setup with fluence = 87 
mJ/cm2 and various numbers of pulses (a1) N =25,000, (b1) N =50,000, (c1) N =150,000, (d1) 
N =300,000. (a2)-(d2) The size distribution corresponds to the SEM images (10 Ǎm×10 Ǎm 
with pixel resolution of ~0.04 nm) (a1)-(d1), respectively. Solid lines are the log-normal 
fitting. Inset: 2D Fourier spectra which were transferred from their corresponding SEM 
images (a1)-(d1), respectively. The scale bar is applied to all pictures. 

3.4 Characteristics of YBCO nanostructures 

To characterize the superconductivity of the ripple structures on YBCO thin films, the area 
of the ripple structure must be large enough to measure. Thus, the scanning scheme shown 
in Fig. 8 was adopted to prepare the large-area ripple structures on YBCO thin films. After 
passing through a variable neutral density filter, the beam was two-dimensionally scanned 
using a pair of galvanic mirrors with a speed of 7.6 cm/s. The laser beam was focused on the 
surface of the sample with a spot size of 220 Ǎm using an f-theta lens. All experiments were 
performed in air under atmospheric pressure. 
It is evident from Fig. 16(g) that the quality of the crystalline structure of the YBCO films 
remained high after irradiation by the femtosecond laser with fluence up to 260 mJ/cm2. 
However, the quality deteriorated considerably with a further increase in laser fluences. For 
instance, with an irradiation fluence of 530 mJ/cm2, the intensity of the characteristic X-ray 
diffraction peaks diminished considerably. As shown in Fig. 17, while the superconductivity 
of the YBCO films remained nearly unchanged under low fluence irradiation, it began 
degrading at irradiation levels of 320 mJ/cm2 and disappeared at 530 mJ/cm2, indicating 
structural and compositional changes with higher irradiation fluence. 
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As mentioned above, the crystalline structure of these YBCO nanodots induced by the laser 
irradiation (260 mJ/cm2) remained oriented with the c-axis, with sharp diamagnetic 
Meissner effect characteristics at 89.7 K (Fig. 17), indicating that even after the dramatic 
morphological reconstruction, the obtained nanodots maintained most of their intrinsic 
properties. Indeed, as indicated by the energy dispersive spectroscopy (EDS) spectrum 
displayed in Fig. 16(h), which was taken on one of the nanodots [marked as area 1 in Fig. 
16(e)], the composition of the nanodot had not changed from that of the original YBCO 
films. EDS results taken in the area between the dots [marked as area 2 in Fig. 16(e)] 
indicates no signal of Ba. Instead, traces of Al, presumably from the LAO substrate, were 
detected [see the second spectrum from the top in Fig. 16(h)]. This indicates that the 
composition of the area between any two nanodots has severely deviated from the 
stoichiometric composition of the original YBCO. The question is, how does this occur?  
 

 
Fig. 16. (a) SEM images show the surface morphology of YBCO thin films at various laser 
fluences (a) F = 0 mJ/cm2, (b) F = 210 mJ/cm2, (c) F = 320 mJ/cm2, (d) F = 530 mJ/cm2, (e) F 
= 260 mJ/cm2. (f) AFM image of (e). (g) X-ray diffraction patterns of YBCO thin films at 
various laser fluences corresponding to (a)-(e). (h) EDS spectra show the composition of area 
1 and area 2 in (d) and (e). 

Due to the laser pulses, the transient increase in temperature, ΔT, can be estimated using the 
following relation ΔT = W / CV, where W is the pulse energy, C is the heat capacity, and V 

is the illuminated volume. For YBCO at 300 K using C = 2.86×106 J/m3K [derived from the 
Debye heat capacity and the Debye temperature of YBCO was obtained from ref. (Stupp & 
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Ginsberg, 1989)], V = 1.14×10-14 m3 (the absorption length ~ 300 nm), and W on the order of 
0.1 mJ (which is assumed to be totally absorbed by YBCO). ΔT is approximately 3000 K. This 
increase in temperature, in principle, will lead to massive global melting of a thin layer 
beneath the surface of YBCO thin films. Thus, a more random pattern would be expected 
when re-solidified. However, due to the interference induced by the inhomogeneous input 
energy, the YBCO in melted phase initially forms ripples according to the interference 
pattern which pushes the YBCO to the line of destructive interference. This interference 
pattern also leads to a periodic distribution of the fluctuations in temperature, ΔT, which 
happen to be higher than the boiling point of Ba [1897 K (Thompson & Vaughan, 2001)] 
along the line of constructive interference and lower than the boiling point of Ba [1897 K 
(Thompson & Vaughan, 2001)] along the line of destructive interference. As a result, in the 
regions of the constructive interference most Ba was vaporized, while in the destructive 
regions the Ba remained. Moreover, due to the surface tension and heterogeneous 
nucleation on the surface of the substrate, the melted YBCO along the lines of destructive 
interference aggregates to form nanodots in a periodic fashion, as shown in Fig. 16(b), 16 (e), 
and 16(f). These results suggest that, by using single-beam femtosecond laser irradiation, it 
is possible to fabricate a self-organized array of YBCO nanodots with most of the 
crystallinity and superconducting properties remaining intact, provided proper control of 
irradiation fluence is practiced. This technique could potentially be applied to the 
fabrication of microwave filter devices with array structure or the weak-link Josephson 
junction arrays. 
 
 

 
 

Fig. 17. Resistance versus temperature curve measured prior to femtosecond laser 
irradiation (F = 0 mJ/cm2) and the magnetization versus temperature curve measured at 10 
Oe after femtosecond laser irradiation, with various fluences corresponding to the Fig. 16 
(c), 16(d), and 16(e), respectively. 
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Finally, as the fluence reached 頑 320 mJ/cm2, irregular, disordered patterns were observed 
on the surface of the LAO substrate, as shown in Fig. 16(c) and Fig. 16(d). The characteristic 
XRD peaks of the (001)-YBCO films deteriorated significantly [Fig. 16(g)], indicating that the 
crystalline structure of YBCO had been destroyed by the higher laser fluence. EDS analysis 
[Fig. 16(h)] also shows that Ba was absent in both area 1 and area 2, marked in Fig. 16(d). In 
area 2, even the composition of Y is absent in the EDS spectrum. Using the previous 
estimation with W 頑 0.12 mJ (fluence 頑 320 mJ/cm2), ΔT 頑 3700 K was obtained, which is 
higher than the boiling point of Ba [1897 K (Thompson & Vaughan, 2001)] at the positions of 
both constructive and destructive interference, but only higher than the boiling point of Y 
[3345 K (Thompson & Vaughan, 2001)] at the position of constructive interference. In this 
case, the aggregation of melted YBCO becomes more disordered and the stoichiometric 
composition is more severely influenced, leading to the loss of crystalline integrity and 
superconductivity in the remaining residue of the original YBCO film. 

4. Conclusions 

In this chapter, we demonstrated a simple, rapid means to obtain the hexagonal ZnSe 
nanoparticles, YBCO ripples, and dot structures. In the fabrication of ZnSe nanoparticles, 
while femtosecond laser pulses were focused on the surface of ZnSe wafers in air and the 
ablated plume cannot expand as rapidly as plumes would in a vacuum chamber which 
causes an instantaneous high-energy, high-pressure region around the focal point of the 
laser; meanwhile, a large amount of spherical-shape ZnSe nanoparticles with an average 
diameter of 16-22 nm (depending on the laser fluence) forms on the surface of the wafer. 
During the formation of ZnSe nanoparticles, the structural phase further changes from cubic 
to metastable hexagonal phase due to the ultrahigh localized ablation pressure caused by 
the rapid injection of high laser energy within a femtosecond time scale.  
For the generation of ripple and dot structures, we have systematically studied the surface 
morphology of YBCO thin films under a single-beam and a dual-beam fs laser irradiation. 
The generation of ripple and dot periodic structures was determined by the applied laser 
fluence, number of pulses, and polarization of the laser. The period and orientation of 
ripples, and even the size and density of dots can be controlled by these parameters. With 
lower laser fluence, the (001)-YBCO film turns into (001)-ripple or dot arrays with 
superconductivity remaining nearly intact. These rippled (or dotted) structures and 
superconductivity, however, were rapidly destroyed with higher fluence. These results may 
be applied to enhance the critical current of YBCO thin films and the fabrication of the 
microwave filter devices with array structures or the weak-link Josephson junction arrays. 
The present results clearly demonstrate that the femtosecond laser, in addition to its crucial 
role in studying the ultrafast dynamics of matter, they can also serve as a new avenue for 
engineering materials and structures into their surfaces at a nanometer scale. 
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