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Preface to ”Laser-Based Nano Fabrication and 
Nano Lithography”

The improvement of fabrication resolutions is an eternal challenge for miniaturizing and 
enhancing the integration degrees of devices. Laser processing is one of the most widely used 
techniques in manufacturing due to its high flexibility, high speed, and environmental friendliness. 
The fabrication resolution of laser processing is, however, limited by its diffraction limit. Recently, 
much effort has been made to overcome the diffraction limit in nano fabrication. Specifically, 
combinations of multiphoton absorption by ultrafast lasers and the threshold effect associated with a 
Gaussian beam profile provide fabrication resolutions far beyond the diffraction limit. The use of the 
optical near-field achieves nano ablation with feature sizes below 100 nm. Multiple pulse irradiation 
from the linearly polarized ultrafast laser produces periodic nanostructures with a spatial period 
much smaller than the wavelength. Unlimited diffraction resolutions can also be achieved with 
shaped laser beams. In the meanwhile, lasers are also widely used for the synthesis of nano materials 
including fullerenes and nano particles.

In view of the rapid advancement of this field in recent years, this Special Issue aims at 
introducing the state-of-the-art in nano fabrication and nano lithography, based on laser technologies, 
by leading groups in the field. Specifically, this Special Issue consists of two invited feature articles 
and ten contributed articles covering relevant topics of the laser-based nano fabrication and nano 
lithography, written by internationally recognized experts in the field. It includes the formation of 
periodic surface nano structures via the irradiation of intense ultrashort pulses, surface nano 
structuring below the diffraction limit using the optical near-field, three-dimensional micro-and 
nano-scale additive manufacturing based on two-photon polymerization, three-dimensional micro 
and nano fabrication inside transparent materials based on multiphoton absorption using ultrafast 
lasers, higher energy density confinement by Bessel ultrashort pulses for micro and nano fabrication, 
precision machining by liquid-assisted femtosecond laser ablation, the synthesis of functional nano 
particles by laser ablation in liquids, the formation of shape- and size-controlled metallic 
nanoparticles by pulsed-laser deposition and laser-induced dot transfer, and dual THz wave and X-

ray generation by femtosecond laser excitation.

I believe that this Special Issue offers a realistic and comprehensive review of the state-of-the-art 
in nano fabrication and nano lithography and is beneficial for many researchers including students 
and young scientists working not only in the field but also in many other fields.

Last but not least, I would like to thank all of the article authors for their great effort and 
wonderful work to complete this informative Special Issue.

Koji Sugioka, Ya Cheng

Special Issue Editors
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Nanostructure Formation on Diamond-Like Carbon
Films Induced with Few-Cycle Laser Pulses at Low
Fluence from a Ti:Sapphire Laser Oscillator
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Abstract: This study reports the results of experiments on periodic nanostructure formation on
diamond-like carbon (DLC) films induced with 800 nm, 7-femtosecond (fs) laser pulses at low fluence
from a Ti:sapphire laser oscillator. It was demonstrated that 7-fs laser pulses with a high power
density of 0.8–2 TW/cm2 at a low fluence of 5–12 mJ/cm2 can form a periodic nanostructure with a
period of 60–80 nm on DLC films. The period decreases with increasing fluence of the laser pulses.
The experimental results and calculations for a model target show that 7-fs pulses can produce a
thinner metal-like layer on the DLC film through a nonlinear optical absorption process compared
with that produced with 100-fs pulses, creating a finer nanostructure via plasmonic near-field ablation.

Keywords: femtosecond laser; laser ablation; nanostructure formation; surface plasmon polaritons;
near-field; diamond-like carbon

1. Introduction

Superimposed femtosecond (fs) laser pulses can form a periodic nanostructure (PNS) on solid
surfaces through ablation, where the period size d is typically 10–20% of the laser wavelength
λ [1–6]. There has been considerable interest in this surface phenomenon for application in laser
nanoprocessing, beyond the diffraction limit of light. Numerous studies have been conducted to
understand the mechanism responsible for PNS formation [7–10]. The experimental conditions and
laser parameters for PNS formation have been identified for various target materials, and the dominant
physical mechanisms responsible for nanostructuring have been determined.

Based on a series of experiments and model calculations, Miyazaki and Miyaji found that PNS
formation is induced by fs laser pulses at a moderate fluence F through: a bonding structure change
in the material [11–13]; generation of high-density electrons on the target surface, leading to the
formation of a metal-like layer through linear and nonlinear optical absorption [13–15]; near-field
ablation around the corrugated nanosurface [13–15]; and excitation of standing surface plasmon
polariton (SPP) waves [9,10,15–17]. These laser–matter interaction processes can explain the origin
and growth of PNSs on diamond-like carbon (DLC) [15], Si [16], GaN [10,17], Ti, and stainless steel [9],
and theoretical calculations agree well with the observed nanoperiod, which is much smaller than
λ/2. Based on the physical mechanism, control methods for the PNS shape have been developed,
allowing the formation of homogeneous nanogratings [9,10,17] and a saw-like PNS [18] in air. However,
some important processes for PNS formation are still unknown, and there is no consensus regarding
the detailed mechanism.

For various kinds of material, it has been reported that the d value for a PNS increases with
increasing F for the fs laser pulses at a fluence F of a few 100 mJ/cm2 to a few J/cm2 with a power

Nanomaterials 2018, 8, 535; doi:10.3390/nano8070535 www.mdpi.com/journal/nanomaterials1
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density I of a few TW/cm2 [7,8]. Previous studies have concluded that this increase is attributed to the
increasing thickness of the metal-like layer produced on the target material with increasing F [16,17].
However, this has never been experimentally confirmed.

The proposed mechanism of PNS formation suggests that a thin metal-like layer can be produced
by the fs pulses at low F with I ~TW/cm2 via a nonlinear absorption process, allowing confirmation
of the thickness effect for nanostructuring. In this paper, we report the experimental results of PNS
formation on DLC films irradiated with 800 nm, 7-fs laser pulses with a high power density I of
0.8–2 TW/cm2 and a low fluence F of 5–12 mJ/cm2 delivered from a laser oscillator. The results
indicate the formation of a PNS with a period of d = 60–80 nm that decreases with increasing F. Based on
the experimental results and a model calculation, it is shown that the excitation of SPPs at the interface
between the thin metal-like layer and the DLC is certainly responsible for the nanostructuring process,
and that the decrease of d is attributed to the decreasing wavelength of the SPPs with increasing
F through an increase of electron density in the thin metal-like layer.

2. Experimental

Figure 1 shows a schematic diagram of the optical configuration used in the ablation experiments.
As fs laser pulses with a high power density I at low fluence F can produce a thin metal-like layer on
a target surface, the output of a Ti:sapphire laser oscillator was used in the experiments. The pulse
duration Δτ was ~7 fs, the wavelength λ was 680–940 nm, the repetition rate f rep was 80 MHz,
and the pulse energy Upulse was ~5 nJ. The pulses were so-called few-cycle laser pulses, where the
electromagnetic field oscillates for a few cycles [19]. The temporal and spectral profiles of the fs
pulses were monitored with a spectral phase interferometry for direct electric-field reconstruction
(SPIDER) device and a spectrometer, respectively. When measuring the temporal profile, a silver
mirror was inserted to propagate the pulses to the SPIDER device. The output just after the oscillator
had a negative group delay dispersion, which was compensated for to minimize the pulse duration
by passing the beam through a beam splitter (thickness: 1 mm) and a glass plate (thickness: 1 mm).
The laser pulses were spatially expanded with a pair of convex and concave silver mirrors and focused
onto the target surface with a ×40 Schwarzschild-type reflective objective (numerical aperture: 0.50)
to a spot size w0 of ~2 μm (1/e2 radius) on the surface, since the group delay dispersion had to be
suppressed to obtain laser pulses with a high power density. A CMOS camera was used to image the
focused beam on the target surface. The pulse energy Upulse just after the objective was measured with
a pyroelectric detector, and the peak fluence F = 2 Upulse/(π w0

2) and the peak power density I = F/Δτ

of the fs laser pulses on the target surface were estimated.

CM

CM

SPIDER

M

GP

BS

Spectrometer

Camera

L RO
xy stage

Target

Ti:sapphire
laser oscillator

Figure 1. Schematic diagram of optical configuration for nanostructure formation. CM, convex or
concave mirror; M, mirror; GP, glass plate; BS, beam splitter; L, lens; RO, reflective objective.

As the target, we used a DLC film (thickness: 1.7 μm) that was deposited on a polished
silicon substrate with a plasma-based ion implantation system. The root-mean-square value of
surface roughness was measured to be less than 1 nm with a scanning probe microscope (SPM).
The target was set on an xy motorized stage, which could move at a constant speed v of 0.1–100 μm/s.
The surface morphology was observed using a scanning electron microscope (SEM) and the SPM.
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A two-dimensional Fourier transform was applied to the SPM images to analyze the distribution of
the spatial periodicity in the surface structure along the polarization direction. The bonding structure
of the target surface irradiated with the fs pulses was analyzed using micro-Raman spectroscopy with
a diode-pumped, single-longitudinal-mode, 532 nm laser beam focused with a ×40 objective.

3. Results and Discussion

Figure 2a–c show SEM and SPM images and spatial frequency spectra of DLC films irradiated
with 7 fs pulses with I = 1 TW/cm2 at F = 6 mJ/cm2 for v = 0.1–10 μm/s. For v = 100 μm/s, the surface
was observed to swell and was not ablated because of the small shot number of the laser pulses onto
the target surface. When v was decreased to 10 μm/s (i.e., the shot number increased), the formation
of a PNS with a period d of ~50 nm was observed on the ablated DLC surface, as shown in Figure 2a.
The line-like structure was perpendicular to the direction of polarization. When v was decreased
to 1 μm/s, a PNS with d of ~70 nm formed, as shown in Figure 2b. With a further decrease of v to
0.1 μm/s, deeper ablation traces with d of ~80 nm formed, as shown in Figure 2c. For comparison,
the target surfaces were also irradiated by 100-fs laser pulses with I = 0.1 TW/cm2 at the same F.
These pulses were produced by a glass plate (thickness: 3 mm) positioned just after the laser oscillator.
As shown in Figure 2d, a PNS did not form on the ablated surface under these conditions.

Figure 2. Scanning electron microscopy (SEM) images (top), scanning probe microscopy (SPM)
images (middle), and spatial frequency spectra (bottom) of a diamond-like carbon (DLC) film surface
irradiated with 7-fs pulses, with I = 1 TW/cm2 at F = 6 mJ/cm2 for (a) v = 10 μm/s, (b) v = 1 μm/s,
and (c) v = 0.1 μm/s, and (d) those irradiated with 100-fs pulses with I = 0.1 TW/cm2 at F = 6 mJ/cm2

for v = 0.1 μm/s. E and v denote directions of polarization and laser scanning, respectively.

In previously reported experiments, PNSs formed on DLC films with 100-fs laser pulses with
I = 1–2 TW/cm2 at F = 100–200 mJ/cm2, delivered from a chirp-pulse amplification Ti:sapphire laser
system [3,11–15]. The results shown in Figure 2 suggest possible laser–matter interaction processes
for PNS formation, as discussed in previous studies [13–16]. As v is decreased, a bonding structure
change—from DLC to glassy carbon (GC)—is induced in the surface layer. This produces nanometer
surface roughness due to swelling of the material, as a thin layer with a high electron density is
produced on the surface through a nonlinear optical absorption process. On the highly curved swollen
metal-like surface, an intense near-field is generated that enhances the incident electric field and
initiates nanoscale ablation. Then, SPPs are transiently excited via coherent coupling of the incident
laser pulses with the corrugated surface, where the GC layer, including high-density electrons, works as

3
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a thin metal layer between air and the DLC for the excitation of SPPs [20]. The periodic enhancement
of the near-field of SPPs excited in the surface layer induces ablation, which forms a PNS on the surface.
The experimental results shown in Figure 2 indicate that such a process occurs sufficiently when a
DLC film is irradiated with 7-fs pulses with a high density of 1 TW/cm2 at a low fluence of 6 mJ/cm2.

An increase in F is expected to increase the density of the free electrons produced in the surface
layer, leading to a change in surface morphology. To confirm this, surfaces were ablated with 7-fs pulses
for v = 0.1 μm/s for F = 5–12 mJ/cm2, corresponding to I = 0.8–2 TW/cm2. The results are shown in
Figure 3. At the lowest F, multiple shots produced a PNS with d ~85 nm; at the highest F, multiple shots
produced a finer PNS with d ~60 nm. Figure 4 plots the d value obtained from the isolated peak position
in the Fourier spectrum of the SPM images as a function of F and I. With increasing F, d decreases from
about 85 to 60 nm. For irradiation with 100-fs laser pulses with I = 1–4 TW/cm2 at F = 100–400 mJ/cm2,
it has been reported that the d value of the PNSs formed on various kinds of material (e.g., DLC, TiN,
stainless steel, Ti, Si, and GaN) increased with increasing F [3,9,16,17], which is opposite to the results
obtained in the present study. This suggests that low-fluence fs pulses with a high power density play
a crucial role in the surface morphological change that leads to nanostructuring.

Figure 3. SEM images (left), SPM images (center), and spatial frequency spectra (right) of DLC film surface
irradiated with 7-fs pulses at v = 0.1 μm/s for (a) I = 0.8 TW/cm2, F = 5 mJ/cm2 and (b) I = 2 TW/cm2,
F = 12 mJ/cm2. E and v denote directions of polarization and laser scanning, respectively.

Figure 4. Period d of a periodic nanostructure (PNS) on DLC film formed with 7-fs laser pulses as a
function of F and I for v = 0.1 μm/s.

4
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In a previous study, we reported that PNS formation on a DLC surface is preceded by a change
in the bonding structure, from DLC to GC [13]. The swelling of the target surface observed for
v = 100 μm/s indicates that the onset of ablation at v ≤ 10 μm/s is preceded by a change in the
bonding structure to GC in the target surface. To confirm this, Raman spectra were obtained from
surfaces ablated with 7-fs pulses with I = 1 TW/cm2 at F = 6 mJ/cm2 for v = 0.1 μm/s. The results are
shown in Figure 5, together with spectra of surfaces ablated with 100-fs pulses with I = 0.1 TW/cm2 at
F = 6 mJ/cm2 for v = 0.1 μm/s and non-irradiated DLC for comparison. Each spectrum is normalized
to give a maximum intensity of unity. The asymmetric broad spectrum for the non-irradiated DLC
has a single peak at 1530 cm−1, which mainly consists of two spectra at peaks at ~1360 cm−1 (D band)
and ~1590 cm−1 (G band) [21]. The D and G bands are attributed to bond angle disorder in sp2

graphite-like micro/nanodomains and bond stretching between pairs of sp2 atoms in both the rings
and chains, respectively. The ratio of the intensities of the D and G peaks (ID/IG) and the position
of the G peak have been reported to indirectly indicate the composition ratio of sp2 and sp3 bonding
structures in DLC films [22–24]. These reports have shown that an increase in ID/IG and a shift of the
G peak to a higher frequency represent an increase in the amount of sp2 structures. The spectra from
surfaces ablated with 7-fs and 100-fs pulses, shown in Figure 5, clearly show two spectral peaks at
1355 and 1590 cm−1, respectively, indicating an increase in disordered carbon or GC [25–28]. As shown
in Figure 5b, ID for the surface irradiated with 7-fs pulses is smaller than that for the surface irradiated
with 100-fs pulses. In addition, the position of the G peak for 7-fs pulses is shifted less than that for
100-fs pulses. These results show that less GC existed in the target surface irradiated with 7-fs laser
pulses compared to that which existed with 100-fs pulses, despite the same F.

Figure 5. (a) Raman spectra of non-irradiated DLC film (gray) and DLC films irradiated with 7-fs (red)
and 100-fs (blue) pulses at F = 6 mJ/cm2 for v = 0.1 μm/s; (b) expanded spectra of (a) in the vicinity of
the peaks of D and G bands.

To examine the the bonding structural change and ablation processes in detail, Raman spectra
were obtained from a DLC film irradiated with 7 fs pulses with I = 1 TW/cm2 at F = 6 mJ/cm2 for
various values of v (v = 0.1–100 μm/s). For comparison, spectra were also obtained from a film
irradiated with 100 fs pulses with I = 0.1 TW/cm2 at F = 6 mJ/cm2. The peak intensities and positions
of the D and G bands in the spectra were identified using a curve-fitting program with the Lorentzian
function [29]. Figure 6a shows ID/IG plotted as a function of v. In the spectrum of the non-irradiated
DLC film, ID/IG was ~1.25. For v = 100 μm/s, the ratio for both 7-fs and 100-fs pulses increased to ~1.5.
With a decrease in v, the ratio monotonically increased, with that for 7-fs pulses being smaller than that
for 100-fs pulses. Figure 6b shows the position of the G peak plotted as a function of v. In the spectrum
of the non-irradiated DLC film, the G peak position was ~1582 cm−1. For v = 100 μm/s, the position
for both 7-fs and 100-fs pulses shifted to ~1590 cm−1. With decreasing v, the position monotonically
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shifted to higher frequencies, with that for 7-fs pulses being at lower frequencies than that for 100-fs
pulses. These results show two crucial processes for surface modification and subsequent ablation.
For v = 100 μm/s, where both 7-fs and 100-fs pulses with the same F induced only swelling and no
ablation on the target, the change in the spectra shown in Figure 6 indicates that the amount of GC
at the surfaces irradiated with 7-fs and 100-fs pulses is the same, and that the surface phenomena do
not depend on I. For v ≤ 10 μm/s, where both 7-fs and 100-fs pulses with the same F induced not
only a bonding structure change but also ablation on the target, the experimental results indicate that
7-fs pulses with higher I were strongly absorbed near the target surface through a nonlinear optical
absorption process, forming a thinner GC layer than that produced by 100-fs pulses. The surface of the
layer was then ablated.

Figure 6. (a) Ratio of intensities of D and G peaks (ID/IG) and (b) position of G peak for DLC films
irradiated with 7-fs laser pulses with I = 1 TW/cm2 at F = 6 mJ/cm2 (red circles) and those irradiated with
100-fs laser pulses with I = 0.1 TW/cm2 at F = 6 mJ/cm2 (blue squares) as function of scanning speed v.

Based on these experimental results and the physical mechanism for nanostructuring [8,15,16,30],
the origin of the decrease in d with increasing F is discussed. The SPP wavelength λspp was calculated
for the model surface illustrated in the inset of Figure 7, where it was assumed that the fs laser pulses
are incident on the target in air, free electrons are produced at the GC surface to form a thin metal-like
layer on the DLC substrate, and SPPs are excited at the interface between the metal-like layer and
the DLC. The calculation method was almost the same as that used in our previous studies [15,16].
Briefly, λspp = 2π/Re[kspp] was calculated using the following relation between light and SPPs:

kspp = k0 [εDLC ε*/(εDLC + ε*)]1/2 (1)

where k0 is the wavevector of the incident light in vacuum, and ε* and εDLC are the relative dielectric
constants for the metallic GC and the DLC, respectively. As the GC layer is ionized by fs laser pulses,
ε* rapidly changes during the interaction as:

ε* = εGC − [ωp
2/(ω2 + iω/τ)] (2)

where εGC is the static dielectric constant for the GC layer, and the second term represents the effect of
free electrons with a density of Ne produced in the GC layer, where ω is the laser frequency in vacuum,
τ = 1 fs is the Drude damping time for free electrons [31,32], and ωp = [e2Ne/(ε0 m* m)]1/2 is the plasma
frequency, with the dielectric constant of vacuum ε0, electron charge e, electron mass m, and optical
effective mass of electrons m* = 1. In the calculation, because the wavelength of the 7-fs laser pulse
used in the present experiment was 680–940 nm, the static dielectric constants for DLC and GC were
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used for three wavelengths: εDLC = 6.9 + i3.8 and εGC = 3.0 + i2.8 for λ = 600 nm; εDLC = 8.0 + i2.9 and
εGC = 3.1 + i3.1 for λ = 800 nm; and εDLC = 8.5 + i2.6 and εGC = 3.6 + i4.5 for λ = 1000 nm [33].

Figure 7 shows the period of the PNS, D = λspp/2 = π/(Re[kspp]), calculated for λ = 600, 800,
and 1000 nm as a function of Ne. The excitation of SPPs at the interface between the metallic GC
layer and the DLC is allowed for Re[ε*] × Re[εDLC] < 0 [20], which corresponds to the regions of
Ne > 1.0 × 1022 cm–3 for λ = 600 nm, Ne > 6.4 × 1021 cm–3 for λ = 800 nm, and Ne > 5.2 × 1021 cm–3 for
λ = 1000 nm. With increasing Ne, D decreases from ~200 nm to ~100 nm. Because Ne should increase
with increasing I via stronger nonlinear optical absorption, the decrease in D with increasing Ne is in
good agreement with the decrease in d with increasing I for 7-fs laser pulses shown in Figure 4.

Figure 7. Calculated groove period D as function of Ne in the glassy carbon (GC) layer at λ = 600 nm
(blue), 800 nm (red), and 1000 nm (green), where the excitation of surface plasmon polaritons (SPPs) is
allowed in the region (solid curves) of 0 < Re[ε*]. The inset shows a schematic drawing of the initial
target surface modeled for calculation. SPPs (left/right arrows) are excited at the interface between the
DLC and GC layers by a high density of electrons produced by irradiation using high power -density
laser pulses (down arrow).

The present experimental and calculation results show that the period d for a PNS was smaller
than D, and that the d value for a PNS formed with high-fluence 100-fs laser pulses was similar
to D for λ = 800 nm, which is consistent with the results of a previous study [15]. Regarding the
excitation of SPPs on a thin metal film, it has been reported that the wavenumber of the SPPs increases
with decreasing thickness of the film because of an increase in the radiation damping of SPPs [20].
These results suggest that d being smaller than D can be attributed to the excitation of SPPs with
a larger wavenumber by the thinner metallic layer produced with 7-fs laser pulses. A calculation
model for D that includes the effect of the metallic layer thickness will be presented and discussed
in a separate paper. To discuss the formation process of PNS in detail and make a more accurate
model for the nanostructuring, we need to quantitatively measure the amount and thickness of the
GC layer on DLC film by using advanced techniques, such as a grazing-incidence small-angle X-ray
scattering [34–36].

4. Conclusions

This study examined the PNS that formed on a DLC film with 7-fs laser pulses at a low fluence
from a laser oscillator. The results show the formation of a PNS with a period of d = 60–80 nm and
a decrease in d with increasing fluence. Based on the experimental results and a model calculation,
it is shown that the excitation of SPPs at the interface between the thin metal-like layer and the DLC is
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certainly responsible for the nanostructuring process, and that the decrease of d is attributed to the
wavelength of the SPPs decreasing with increasing F due to an increase of electron density in the thin
metal-like layer.
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Abstract: We report on the formation of slantwise-oriented periodic subwavelength ripple structures
on chromium surfaces irradiated by single-beam femtosecond laser pulses at normal incidence.
Unexpectedly, the ripples slanted in opposite directions on each side the laser-scanned area,
neither perpendicular nor parallel to the laser polarization. The modulation depth was also found to
change from one ripple to the next ripple. A theoretical model is provided to explain our observations,
and excellent agreement is shown between the simulations and the experimental results. Moreover,
the validity of our theory is also confirmed on bulk chromium surfaces. Our study provides insights
for better understanding and control of femtosecond laser nanostructuring.

Keywords: femtosecond laser; laser-induced periodic surface structures; anomalous slanting
ripples; chromium

1. Introduction

During the last several years, the research of femtosecond laser-induced periodic surface structures
(Fs-LIPSSs), or the ripple structures, has attracted tremendous attention because of the abundant
scientific issues involved [1–3]. Fs-LIPSSs have been studied on a variety of materials, including
metals, semiconductors, and dielectrics [4–7]. It has been found that such microstructures have
extensive potential applications, such as magnetic recording media [8], self-cleaning materials [9,10],
anti-reflective metals [11], and solar sensors [12].

In general, the distinct characteristics of the ripple structures are closely dependent on the laser
parameters. When the linearly polarized single-beam femtosecond laser pulses are used to irradiate
materials, the induced ripple structures are either parallel or perpendicular to the direction of the laser
polarization [13–16]. In some cases, however, the ripple structures induced by femtosecond lasers
presented an unusual feature of slantwise orientation, which is neither perpendicular nor parallel to
the laser polarization direction [17–22]. For instance, Qiu et al. [17] reported the slantwise oriented
nanogrooves on a ZnO crystal surface with normal incidence of the single-beam femtosecond laser,
which tended to be perpendicular to the direction of the laser polarization at the increased scanning
speed. By tilting the incident angle of femtosecond laser pulses, Schwarz et al. [19] experimentally
observed the slantwise orientation of the ripple structures on fused silica, and the structure orientation
changed as a function of the laser incident angle. More recently, our research group generated a series

Nanomaterials 2018, 8, 458; doi:10.3390/nano8070458 www.mdpi.com/journal/nanomaterials10
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of v-like structures, called a herringbone pattern, on copper [23]. Such anomalous phenomena indicate
the physical complexities during the ripple surface structure formation, which is actually significant
for femtosecond laser nanoprocessing. Nevertheless, a comprehensive underlying mechanisms of
LIPSS orientation is still lacking.

In this work, the formation of slantwise oriented ripple structures is systematically investigated
on chromium surfaces by employing single-beam femtosecond laser pulses at normal incidence.
First, the ripple structures generated on two lateral edges of the laser-scanned area are seen to have
different slantwise orientations with respect to the direction of the laser polarization, and such
behaviors occur even when the laser polarization changes. Secondly, based on the measured
modulation depth of the ripple structures, we develop a theoretical model to elucidate the underlying
mechanisms via the consistent simulations. Finally, additional experiments are performed to confirm
the theory.

2. Materials and Methods

As shown by a schematic illustration of the experimental setup in Figure 1, a commercial
chirped-pulse-amplification of a Ti:sapphire laser system (Spitfire Ace, Spectra Physics, Santa Clara, CA,
USA) was employed as a light source for producing the surface structures, which delivers horizontally
polarized femtosecond laser pulse trains with a repetition rate, a central wavelength, and a time
duration of 1 kHz, 800 nm, and 40 fs, respectively. The maximum energy of each laser pulse was 7 mJ.
Neutral density filters and a half-wave plate were used to control the pulse energy and the direction
of the laser polarization, respectively. The laser beam was focused by an objective lens (plan fluorite
objective, 4×, N.A = 0.13, f = 17.2 mm, Nikon, Tokyo, Japan) at normal incidence. The sample was
mounted on a three-dimensional translation stage (ESP301, Newport Inc., Irvine, CA, USA) that could
be precisely translated via a custom-made computer program. In order to avoid serious ablation of the
material, the sample surface was moved 300 μm away from the focus towards the lens, such that the
focus is located inside the sample, resulting in a laser spot radius of ≈39 μm on the sample surface.

In the experiments, 100 nm-thickness chromium (Cr) films deposited on SiO2 substrate
were chosen as sample materials because of its good physical characteristics, including hardness,
corrosion resistance, high melting point, and adhesiveness, which earn many applications in solar
absorbers, adhesion layers, micro-electromechanical systems devices, etc. [24–26]. Besides, we also
used bulk Cr material to carry out experiments. Based on the method of the previous reports [25,27],
we experimentally obtained the ablation threshold values of a single laser pulse for the film and
bulk of Cr material, which can be given as about 37.5 mJ/cm2 and 248 mJ/cm2, respectively. All the
experimental performances were carried out in ambient air environment. After the laser irradiation,
the surface morphologies were investigated using a scanning electron microscope (SEM, Phenom,
Eindhoven, Netherlands) and an atomic force microscope (AFM, Bruker, Billerica, MA, USA).

Figure 1. A schematic experimental setup for the formation of slantwise-oriented ripple structures on
chromium surface by femtosecond laser irradiation.
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3. Results and Discussions

Figure 2a exhibits the surface morphology of the Cr film irradiated by single-beam femtosecond
laser pulses at the fluence of F = 56.9 mJ/cm2 with the scanning speed of V = 0.3 mm/s. Due to the
incident Gaussian laser intensity, different surface morphologies could be observed on the area where
the laser scanned; substantial ablation damages occurred in the central area, and there were ripple
structures on the lateral edges, with a spatial period of approximate 650 nm. In particular, the periodic
ripple structures on both edge regions were found to have a slantwise orientation in two different
directions. This behavior is in sharp contrast to the previous reports [13–16], wherein the ripple
orientation is usually either perpendicular or parallel to the direction of the incident laser polarization.

To further characterize the features of such slantwise-oriented ripple structures, we employed
AFM to measure their modulation depths, and the corresponding results are shown in Figure 2b.
Clearly, the measured oscillation curve reveals that the modulation depth of the ripple structures
decreases gradually with increasing the distance from the center to the lateral edges of the laser-scanned
area, which is due to the spatially inhomogeneous distribution of the laser pulse intensity. On the other
hand, the measured peaks suggest that the modulation height of the surface is also varied as a function
of the distance from the center of the laser-scanned area. This can be physically understood as follows:
The film thickness decreased after irradiation of multiple femtosecond laser pulses, leading to the film
thinning at the center of the laser-scanned area with respect to the lateral edge regions. Consequently,
the formation of such slantwise oriented periodic ripple structures is in fact based on the gradient
variation of the film thicknesses.

Noticeably, the measured height of the ripple structures was larger than the thickness of the Cr
film, which may have been due to material reaction with O2 in the ambient atmosphere, leading to
oxide formation on the material surface [28]. More specifically, as shown in Figure 2c, there are
two physical processes happening in the formation of the laser-induced ripple structures: one is the
spatially periodic removal of chromium materials by the modulated laser intensity fringes, and the
other is the growth of chromium oxides at the places where the laser intensity is higher than the
threshold of oxidation. Usually, the laser damage threshold is larger than that of the oxidation process.
Here it should be clear that the periodic femtosecond laser intensity distribution for the ripple structure
formation is originated from interference of the light and its excited surface plasmons [29–32]. Because
the two components possess unequal energies, i.e., the energy of the excited surface plasmons is
usually smaller than that of the incident laser pulse, their interfering intensity patterns, which had a
Gaussian variation profile tend to give a low fringe contrast, or the deconstructive interference fringes
can also hold a certain level of the laser energy. Under such circumstances, the material oxidation can
take place during the formation of the periodic ripple structures, and the resultant additional oxide
layers on the ridge surfaces make the height of the ripple structures become protuberant with respect
to the original film thickness.

Inspired by the anomalous phenomenon of the ripple structures with the slantwise orientation,
we also performed a series of experiments on Cr films by varying the direction of linear polarization of
the femtosecond laser. As shown by the results in Figure 3 (here only the observations on both lateral
edges of the laser-scanned area are shown), for the given laser polarization, the slantwise-oriented
periodic ripple structures are always produced on both lateral edge regions of the laser-scanned
area, being very similar to the observation in Figure 2. Whereas for different laser polarizations,
the slantwise degree of the ripple structures is found to change but still neither perpendicular nor
parallel to the laser polarization direction. Therefore, we can conclude that the formation of slantwise
orientated periodic ripple structures seems to always appear even for different linear polarizations of
femtosecond laser pulses.
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Figure 2. (a) SEM image of the ripple structure formation on a Cr film surface irradiated by single-beam
femtosecond laser irradiation at the energy fluence of F = 56.9 mJ/cm2 with the sample scanning speed
of V = 0.3 mm/s; (b) AFM image with the cross-section profiles of the ripple structures formed on both
lateral edge regions of the laser-scanned area. Arrows of S and E represent directions of the sample
scanning and the laser polarization, respectively; (c) Schematic plots of the periodically distributed
intensity distribution on the Cr surface (upper), and its induced ripple structures (bottom), where Ith

and Iox indicate the threshold intensities of the material damage and oxidation processes, respectively.
The oxidation layer on the top parts of the surface structures are represented by a purple color.

Figure 3. Slantwise-oriented ripple structures on two lateral edge regions (Top and Bottom) of the
laser-scanned area on Cr film surfaces by different linear polarizations of single-beam femtosecond
laser pulses. The angle θ on the upper-left corner of each image represents the direction of the laser
polarization. The blue dash lines identify the orientations of the ripple structures. The angle of γ

indicates an intersection angle between the ripple orientation and the laser polarization direction of
θ = 0◦. The scale bar is applied to all images in this figure.
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To elucidate our experimental observations, we proposed the following physical scenario:
In our experiments, which are in fact based on multi-pulse femtosecond laser irradiation processes,
the pristine surface of the metal film was modified by the preceding incident femtosecond laser pulses,
leading to a rough, shallow crater with the modulation depth gradually reducing from the beam
center to the peripheral regimes, as shown in Figure 4a, where the inclined surface was created on
the laser irradiation area. After that, for the continuous irradiation of the subsequent femtosecond
laser pulses, the inclining degree of the laser irradiation surface became pronounced (Figure 4b),
and the periodic subwavelength ripple structures were also developed on it, exhibiting the slantwise
orientation with respect to the direction of the laser polarization, as shown in Figure 4c. Noticeably,
due to the higher intensity distribution on the central region of the laser-scanned area, the formation
of the corresponding ripple structures was seriously deteriorated by the accumulating irradiation of
subsequent femtosecond laser pulses.

Figure 4. Schematic diagrams of the physical processes for the formation of slantwise-oriented periodic
ripple structures on the metal surface. E represents the direction of the laser polarization. The different
colors represent variations of the modulation depth, which tended to cause the inclined surface within
the laser irradiation area.

In fact, the effects of the inclined surface on the formation of slantwise-orientated periodic
ripple structures can be theoretically analyzed. According to the previous study of Pham et al. [33],
the presence of the inclined surface on the laser spot area can be described by pX + qY + Z = 1,
within a three-dimensional Cartesian coordinate system X-Y-Z, as shown in Figure 5a. Here p and q are
the geometrical parameters for describing the spatial characteristics of the inclined surface. A normal
component of the inclined surface is represented by n = (p, q, 1). Both the propagation direction and
the electric field vectors of the incident femtosecond laser are defined as Li = (0, 0, 1) and Ei = (cosθ,
sinθ, 0), respectively, wherein θ is an intersection angle between Ei and the X-axis. As shown in
Figure 5a, a plane of the laser incidence (represented by a blue color) is established by the vectors
of n and Li, whose intersection angle is defined by θi. Moreover, a coordinate system x′-y′-z′ is also
built for simplifying the calculation of the electric field on the inclined surface. For the incidence of
femtosecond laser on the inclined surface, its electric field vector Ei is divided into two components
of Ex′ and Em through its projection onto the x′-y′ and the incident planes, respectively. On the other
hand, the projection of the electric field component Em on the x′-y′ plane is indicated by Ey′ Finally,
in the x′-y′ plane, the two electric field components Ex′ and Ey′ can be developed into a new vector
of Ex′y′ , as shown in Figure 5b, with β being an intersection angle between Ex′ and Ex′y′ , which is
calculated by the following expression [33]:

β = arctan

⎛⎜⎜⎜⎜⎝
√√√√√√√√

(
n cos θi

√
n2 − sin2 θi + n3 − n sin2 θi

)2
+ κ2

(
n2 − sin2 θi

)2

(
n
√

n2 − sin2 θi + n3 cos θi

)2
+ n4κ2 cos2 θi

cot α

⎞⎟⎟⎟⎟⎠ (1)

where θi = arccos 1√
1+p2+q2

and α = arcsin q cos θ−p sin θ√
p2+q2

.
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Figure 5. (a) A sketch of the laser incidence onto the inclined surface of the material and the
decomposition of the electric field Ei onto different planes; (b) An effective electric field vector on the
x′-y′ plane and its induced periodic ripple structures with the orientation vector k.

In Equation (1), n and κ represent the real and the imaginary parts of the complex refractive
index ñ of the material, respectively. Accordingly, the orientation vector of the ripple structures on
the inclined surface, k, should be perpendicular to the direction of the electric field Ex′y′ , as shown in
Figure 5b. When the ripple orientation k in the x′-y′-z′ coordinate system is transferred into the X-Y-Z
coordinate system, it should be modified into:

k =

(
q sin β − p cos β√

1 + p2 + q2
, −p sin β − q cos β√

1 + p2 + q2
,

(
p2 + q2) cos β√

1 + p2 + q2

)
(2)

By considering the actual observation surface happening on the X-Y plane, the orientation vector
k can be re-written as:

k =

(
q sin β − p cos β√

1 + p2 + q2
, −p sin β − q cos β√

1 + p2 + q2
, 0

)
(3)

In the experiments, the orientation vector k was obtained by the measurement of angle γ shown in
Figure 3. Thus, the assumed geometric parameters (p, q) of the inclined surface could be calculated by
the non-linear fitting of Equation (3) with the help of the measured values k = (cos γ, sin γ, 0).
For example, with the experimentally measured angles of γ, the achieved p and q values were
(ptop = −0.6399, qtop = −0.8141) and (pbottom = −0.5077, qbottom = 0.6690) for the top and
bottom edges of the laser-scanned area, respectively.

Through combing the above calculated p and q values with the expression of pX + qY + Z = 1,
we could map three-dimensional profiles of the two inclined surfaces, as shown in Figure 6a, where the
left and right surfaces indicate the top and bottom edges of the laser-scanned area, respectively.
Evidently, for each inclined surface, the modulation height is varied as a function of the x-y position.
In addition, we could also calculate the ripple orientation for the single beam femtosecond laser
at different polarization directions. Specifically, because the structure orientation is indicated by
the vector k = (cos γ, sin γ, 0) where cos γ = q sin β − p cosβ√

1+p2+q2
and sin γ = −p sin β − q cos β√

1+p2+q2
,

we could obtain γ values with the available parameters of p and q. Therefore, by changing the laser
polarization from θ = 0◦ to 180◦, the theoretical fitting of the ripple orientation angle γ on the top
and bottom edges of the laser-scanned area could be obtained, as shown (by red solid curves) in
Figure 6b,c, respectively, wherein the experimental data are given (by blue solid circles) with the
standard deviation. It is seen clearly that the theory and experiment have good consistency in the two
cases. Another feature is that the obtained ripple orientation angle vs the laser polarization direction
had nonlinear variations, which was basically due to the polarization dependent optical absorption.
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Figure 6. (a) Theoretically retrieving the inclined surfaces on the top and bottom edges of the
laser-scanned area in the coordinate system of X-Y-Z, with the help of the calculated parameters
of (ptop = −0.6399, qtop = −0.8141) and (pbottom = −0.5077, qbottom = 0.6690), respectively;
(b,c) compare the simulation results with the experimental data for the ripple orientation angles
on the top and bottom edges of the laser-scanned area, respectively.

In order to confirm the above theoretical analyses, we carried out further experiments on the
surface of Cr bulk material. As shown in Figure 7a, when the femtosecond laser energy fluence was
given at F = 40.6 mJ/cm2, the subwavelength ripple structures with orientation perpendicular to the
laser polarization can still be formed in the central parts of the laser-scanned area. While on both
lateral edges (marked by the red dot frames) of the laser-scanned area, the obtained ripple structures
exhibit different slantwise orientations. From the corresponding AFM image, as shown in Figure 7b,
we can also find that the modulation of the ripple depth is decreased with larger distances from
the center of the laser scribed area, which is attributed to the Gaussian beam profile distribution.
Clearly, the measured varying tendencies of the ripple depth on the Cr bulk material are very similar
to the observations on Cr films.

Figure 7. (a) SEM image of the ripple structure formation on the surface of Cr bulk material irradiated
by single-beam femtosecond laser pulses at the energy fluence of F = 40.6 mJ/cm2; (b) AFM image
with the cross-section profiles for the ripple structures on two edge regions of the laser-scanned area.

On the other hand, when the femtosecond laser energy fluence was decreased to approximately
F = 25.7 mJ/cm2, the ripple structures turned out to be oriented perpendicular to the direction of
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the laser polarization, especially on both lateral edges of the laser-scanned area, shown in Figure 8a,
being similar to many previous reports [13–16]. As a matter of fact, this situation can be maintained
even for the laser energy fluences of about F = 29.6 mJ/cm2, as shown in Figure 8b, where the
ripple-covered region seemed to be enlarged with the orientation still perpendicular to the direction of
the laser polarization. Based on the experimental comparisons, it is revealed that the spatial alignment
of the ripple structures can be transferred from the slantwise tendency into the direction perpendicular
to the laser polarization, if the femtosecond laser energy fluence is weak enough. In other words,
the incident larger energy fluence of the Gaussian laser beam was a key factor for the formation of
the inclined surface during the multi-pulse laser irradiation, which finally resulted in the slantwise
oriented ripple structures on the lateral edges of the laser-scanned area.

Such a ripple orientation-transferring process can be understood as follows: For a Gaussian laser
pulse irradiation on the material with a damage threshold intensity of Ith, the resultant ablation depth
varied as a function of the distance away from the beam center. Therefore, the gradient surfaces were
likely to be modified on the ablation edges, with an incline angle ϕ proportional to the variation rate

of the laser intensity, i.e., ϕ ∝
√

ln I0
Ith

, where I0 was the peak intensity of the laser pulse. Evidently,
with increasing the laser energy fluence, the higher peak intensity could result in a larger incline degree
of the ablation surface, as shown in Figure 8c, and the consequent formation of the slantwise oriented
ripple structures. Whereas for a femtosecond laser with lower energy fluences, the peak intensity
caused a smaller incline degree of the ablation surface, providing negligible influence on orientation of
the ripple structures.

Figure 8. SEM images of the Cr bulk surfaces irradiated by single-beam femtosecond laser pulses with
the different energy fluences. (a) F = 25.7 mJ/cm2; (b) F = 29.6 mJ/cm2; (c) Variation rates (dot curves)
of the laser intensity at the damage threshold (Ith) for two cases of different pulse energy fluences,
where I0 and I0′ are the peak intensities of two laser pulses.

4. Conclusions

In conclusion, we comprehensively studied the generation of slantwise-oriented subwavelength
periodic ripple structures on the surfaces of chromium material by normal incidence of linearly
polarized femtosecond laser pulses. Our experimental results on chromium films demonstrated that
the ripple structures formed on two lateral edges of the laser-scanned area are slantwise-oriented in
two different directions, being neither perpendicular nor parallel to the laser polarization. When the
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laser polarization direction is changed, the slantwise ripple structures were still observable but with
different orientations, AFM measurements suggested that the modulation height of the ripple-covered
surface exhibited gradual variations with the distance from the center to the lateral edges, which is due
to the inhomogeneous distribution of the Gaussian laser intensity. A physical model was proposed by
considering the inclined ablation surfaces after multi-pulse irradiations. The agreement between the
simulations and the measured results confirmed the validity of our theory.

The above mentioned slantwise ripple structures were also generated on bulk Cr surfaces. For the
reduced laser fluence, however, the slantwise observations began to transfer into the commonly
observed ripple structures with an orientation perpendicular to the direction of the laser polarization,
which indicated the negligible influence of the inclined ablation surface. Our investigation provides
a comprehensive understanding of femtosecond laser-material interactions, which may help us
design and fabricate uniform subwavelength and even nanoscale structures and devices for the
future applications.

Author Contributions: C.G. and J.Y. conceived and designed the experiments; X.Z. and Y.L. performed the
experiments; C.C. performed the simulations; X.Z., Y. L., and C.C. analyzed the data; X.Z. and J.Y. wrote the paper.

Funding: The authors would like to acknowledge the support from National Key R&D Program of China
(2017YFB1104700); National Natural Science Foundation of China (11674178, 61774155,); Natural Science
Foundation of Tianjin City (17JCZDJC37900); Jilin Provincial Science & Technology Development Project
(20180414019GH).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Krüger, J.; Kautek, W. The femtosecond pulse laser: A new tool for micromachining. Laser Phys. 1999, 9,
30–40.

2. Vorobyev, A.Y.; Guo, C.L. Direct femtosecond laser surface nano/microstructuring and its applications.
Laser Photonics Rev. 2013, 7, 385–407. [CrossRef]

3. Sugioka, K.; Cheng, Y. Ultrafast lasers—Reliable tools for advanced materials processing. Light Sci. Appl.
2014, 3, e149. [CrossRef]

4. Wang, J.C.; Guo, C.L. Ultrafast dynamics of femtosecond laser-induced periodic surface pattern formation
on metals. Appl. Phys. Lett. 2005, 87, 251914. [CrossRef]

5. Xue, L.; Yang, J.J.; Yang, Y.; Wang, Y.; Zhu, X. Creation of periodic subwavelength ripples on tungsten surface
by ultra-short laser pulses. Appl. Phys. A 2012, 109, 357–365. [CrossRef]

6. Borowiec, A.; Haugen, H.K. Subwavelength ripple formation on the surfaces of compound semiconductors
irradiated with femtosecond laser pulses. Appl. Phys. Lett. 2003, 82, 4462–4464. [CrossRef]

7. Hnatovsky, C.; Taylor, R.S.; Rajeev, P.P.; Simova, E.; Bhardwaj, V.R.; Rayner, D.M.; Corkum, P.B. Pulse duration
dependence of femtosecond-laser-fabricated nanogratings in fused silica. Appl. Phys. Lett. 2005, 87, 014104.
[CrossRef]

8. Stupakiewicz, A.; Szerenos, K.; Afanasiev, D.; Kirilyuk, A.; Kimel, A.V. Ultrafast nonthermal photo-magnetic
recording in a transparent medium. Nature 2017, 542, 71. [CrossRef] [PubMed]

9. Wu, B.; Zhou, M.; Li, J.; Ye, X.; Li, G.; Cai, L. Superhydrophobic surfaces fabricated by microstructuring of
stainless steel using a femtosecond laser. Appl. Surf. Sci. 2009, 256, 61–66. [CrossRef]

10. Vorobyev, A.Y.; Guo, C.L. Multifunctional surfaces produced by femtosecond laser pulses. J. Appl. Phys.
2015, 117, 033103. [CrossRef]

11. Vorobyev, A.Y.; Makin, V.S.; Guo, C.L. Brighter light sources from black metal: Significant increase in
emission efficiency of incandescent light sources. Phys. Rev. Lett. 2009, 102, 234301. [CrossRef] [PubMed]

12. Hwang, T.Y.; Vorobyev, A.Y.; Guo, C.L. Enhanced efficiency of solar-driven thermoelectric generator with
femtosecond laser-textured metals. Opt. Express 2011, 19 (Suppl. 4), A824–A829. [CrossRef] [PubMed]

13. Qi, L.T.; Nishii, K.; Namba, Y. Regular subwavelength surface structures induced by femtosecond laser
pulses on stainless steel. Opt. Lett. 2009, 34, 1846–1848. [CrossRef] [PubMed]

18



Nanomaterials 2018, 8, 458

14. He, W.L.; Yang, J.J.; Guo, C.L. Controlling periodic ripple microstructure formation on 4h-sic crystal with
three time-delayed femtosecond laser beams of different linear polarizations. Opt. Express 2017, 25, 5156–5168.
[CrossRef] [PubMed]

15. Jia, X.; Jia, T.Q.; Zhang, Y.; Xiong, P.X.; Feng, D.H.; Sun, H.Y.; Qiu, J.R.; Xu, Z.Z. Periodic nanoripples in the
surface and subsurface layers in zno irradiated by femtosecond laser pulses. Opt. Lett. 2010, 35, 1248–1250.
[CrossRef] [PubMed]

16. Tang, Y.F.; Yang, J.J.; Zhao, B.; Wang, M.W.; Zhu, X.N. Control of periodic ripples growth on metals by
femtosecond laser ellipticity. Opt. Express 2012, 20, 25826–25833. [CrossRef] [PubMed]

17. Liu, J.K.; Jia, T.Q.; Zhou, K.; Feng, D.H.; Zhang, S.A.; Zhang, H.X.; Jia, X.; Sun, Z.R.; Qiu, J.R. Direct writing
of 150 nm gratings and squares on zno crystal in water by using 800 nm femtosecond laser. Opt. Express
2014, 22, 32361–32370. [CrossRef] [PubMed]

18. Yang, Y.; Yang, J.J.; Liang, C.; Wang, H.; Zhu, X.; Kuang, D.; Yang, Y. Sub-wavelength surface structuring of
niti alloy by femtosecond laser pulses. Appl. Phys. A 2008, 92, 635–642. [CrossRef]

19. Schwarz, S.; Rung, S.; Hellmann, R. One-dimensional low spatial frequency lipss with rotating orientation
on fused silica. Appl. Surf. Sci. 2017, 411, 113–116. [CrossRef]

20. Jiang, L.; Shi, X.S.; Li, X.; Yuan, Y.P.; Wang, C.; Lu, Y.F. Subwavelength ripples adjustment based on electron
dynamics control by using shaped ultrafast laser pulse trains. Opt. Express 2012, 20, 21505–21511. [CrossRef]
[PubMed]

21. Pan, A.; Dias, A.; Gomez-Aranzadi, M.; Olaizola, S.M.; Rodriguez, A. Formation of laser-induced periodic
surface structures on niobium by femtosecond laser irradiation. J. Appl. Phys. 2014, 115, 173101. [CrossRef]
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Abstract: Optical methods in nanolithography have been traditionally limited by Abbe’s diffraction
limit. One method able to overcome this barrier is apertureless scanning probe lithography assisted
by laser. This technique has demonstrated surface nanostructuring below the diffraction limit.
In this study, we demonstrate how a femtosecond Yb-doped fiber laser oscillator running at high
repetition rate of 46 MHz and a pulse duration of 150 fs can serve as the laser source for near-field
nanolithography. Subwavelength features were generated on the surface of gold films down to a
linewidth of 10 nm. The near-field enhancement in this apertureless scanning probe lithography setup
could be determined experimentally for the first time. Simulations were in good agreement with
the experiments. This result supports near-field tip-enhancement as the major physical mechanisms
responsible for the nanostructuring.

Keywords: near-field; femtosecond laser; nanolithography; subwavelength; tip-enhancement; AFM

1. Introduction

Optical methods in lithography are limited by Abbe’s diffraction limit. Apertureless scanning
probe nanolithography assisted by a laser is a method able to overcome this limitation [1–9].
In this technique, a sharp scanning probe microscope (SPM) tip is placed a few nanometres above
the surface of a substrate. The tip is irradiated by a laser and a strong enhanced field may be
generated in the proximity of the apex of the tip. The evanescent near-field decays exponentially in
both lateral and vertical axes, which leads to a confinement of the electromagnetic field. This may
surpass the modification fluence threshold of the substrate. The combination of tip-enhancement and
confinement can be employed to produce sub-wavelength surface nanostructuring. However, although
near-field enhancement has been predicted in simulations [10–13] and observed experimentally [14–20],
a number of unresolved issues still exist. An example is how much thermal effects are contributing.
On one hand, a laser-irradiated tip can reach a high temperature [21–23], leading to the destruction
or modification of the tip itself. Even if the tip is not modified, heat transfer from the hot tip
to the substratee—either by conduction or radiation—may lead to the melting of the substrate.
Recent research has found huge near-field heat transfer coefficient values, whose origin has not been
clarified yet [24–26]. On the other hand, laser irradiation can produce a fast bending and expansion of
cantilevers due to thermal diffusion, leading to mechanical indentation or scratching of the surface
of the substrate [23]. This problem can be handled by using low spring constant cantilevers [4] or
keeping the tip in non-contact mode [8].

Femtosecond lasers have demonstrated excellent performance in material ablation because the
heat affected zone can be minimized to a few nanometres and can avoid laser–plasma interactions
completely. Continuous-wave lasers have also been employed in scanning probe optical lithography,
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but the use of ultrashort pulsed lasers allows for reducing the average power applied to the tip,
while producing very high intensities. Although these high intensities can be beneficial regarding
substrate structuring, laser intensities above the MW/cm2 level might lead to tip damage. Special care
has to be taken with metal-coated tips, as it has been reported in apertureless scanning near-field
microscopy (aSNOM) experiments [27].

Apertureless scanning probe near-field lithography assisted by femtosecond laser has
demonstrated subwavelength surface structuring of metal and polymer films, reaching linewidths
down to 10–15 nm [4,8]. These experiments were performed with Ti:Sa laser sources, at laser
wavelengths λ ≈ 790 nm. Theoretical calculations have shown that, under some conditions, longer laser
wavelengths might lead to higher near-field enhancement [28,29]. A combination of high repetition
rate and low energy per pulse helps to reduce thermomechanical instabilities of the tip-cantilever [30].

In the present study, apertureless scanning probe near-field lithography was employed to write
nanofeatures on the surface of gold films. A home-built femtosecond Ytterbium-doped fiber laser
oscillator based on a novel design [31] was applied. A repetition rate of 46 MHz and a low pulse
energy was chosen to allow a better thermomechanical equilibrium of the cantilever in contrast to laser
sources with kHz repetition rates and higher energy per pulse [30]. The generated subwavelength
grooves exhibited typical linewidths of 40–60 nm, down to 10 nm, thus surpassing the diffraction limit.
The near-field enhancement could be determined experimentally for the first time, and was compared
with simulations.

2. Materials and Methods

We employed a scanning probe microscope NTEGRA (NT-MDT, Moscow, Russia) working in
atomic force microscope (AFM) contact mode to scan the surface of the samples. AFM measurements
were done in ambient conditions. A closed-loop configuration of the scanner stage was enabled
to increase the lateral positioning accuracy. We used silicon probes with a radius of curvature of
10 nm (CSG10, NT-MDT) at the apex of the tip. Contact mode low spring constant cantilevers were
chosen to avoid mechanical deformation of the gold films. The measured resonance frequency of the
cantilever was 27 KHz, 30 μm width and 225 μm length. By using these values, and following the
Sader’s method [32], we obtained a spring constant of the cantilever k = 0.4 N/m. We determined the
load force applied against the sample from the spring constant value of the cantilever. We performed
force spectroscopy on a silicon calibration grating (TGZ1, NT-MDT, Moscow, Russia) in order to obtain
a linear relationship between cantilever deflection (in nA) and cantilever height (in nm). A deflection
setpoint value of 2 nA was chosen when scanning in contact mode, corresponding to a load force of
Fload ≈ 20 nN. This low value of the load force was chosen to avoid the possibility of mechanical surface
modification. The scanning probe microscope data were evaluated with the software Gwyddion.

Gold films were prepared by thermal evaporation. Two films were deposited on mica
(15 and 30 nm thickness) and another on a glass substrate (30 nm thickness). Details of AFM surface
characterization of the samples are shown in Appendix B.

A scheme of the experimental setup is shown in Figure 1. The laser source for the experiments was a
home-built femtosecond Ytterbium-doped fiber laser oscillator, designed according to [31]. The output of
the laser cavity was directed to a pair of diffraction gratings that compensate the dispersion and compress
the laser pulse. The laser beam consisted of laser pulses with temporal length τ = 150 fs, 1 nJ energy per
pulse, central wavelength λ = 1040 nm, 46 MHz repetition rate, and linear polarization. The polarization
was controlled by a half-wave plate. The laser power was adjusted by a combination of another half-wave
plate and a polarizing beamsplitter cube. After passing through a periscope, the laser beam was focused
onto the SPM tip by an achromatic lens (AC254-060-B-ML, Thorlabs, Newton, NJ, USA) with a focal
length f = 60 mm. The laser spot diameter at the focal plane was 50 μm and the angle of incidence θ = 88◦

with respect to the tip axis. Under this condition, the tip with a height of ca. 15 μm was entirely irradiated.
The laser peak intensity was adjusted during the experiments from a minimum of I = 0.15 × 108 W/cm2

to a maximum value of I = 2.90 × 108 W/cm2.
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Figure 1. A scheme of the experimental setup. The p-polarized laser beam is focused onto an atomic
force microscope (AFM) tip by an achromatic lens. The tip height is about 15 μm, so the laser focal
spot size (50 μm) illuminates the tip entirely. A half-wave plate allows for controlling the laser
polarization angle.

The nanostructuring procedure consisted of three steps. First, an AFM scan of the sample surface
was performed to obtain the topography before laser irradiation. The stage scanned one line along the
fast axis (y-axis) and then moved along the slow axis (x-axis) to the next line position, where the scan
along the fast axis was repeated. In the second step, we scanned the same area and, at a certain position
of the slow scanning axis, the scanning in the slow direction (x-axis) was paused. Then, the laser beam
was engaged and the tip was irradiated, while moving along the fast axis (y-axis). After a number of
laser pulses, the laser beam was turned off and the scan continued. Finally, we scan again the same
area to observe any change on the surface.

Near-field simulations were performed using a MNPBEM17 toolbox, which is based on a
boundary element method (BEM) [33,34]. We introduced the values of the refractive indexes of
silicon at 300 K [35] and 25 nm thick gold films [36]. The simulations were performed taking into
account the retardation of the electromagnetic fields, by solving the full Maxwell equations.

3. Results

3.1. Near-Field Enhancement Simulations

Near-field enhancement simulations were performed for a gold substrate and two silicon tip
geometries, a sphere and a rod (Figure 2). The enhancement factor γ can be defined as γ = |E|/|E0|,
where E is the induced electric field on the tip-substrate and E0 is the initial laser electric field.
A p-polarized electromagnetic plane wave irradiated the tip at an angle of incidence θ = 88◦ (referred
to the axis normal to the substrate). The wavelength of the incoming laser light was set at λ = 1040 nm,
which corresponds to the central wavelength of our fiber laser. We obtained near-field enhancement
factors of γ ≈ 5–15 for the sphere, depending on the sphere’s radius of curvature and the tip-substrate
distance (Figure 2a). The enhancement factor of the rod was higher than for the sphere and changed
with the length L of the rod. Typical values ranged from γ = 12 (L = 70 nm, r = 10 nm) to γ = 220
(L = 200 nm, r = 10 nm) (Figure 2b). In both cases, the maximum field enhancement was located at the
particle-substrate interspace and decreased exponentially with distance.
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(a) (b)

Figure 2. Near-field enhancement between a gold nanofilm and: (a) a spherical particle (radius = 10 nm);
(b) a rod (r = 10 nm, length = 70 nm) both placed 1 nm above a gold surface. A p-polarized
electromagnetic plane wave irradiates at λ = 1040 nm, with an angle of incidence θ = 88◦. The white
lines represent the direction and magnitude of the Poynting vector of far-field scattered laser light.

3.2. Scanning Probe Near-Field Nanolithography

In this section, we present the results of the laser irradiation and nanostructuring of gold nanofilms.
In order to identify the irradiation parameters in the far-field which lead to irreversible modifications
of the nanofilms, the threshold fluence as a function of the angle of incidence θ and the number of
pulses N were determined (without the AFM tip engaged).

The influence of the number of pulses N was studied on a 15 nm thick gold film on mica. An AFM
image of the surface of the sample before laser irradiation can be seen on Figure 3a. The gold surface
is composed of nanocrystalline islands with typical sizes of about 50–100 nm, similar to gold film
surfaces reported in [37]. Far-field laser irradiation was performed at an angle of incidence of θ = 86◦

and an intensity of I = 2.4 × 108 W/cm2. The scanning direction was set from left to right, at a scanning
speed of 1 μm/s. A substantial morphological modification was observed after an irradiation time
of 90 seconds, corresponding to a number of pulses N = 4.2×109 (Figure 3b). There, the gold film is
strongly deformed and forms bumps that elevate to heights up to 100 nm. This experiment served to
identify morphological surface changes produced by far-field irradiation.
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(a) (b)

Figure 3. Morphology changes produced by the far-field laser. Gold on mica (15 nm thickness)
(a) before laser irradiation; (b) after a laser irradiation time of 90 seconds, corresponding to
N = 4.2 × 109. Angle of incidence θ = 86◦, I = 2.4 × 108 W/cm2. Scan area 1 × 1 μm2.

To analyze the influence of the angle of incidence, a similar experiment was conducted on a 30 nm
thick gold film on glass at θ = 80◦. Far-field surface modifications similar to Figure 3b were observed
(not shown here), even for a lower number of pulses N = 0.19 × 109. Therefore, we inferred that the
angle of incidence has a drastic effect on far-field surface modifications, more significant than the
number of pulses. In order to produce near-field nanolithography, far-field surface modifications need
to be avoided. Therefore, the laser intensity was decreased by changing the angle of incidence to
θ = 88◦. At this angle of incidence, no far-field surface modifications were observed, even for a high
number of pulses N = 4.2 × 109. Figure 4a shows the surface of the sample (30 nm thick gold film
on glass) before laser irradiation. Similar gold grain patterns can be observed before and after laser
irradiation (e.g., green boxes in Figure 4a,b). This indicates that the far-field laser did not affect the
surface morphology and only the areas below the tip were modified during irradiation.

(a) (b)

Figure 4. Nanolithography dependence on the number of scans at tip illumination. Gold on glass
(30 nm thickness) (a) before laser irradiation and (b) after laser irradiation at three lines (slow axis
scanning from left to right stopped). Number of scans: 7 (line 1), 10 (line 2) and 14 (line 3),
scanning speed 0.62 μm/s, angle of incidence θ = 88◦, I = 2.4 × 108 W/cm2.

Figure 4b shows the effect produced by repeated tip passes on the same line under laser
illumination. The tip was irradiated at three lines (slow axis scanning stopped) during 30, 60 and 90 s
(N = 1.2, 2.4 and 4.2 ×109, respectively) (from left to right), corresponding to a number of tip passes on
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each line of 7, 10 and 14 times, respectively. Three vertical lines were structured on the gold surface
(Figure 4b). The linewidth and depth both increased with the number of passes (Table 1).

Table 1. Dependence of width (FWHM – Full Width at Half Maximum) and depth of lines on the
number of passes (in Figure 4b, from left to right). Data are averaged from 256 profile lines.

Line 1 Line 2 Line 3

Number of passes 7 10 14
Width (nm) 36 45 76
Depth (nm) 0.4 0.5 1.0

The dependence on the laser intensity was investigated on a 30 nm thick gold film on mica
(Figure 5a). The tip was irradiated at four vertical lines (slow axis scanning from left to right stopped)
at increasing laser intensities I = 0.2, 0.3, 0.4, 1.0 × 108 W/cm2 (from left to right). The scanning speed
was set at 0.38 μm/s. Laser intensities below 0.4 ×108 W/cm2 produced a very small effect. The depth
of lines increased with the laser intensity. A line with an averaged FWHM width of 10 nm (Figure 5b)
was produced at I = 1.0 × 108 W/cm2. The line profile was obtained by averaging the green rectangle
area marked in Figure 5a.

(a) (b)

Figure 5. Nanolithography depending on laser intensity. Gold on mica (30 nm thickness) (a) after
laser irradiation at four vertical lines (slow axis scanning from left to right stopped). I = 0.2, 0.3, 0.4,
1.0 × 108 W/cm2, angle of incidence θ = 88◦, scanning speed 0.38 μm/s; (b) averaged line profile of
the area marked in Figure 5a. The FWHM width of the line is 10 nm. The image was obtained in AFM
contact error mode, where a constant force is applied to the tip and the variations of the cantilever’s
deflection are recorded.

Laser intensity dependence was also studied on a 30 nm thick gold film on glass. Figure 6a
shows five vertical lines irradiated at increasing laser power I = 0.7, 1.0, 2.0, 2.7 and 2.9 × 108 W/cm2

(from left to right) and scanning speed of 0.38 μm/s. The profile line was averaged (taking the full
area in Figure 6a), to reduce the effect of the gold roughness. The FWHM width and depth of lines
(Figure 6b) increased with the laser intensity (Table 2). The writing performance at lines 1, 4 and 5 was
affected by 1–3 nm height irregularities of the gold surface.
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(a) (b)

Figure 6. Nanolithography depending on the laser intensity. Gold on glass (30 nm thickness (a)
after laser irradiation at five lines (slow axis scanning from left to right stopped). Laser intensity
I = 0.7 (line 1), 1.0 (line 2), 2.0 (line 3), 2.7 (line 4) and 2.9 × 108 W/cm2, scanning speed 0.38 μm/s,
angle of incidence θ = 88◦; (b) line profile obtained after taking an average of 256 horizontal profile
lines. Widths and depths are indicated in Table 2.

Table 2. Laser intensity effect on width (FWHM) and depth of lines in Figure 6b (from left to right).
Data are averaged from 256 profile lines.

Line Number 1 2 3 4 5

I (×108W/cm2) 0.7 1.0 2.0 2.7 2.9
Width (nm) 71 47 41 60 52
Depth (nm) 0.48 0.52 0.70 0.74 0.77

A summary of the laser far-field parameters is provided in Table 3.

Table 3. Far-field laser irradiation parameters for gold film on mica (15 nm thick) and on glass
(30 nm thick): angle of incidence θ, laser peak intensity I, pulse fluence F, number of pulses N.

θ I (×108W/cm2) F (μJ/cm2) N (×109)

80◦ 2.4 37 0.2
86◦ 2.4 37 1.4–4.2
88◦ 0.15–2.9 2–44 1.4–4.2

4. Discussion

Nanostructures were generated on the surface of gold films by using apertureless scanning
near-field lithography. The structured lines formed on the gold films show typical linewidths of
40–70 nm and depths of 0.4–1.0 nm. The width of lines increased with the number of repeated tip
scans and laser intensity. The smallest linewidth measured was 10 nm. The surface roughness of the
gold samples affected the structuring performance (for instance, fourth and fifth lines in Figure 5).
A threshold for surface modification at I ≈ 0.4 × 108 W/cm2 (Figure 5a) was observed at a scanning
speed of 0.38 μm/s. The angle of incidence (i.e., the laser intensity absorbed by the gold film) has a
drastic effect on the far-field irradiation, as it can be seen in Figure 3b. At high angles of incidence
(near 90◦), the contrast between the near-field fluence near the tip and the far-field fluence on the
illuminated substrate is sufficiently high so only nanostructures are generated without modification of
the substrate (Figure 4b).

A comparatively low threshold fluence of Fth ≈ 6 μJ/cm2 for surface modification on gold was
observed. This is in contrast to experiments with moderate repetition rates (1 kHz, Fth = 12 mJ/cm2) [4],
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with single pulses (Fth = 2 mJ/cm2) [38,39] and calculations with single pulses (Fth = 4.5 mJ/cm2) [40].
Near-field surface modification was also achieved at high repetition rates but lower energy per pulse
(e.g., 80 MHz, 1 nJ) [8]. This seems to indicate that the repetition rate has a strong influence on the
modification of the gold surface. The so-called cool-ablation [41] has been observed at very high repetition
rates of GHz using bursts of laser pulses. Threshold fluences can be reduced when the repetition rate is
increased above 1–10 MHz [41,42].

Two main mechanisms have been proposed in the context of apertureless scanning probe near-field
lithography assisted by laser: near-field tip-enhancement and thermomechanical effects. Simulations
in Figure 2 show the presence of an enhanced electromagnetic field between the tip and the substrate.
The major question is whether this enhancement factor is high enough to raise the laser field above the
modification threshold of the substrate. An experimental estimation of the near-field enhancement,
based on the observation of far-field morphological surface changes of the gold films, was undertaken.
In the experiments shown in the Figure 3, we observed evidence of complete melting of the gold film
after a high number of pulses N = 4.2 × 109 (Figure 3b). Based on this observation, the enhancement
factor γ was determined by varying the angle of incidence on the 30 nm thick gold films. At an angle
of incidence θ = 80◦, the surface morphology was modified (not shown here), similarly to Figure 3b.
Accordingly, the far-field fluence was above the modification threshold. An increase to an angle of
incidence θ = 88◦ resulted in a reduction of the absorbed laser energy by a factor of I88◦/I80◦ ≈ 0.02
(see Appendix A). Under these conditions, one observes near-field modification without far-field
modification (see Figure 4). In a first approximation, one could conclude that the enhancement is at
least I80◦/I88◦ ≈ 50.

This result is now compared with a simulated enhancement factor. For the spherical tip shown in
Figure 2a, the electric field enhancement is γ ≈ 7. The intensity enhancement is γ2 = |E|2/|E0|2 = 49,
in good agreement with the intensity threshold obtained experimentally (I80◦/I88◦ ≈ 50).

5. Conclusions

Nanostructuring of gold films by apertureless scanning probe near-field lithography using a novel
Ytterbium-doped fiber oscillator as the laser source was demonstrated. Lines written on gold show
depths of 0.5–1.0 nm and typical lateral sizes of 40–70 nm, down to 10 nm. A near-field enhancement
factor was determined experimentally and compared with simulations. A good agreement with the
experimental results supports a mechanism based mainly on near-field enhancement. This approach
provides direct access to the study of femtosecond laser-matter interaction in the near-field nano-regime.
The compact setup, the high repetition rate, the possibility of working in ambient conditions and
comparatively reduced cost make this an appealing technique for sub-100 nm lithography.
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Appendix A. Laser Absorbance Change versus Angle of Incidence for a Gold Nanofilm

The laser intensity threshold for surface modification was estimated by calculating the ratio
between the absorbed laser intensity at two angles of incidence: θ = 80◦ (far-field laser irradiation
produced morphology changes of the gold surface) and 88◦ (no far-field changes, only near-field when
the tip was engaged). The two differences considered are the variation of both intensity and absorption
with the incident angle. The first one can be calculated through the relationship
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I(θ) = I0cos2(θ), (A1)

obtaining

I(80◦)
I(88◦) ≈ 25. (A2)

Then, the change in the absorbed laser intensity by the gold surface at the two different angles of
incidence can be calculated. By using the refractive index at λ = 1040 nm for 25 nm thick gold films [36]
and the Fresnel equations for p-polarization, one can calculate the transmittance T

rp =
n2cosθi − n1cosθt

n1cosθt + n2cosθi
, (A3)

T = 1 − R = 1 − |rp|2, (A4)

where n1, n2 are the refractive indexes of air and gold, θi, θt are the incident and transmission angles,
rp is the Fresnel reflection coefficient for p-polarization and R is the reflectivity. For simplicity,
we assume that the transmitted laser light is completely absorbed by the gold substrate.
This assumption is a good approximation because the penetration depth of light in gold ( δ ≈ 12 nm at
normal incidence ) is less than the gold film thickness. The transmittance values obtained at the angles
of incidence considered are

T(80◦)
T(88◦) ≈ 2. (A5)

A total absorbed intensity ratio is obtained by the multiplication of the ratios of
Equations (A2) and (A5). This means that, when the angle of incidence is changed from θ = 80◦

to θ = 88◦, the absorbed laser intensity is reduced by a factor of 50.

Appendix B. Morphology Characterization of the Surface of Au Films

The characterization of the topography of the Au films by AFM is presented here. Constant force
and deflection error modes were recorded simultaneously by the AFM software (Nova, NT-MDT).
Posterior analysis and calculation of average roughness values Ra were performed with the software
Gwyddion. The average roughness Ra is defined as

Ra =
1
n

n

∑
i=1

|hi|, (A6)

where h is the height of each pixel and n is the number of pixels. In addition, 256 × 256 pixels (full
images) were included for the calculations of Ra.

Figure A1. Topography of the 15 nm thickness Au film on mica imaged in AFM constant force mode;
average surface roughness Ra = 4.31 nm, scan size 3 × 3 μm2.
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(a) (b)

(c) (d)

Figure A2. Topography of the 30 nm thickness Au film on mica imaged in AFM constant force
mode (a,c) and error deflection mode (b,d). Average surface roughness Ra = 1.71 nm (a), 20.84 pA (b),
1.75 nm (c) and 7.55 pA (d), scan size 5 × 5 μm2 (a,b) and 2 × 2 μm2 (c,d).

(a) (b)

(c) (d)

Figure A3. Topography of the 30 nm thickness Au film on glass imaged in AFM constant force mode
(a,c) and error deflection mode (b,d). Average surface roughness Ra = 1.12 nm (a), 18.88 pA (b),
1.53 nm (c) and 21.45 pA (d), scan size 5 × 5 μm2 (a,b) and 2 × 2 μm2 (c,d).
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Abstract: Two-photon polymerization (2PP), which is a three-dimensional micro/nano-scale additive
manufacturing process, is used to fabricate component for small custom experimental packages
(“targets”) to support laser-driven, high-energy-density physics research. Of particular interest is the
use of 2PP to deterministically print millimeter-scale, low-density, and low atomic number (CHO)
polymer matrices (“foams”). Deformation during development and drying of the foam structures
remains a challenge when using certain commercial acrylic photo-resins. Acrylic resins were chosen
in order to meet the low atomic number requirement for the foam; that requirement precludes the use
of low-shrinkage organic/inorganic hybrid resins. Here, we compare the use of acrylic resins IP-S
and IP-Dip. Infrared and Raman spectroscopy are used to quantify the extent of the polymerization
during 2PP vs. UV curing. The mechanical strength of beam and foam structures is examined,
particularly the degree of deformation that occurs during the development and drying processes.
The magnitude of the shrinkage is quantified, and finite element analysis is used in order to simulate
the resulting deformation. Capillary drying forces during development are shown to be small and
are likely below the elastic limit of the foam log-pile structures. In contrast, the substantial shrinkage
in IP-Dip (~5–10%) causes large shear stresses and associated plastic deformation, particularly near
constrained boundaries and locations with sharp density transitions. Use of IP-S with an improved
writing procedure results in a marked reduction in deformation with a minor loss of resolution.

Keywords: two-photon polymerization; low-density foam structures; laser targets; structure
deformation; acrylate resin; Raman microspectroscopy

1. Introduction

Two-photon polymerization (2PP) is a direct-write technology that has recently been used to create
millimeter-scale laser target components to support the Department of Energy’s (DOE) High Energy
Density (HED) research programs [1–4]. In the first published work in this area, Bernat et al. [5] and
Jiang et al. [6] report the use of 2PP to print simulated fill tubes and low-density foam-like structures,
respectively. More recently, Jiang et al. [7,8], Stein et al. [9], and Oakdale et al. [10] discuss details of
the design, fabrication, characterization, and assembly of low-density foam targets.

Details of the 2PP process and technology have been reviewed recently [11]. In brief,
polymerization is initiated by the simultaneous absorption of two photons by a photoinitiator in
a reactive monomer/oligomer resin, and it thus depends on the square of the laser irradiance.
In practice, an initiator is selected that has negligible absorption at the incident fundamental laser
frequency but measurable two-photon absorption at the second harmonic. Because two-photon
absorption cross-sections are very low, the probability of reaction initiation is negligible except near
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the laser focus. Therefore, photopolymerization only occurs at the peak of the focal irradiance and
generates a volumetric polymer dot (“voxel”) that is generally smaller than the diffraction-limited
spot size.

Typically, voxels range from 200–400 nm for fabricated structures that are similar to the ones
reported here [6–8]. Structures are created by moving the repetition (rep)-rated laser beam (kHz to
MHz) through the resin, thus generating overlapping voxels that, with proper scanning control, are
built into the computer-aided design (CAD) three-dimensional (3D) shapes. Any unreacted resin is
later removed during a post-writing development process, leaving behind a polymeric replica of the
CAD design. Figure 1 shows examples of 2PP log-pile foam structures generated in our laboratory for
laser target fabrication applications.

Structures described in this paper were made using one of two commercial resins: IP-Dip or IP-S.
The IP-series are a family of proprietary acrylic resins plus initiator marketed by Nanoscribe GmbH for
use with their commercial 2PP writing system. Using commercial resins is appealing, as it eliminates
the need for custom formulation. In addition, acrylics are acceptable target materials as the atomic
composition is largely carbon and hydrogen with minor amounts of oxygen. Many HED physics
experiments, using foam or other polymer structures, require materials comprised of low atomic
number elements because of the well-known variation in X-ray absorption (opacity) with atomic
numbers [12]. Thus, the use of other common resins, such as hybrid organic/inorganic resins, for
example, Ormocers, SZ2080 [13] or thiol-based resins [14], is not acceptable. Acrylic based low-density
components and targets produced by 2PP are now being shot at major HED national research centers in
the USA, including Lawrence Livermore National Laboratory (LLNL), Laboratory for Laser Energetics
(LLE), Naval Research Lab (NRL), etc.

 

Figure 1. Examples of (a) foam plate and (b) a rod of two-photon polymerization (2PP) fabricated
log-pile structures for laser target applications. The foam plate: 1.5 × 1.5 × 0.10 mm3 with
a 4 × 4 × 2 μm3 beam lattice structure (density ~0.2 g/cm3). The foam rod: 2.0 × 0.25 × 0.35 mm3

with a 6.2 × 6.2 × 1.0 μm3 beam lattice structure (density ~0.1 g/cm3).

Acrylic resins, like IP-S and IP-Dip, are commonly used for 2PP fabrication of nano/microstructures.
However, they are often limited by various materials and processing issues:

• inherent strength of the polymerized resin [14,15];
• strong sensitivity to writing conditions (peak irradiance and shots per site, i.e., dose) [16,17];
• low photo-conversion of resin to polymer [18–20];
• shrinkage during photopolymerization or development or both [6,9,20];
• stresses due to capillary forces during drying [6,9,21]; and,
• control of adhesion to the substrate [6,9].
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Consequently, the user must consider each of these issues when selecting a given resin, the writing
conditions, and the development method for a particular application. In this paper, we examine these
issues by a combination of experiments and modeling, and suggest some possible methods for
controlling the negative impacts of each in IP-Dip and IP-S resins. IP-Dip is particularly problematic.
In contrast, IP-S shows significant improvement over IP-Dip, while still maintaining the required high
CH content for target applications. The trade-off is in the line resolution, which is better in IP-Dip than
in IP-S.

Shrinkage and deformation problems with the use of IP-Dip have been shown to stem largely
from the low resin-to-polymer conversion (<50%) and an associated low modulus and yield strength of
the polymer. Infrared and Raman spectroscopy are used to quantify the resin-to-polymer conversion
by following the signature alkene vibrational bands. Finite element analysis (FEA) is used to simulate
the degree of shrinkage and the resulting plastic strains that occur during the development and drying
of 2PP log-pile foam structures.

2. Experimental

2.1. Photo-Resins and Properties

IP-Dip and IP-S commercial negative-tone, acrylate-based photoresists were used in this work
(Nanoscribe GmbH, Eggenstein-Leopoldshafen, Germany), as they meet the low atomic number
requirement for the proposed HED application. These resins are designed for use with Nanoscribe’s
Dip-in Laser Lithography (DiLL) technology and they serve as both the immersion and photosensitive
material. Specifically, the resins match the refractive index of the final focusing lens and achieve the
highest numerical aperture (i.e., the best resolution) at a given magnification.

IP-Dip has a low viscosity and is recommended for use in high-resolution applications requiring
narrow line width. In contrast, IP-S is more viscous and designed for mesoscale printing at larger
line widths. Elemental compositions and key properties of the resins are summarized in Table 1.
The elemental compositions were determined using the procedure as reported in [6]. The resins
are predominately CHx with small amounts of O and traces of N thus satisfying the low atomic
number requirement.

Table 1. Composition and key properties of IP-Dip and IP-S resins. Unless otherwise noted, the
physical and the mechanical properties are from Nanoscribe GmbH.

Elemental Analysis of Resins

Resin
Carbon
(at.%)

Hydrogen
(at.%)

Nitrogen (at.%) Oxygen (at.%)
Empirical
Formula

IP-Dip 40.2 46 0.04 13.7 CH2N0.001O0.34
IP-S 31.5 54.1 5.8 11.8 CH1.72N0.086O0.37

Physical and Mechanical Properties

Resin
Density (liq)

(g/cm3)
Density

(s)(g/cm3) *
Young’s Modulus

(GPa)
Hardness

(MPa)
Poisson’s
Ratio ***

Refractive Index

IP-Dip 1.14–1.19 1.2 0.75–2.5 **, 4.5 152 0.35 1.52
IP-S 1.16–1.19 1.2 4.6 160 0.35 1.48

* [6], ** [16], *** [22].

2.2. 2PP Microfabrication

Micro-fabrications were carried out using a Photonic Professional GT system (Nanoscribe
GmbH [19]). Two-photon excitation was accomplished using the 780 nm frequency-doubled output
from an Er-fiber laser (1580 nm, TEM00, M2 < 1.2, Toptica Photonics AG, Germany) operating at 80 MHz
with a temporal pulse length ~100 fs. An integrated set of beam transport optics directed the laser
output with circular polarization to a final focusing objective that dipped directly into the photoresist.
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In the case of the IP-Dip resin, a 63X objective with a 1.4 numerical aperture was used for printing;
whereas, with IP-S, the objective was 25X with a numerical aperture of 0.8. Table 2 provides a summary
of the 2PP writing conditions used to fabricate the structures reported here.

Table 2. Top level summary of typical 2PP writing conditions used to prepare low-density structures
reported in this work.

Parameter Units IP-DIP IP-S

Final focusing power 63X 25X
Numerical aperture (NA) 1.4 0.8

Refractive index 1.52 1.48
Wavelength μm 0.78 0.78

Beam waist (calculated) μm 0.27 0.46
Focal spot area (calculated) μm2 0.23 0.66

Pulse energy nJ 0.19 0.21
Pulse length fs 100 100

Pulse peak power kW 1.9 2.1
Peak irradiance kW/μm2 8.2 3.2

Pulse repetition rate MHz 80 80
Average power mW 15 17

Scan speed μm/s 10,000 10,000
Line width (at 1cm/s scan) μm 0.4 0.65

Shots/micron scanned ~8000 ~8000

The average incident laser power was measured by a photodiode that was located at the input
to the focusing objective. The passive losses in beam propagation to the sample plane were assumed
to be constant and accounted for in Nanoscribe’s as-built system calibration. The laser output power
was controlled by an acousto-optic modulator that can be adjusted over a range of approximately 0 to
50 mW (average power). The beam diameter at focus, Db, was calculated by:

Db =
2nλ

πNA
, (1)

where NA is the numerical aperture, n is the refractive index and λ is the wavelength.
Structures were created using the Nanoscribe built-in software package, DESCRIBE™ 2.5

(Nanoscribe GmbH, Germany), which generates General Writing Language (GWL) files directly.
The Photonic Professional GT system (Nanoscribe GmbH, Germany) uses both a piezo stage and
two coupled galvanic mirrors to write the structure. The galvanic mirrors allow for rapid x-y scanning
at up to 10–20 mm/s over an area 200 μm in diameter when using the 63X final focusing objective or
400 μm in diameter when using the 25X objective lens. The vertical (z) motion is controlled by the
piezo stage and the built-in z-drive of the focusing objective, which ranges up to several mm in height.
The system can print structures with an area of up to 25 × 25 mm2 by using the motorized stage and
“stitching” the structures together. The largest dimension of the structures that were fabricated in this
application was 2 mm. The stitching accuracy is typically 1–4 microns [6].

The photoresist was deposited as a drop on a 25 × 25 × 0.7 mm3 glass substrate that was mounted
in an aluminum sample tray. The tray, with substrate and resist, was inserted into the Nanoscribe GT
housing that is attached to a precision piezoelectric-driven stage. All of the operations were carried
out under yellow room lighting to avoid polymerization by single-photon absorption.

2.3. Structure Development, Drying, and Characterization

After exposure, the sample substrate with IP resin was removed from the holder and was
developed at room temperature for 1 h in 50 mL of propylene glycol monomethyl ether acetate
(PGMEA, Sigma-Aldrich, St. Louis, MO, USA), followed by a 1 h soak in 25 mL of isopropyl alcohol
(IPA, Sigma-Aldrich, St. Louis, MO, USA). If a release layer was used, then the substrate plus the
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structure were removed from the IPA and immersed in the Microchem-specified release agent (Remover
PG™, MicroChem Corp., Newton, MA, USA). The IPA was removed for either air or supercritical
drying. Supercritical drying was accomplished using carbon dioxide (CO2) and a commercial drying
system (SPI-DRY™, SPI Supplies, Inc., West Chester, PA, USA). Completion of the IPA solvent exchange
with CO2 was determined using gas chromatography. The exchange was terminated when the residual
IPA attained a level of 0.03% in the monitored CO2 effluent.

The surface morphology was characterized by optical and scanning electron microscopy (SEM).
SEM images were obtained using a Hitachi model S4700 (Hitachi, Ltd., Tokyo, Japan). To obtain
high-quality images, the samples were vapor coated with ~5 nm of chromium or gold. The imaging
voltage was kept low (<10 kV) to avoid damaging the structures.

Raman spectra were recorded using a Raman microscope (Renishaw, InVia™ H 18415, UK)
operating at an excitation wavelength of 785 nm and was focused onto the sample through a 50X
objective lens (NA 0.75). Raman scattering was collected using the same lens. The average laser power
and accumulation time used to record the Raman spectra were 10 mW and 10 s, respectively. Fourier
transform infrared (FTIR) spectra were recorded on resins and polymerized thin films between 400
and 4000 cm−1 using a FTIR spectrometer (Nicolet™ iS50, Thermo Fisher Scientific Co., Waltham,
MA, USA) equipped with diamond attenuated total reflection (ATR). Polymerized thin films (6 μm)
were prepared by spin coating the resin on fused silica substrates, and then curing by single-photon
polymerization at 395 nm for 10 min at 12 mW/cm2.

2.4. Finite Element Analysis

Finite element analysis was used to simulate the shrinkage and deformation of the log-pile
structures and foam rods via COMSOL Multiphysics® 5.3 software (COMSOL, Inc., Burlington, MA,
USA), assuming a linear elastic response. Mesh configurations were created using COMSOL’s built
in “fine mesh” to ensure solution convergence and computational efficiency. Constrained (fixed)
boundary conditions were chosen to simulate the adhesion of the polymerized resin to the substrate.

Input material properties are given in Table 1. The effective Young’s modulus for the open cell
foam, Ef, was estimated using the correlation, as reported by Ashby [23]:

Ef = Es

(
ρ f

ρs

)2
, (2)

where, ρf is the density of foam; and, ρs and Es are the density and Young’s modulus, respectively, for
the polymerized resin.

Shrinkage was simulated by an equivalent thermal contraction of the structure using a stepped
temperature drop and a user-defined thermal expansion coefficient and heat capacity for the foam
and top layer. In contrast, a standard solid mechanics treatment was used to model the deformation
caused by capillary forces. Further details are given in Section 3.5.

3. Results and Discussion

3.1. Structural Resolution of ID-Dip and IP-S Resin

The feature size of a microstructure fabricated by 2PP is determined by the size of the voxels,
which is related to the induced photon intensity and sequent chemical reactions. The absorption of
photons depends on the square of the light intensity, and the use of ultrashort pulses can start intense
nonlinear processes at relatively low average power [24]. Theoretical studies have been established by
several groups to investigate the dependence of linewidth that is based on nonlinear absorption [25,26].

In experiment, measurements of 2PP line widths versus laser power have been reported for three
Nanoscribe resins (IP-DIP, -L780, and -G780) [6]. The work was carried out using the same Nanoscribe
Professional GT system used here and at scan rates of 10 and 20 mm/s. A simple engineering model
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was used to predict the line characteristics vs. laser power and scan rate. Here, similar measurements
and treatment are reported for IP-S.

A set of support bars was first printed followed by a series of suspended lines normal to the bars
(Figure 2a). The lines were printed using different laser powers and suspended to avoid complications
due to interactions at the resin-to-glass interface. Each laser pulse above the threshold power initiated
some degree of polymerization in an ellipsoidal-shaped voxel at laser focus. The fast laser repetition
rate generated a continuous line of polymer comprised of closely overlapping voxels, each having
an effective volume, Vvox. The typical spacing between successive shots was ~0.1 nm at a scan rate of
10 mm/s and a laser repetition rate of 80 MHz, so the volume within a typical effective voxel received
~103–104 laser shots (Table 2).

 

Figure 2. (a) Suspended line structures used to quantify 2PP line width vs. laser power for IP-S. Line
widths were measured by scanning electron microscopy (SEM) (at normal incidence; see inset image)
for lines printed in 2.0 mW stepped-increments of laser power; (b) Measured and calculated effective
voxel volume vs. laser power2 and (c) linewidth vs. laser power for IP-S resin. The lines were calculated
using the model described in Equations (3)–(6).

The results are plotted in Figure 2b,c in terms of the effective voxel volume and linewidth
as a function of the average laser power. The data were analyzed using a simplified engineering
treatment that was initially suggested by Leatherdale and DeVoe [27], and more recently used by
Thiel et al. [28]. These authors relate the absorbed dose in an initiated voxel volume, Vi (nm3), to the
laser operating conditions:

Vi ∼ k (Pa − Pt)
2 texp, (3)

where Pa is the laser average power (mW), Pt is the threshold power (mW), texp is the exposure time (s),
and k is a proportional constant. The square dependence on power is due to the two-photon nature of
the process and, thus directly proportional to the square of the per-pulse peak laser irradiance above
the threshold. Note that we report the results in terms of the system average output power, rather than
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peak irradiance to simplify comparison with the typical system operational parameters. The average
laser power was monitored and controlled during system operation.

Making use of the fact that the exposure time was inversely proportional to the scan rate (Rs)
and assuming the effective polymerized voxel volume, Vvox (nm3), was proportional to the initiated
volume, Vi, led to:

Vvox ∼ k′(Pa − Pt)
2/Rs, (4)

Experiments showed the polymerized voxel was ellipsoidal with diameter, D, and length, Z,
perpendicular and parallel to the beam propagation direction, respectively, giving a geometric volume:

Vvox =
πD2Z

3
=

πD3 Ar

3
, (5)

where Ar is the line aspect ratio, Z/D, which for IP-Dip and IP-S was measured at 2.5 and 5.4,
respectively. Note that the ratio of the aspect ratios for IP-S/IP-Dip is 2.2, in good agreement with the
value of 1.8 for the ratio of the numerical apertures that were used for printing in IP-S (NA = 1.4) and
IP-Dip (NA = 0.8).

Combining Equations (4) and (5) and recognizing that the linewidth (Lw) equals the effective
voxel diameter (D) under constant scan rate conditions leads to the useful correlation for linewidth vs.
operating laser power:

Lw =

[
k′ 3(Pa − Pt)

2

πArRs

] 1
3

, (6)

The measured and calculated effective voxel volume and linewidth for IP-S are plotted vs.
(Pa − Pt)2 and (Pa − Pt) in Figure 2b,c, respectively. In general, the agreement is reasonable given the
indicated error in linewidth measurements. Similar reasonably good agreement has been reported in
prior tests using IP-Dip and other resins [6].

A threshold power (Pt) of 6 mW was assumed for IP-S, which is equivalent to the value for IP-Dip
and other resins that were determined at very low scan rates (~0.1 mm/s) [20]. This threshold agreed
with the lack of detectable polymerization (i.e., lines) below 12.5 mW at the much greater scan rates
used here (10 mm/s). Clearly, some degree of polymerization (gelation) occurs at powers between
6–12 mW; but the dose is insufficient to generate a structure that is capable of surviving development.

In certain cases, the polymerization rate can be varied by a change of laser power and scan speed.
Some authors have reported changes in polymerization propagation and termination rates due to
temperature gradients formed around the focal point during 2PP [29,30]. However, in situ temperature
measurements have not revealed a significant heating effect on the polymerization process when
working at close-to-threshold conditions [31]. Therefore, the effect of localized thermal accumulation
on 2PP fabricated structures is not included in this fitting model.

The primary benefit of the analysis reported here is as an engineering tool that, by interpolation,
can reliably predict the line dimensions at different laser operating conditions in a given resin.
The major limitation is that the analysis is largely an empirical treatment and it does not address the
details of the excitation and complex polymerization chemistry of the process.

3.2. Plastic Strain in Simple Beam Structures Written in IP-Dip and IP-S Resins

Polymers characteristically have low elastic moduli and yield strengths but can accommodate
significant plastic strain before ultimate failure [32]. These characteristics are an advantage in many 2PP
applications. For example, many photo-resins undergo some shrinkage during polymer conversion, as
evidenced by the greater density of the polymer vs. resin phase. Typically, polymer shrinkage is less
than 2%. Consequently, polymers can generally accommodate small amounts of plastic strain without
failure, thus leaving the desired structure fully intact.
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Problems tend to arise in 2PP fabrication when there are large strains, particularly in the cases of
significant shrinkage or differential shrinkage during development. Examples of this are shown in
Figure 3 for two log-pile like foam blocks fabricated in IP-Dip resin. The blocks were designed to be
50 × 50 × 50 μm3; yet, after drying, both had shrunk by ~10% to ~45 μm in width. The extent of the
shrinkage was clearly visible in the rows at the base of the block where the fabricated lines contacted
and adhered to the substrate. This degree of shrinkage is consistent with the shrinkage measured in
other foam-like log-pile structures that were fabricated here and reported elsewhere [6,9,11,14].

Both structures in Figure 3 accommodated the shrinkage without evidence of plastic strain in
the central portion of the structure. In such cases, one could attempt to compensate for shrinkage by
simply designing and fabricating a proportionally larger structure.

Problems due to shrinkage were most evident at the boundaries of IP-Dip log-pile structures
(Figure 3b). Large shear stresses developed at the fixed boundary between the polymer and the
substrate. Also, certain structural elements, such as cantilever-type beams or simple beams that span
long unsupported distances, exhibited large plastic deformation. Such deformations are visible in the
structure in Figure 3b, but are noticeably absent for the shorter spans in Figure 3a.

 

Figure 3. Log-pile structures with (a) 3 × 3 × 1 μm3 and (b) 6 × 6 × 1 μm3 cell size fabricated in IP-Dip
resin with ~300–400 nm line width. Note the lack of observable plastic deformation at the smaller cell
size in (a) in contrast to the visible bending in the simply-supported and cantilever beam sub-elements
at the larger cell size in (b).

Similar log-pile structures were written in IP-S (Figure 4). The linewidth and height were greater
than those in IP-Dip because of the larger numerical aperture, as discussed in Section 3.1. Consequently,
IP-S structures had to be fabricated using a bigger cell size (6 × 6 × 3 μm3, Figure 4a) to achieve
foam densities that are equivalent to IP-Dip. The beams were laterally offset in successive layers
with repeating alignment on every fourth vertical layer (Figure 4a). Each beam in the log-pile was
fabricated using vertically offset and partially overlapping (50%) double scans to achieve the 3 μm
height (Figure 4a inset). In general, the IP-S log-pile structures exhibited significantly less deformation
than the similar structures that were written in IP-Dip (Figure 4b–d).

To better compare the strengths of structures written in IP-Dip vs. IP-S, we fabricated, developed,
and air dried a series of simply supported and cantilever beams in the two resins (Figures 5 and 6).
Except for the beam length, all of the structures were designed and fabricated in the same way.
The beam cross-sections were designed to be 3 × 3 μm2 and were fabricated using a 10-wide × 6-high
scan grid, specifically 10 lateral scans at 0.3 μm line spacing and six vertical scans at 0.5 μm layer
spacing. The average laser power was 15 mW, and the scanning speed was 10 mm/s. The beam
structures were developed, rinsed, and air dried, as described in Section 2.3.
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Figure 4. (a) The design of a log-pile structure with a 6 × 6 × 3 μm3 cell size fabricated using 50%
overlapping double scans as described in the text. SEM images of (b) the 250 × 250 × 100 μm3 foam
block fabricated in IP-S resin and in magnified views from (c) the top showing the linewidth and
horizontal lattice spacing and (d) the side indicating the repeating overlap of every fourth layer, i.e.,
4 × 3 um = 12 um.

 

Figure 5. Simply supported beam structures fabricated in (a,c) IP-Dip and (b,d) IP-S resin. The scan
direction was from right to left, as indicated by the arrow. The average laser power was 15 mW, and the
scanning speed was 10 mm/s; see the text for further details.
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Figure 6. Cantilever beam structures of varying lengths with an integrated end support printed in
(a) IP-Dip and (b) IP-S resin. The printed beam width is 3 μm with a lateral spacing between beams of
~20 μm and vertically suspended above the base substrate by ~20 μm. The “critical length” for collapse
under capillary drying forces is indicated by the dashed line.

The final objectives used for IP-S and IP-Dip were 25X (NA = 0.8) and 63X (NA = 1.4), respectively
(Table 2), with associated fabricated linewidths of ~0.4 and ~0.65 μm. Thus, adjacent scan lines
overlapped more in IP-S than in IP-Dip.

Simply supported beam structures that were fabricated in both IP-S and Dip showed no
measurable plastic deformation after development and air drying (Figure 5). The only difference
in performance between the two resins was (a) unevenness in the vertical thickness of the longest
beam fabricated in IP-Dip (140 μm) and (b) greater overall vertical beam thickness as achieved in IP-S.
The latter effect was due to the greater depth of field (Rayleigh range).

Figure 6 shows cantilever beams that were fabricated in IP-S and IP-Dip and then developed,
rinsed in IPA, and air dried. Some of the longer beams plastically deformed to such an extent that they
were connected in pairs as well as to the substrate. This is not surprising as the liquid meniscus that
drives the capillary forces would be expected to span the spaces between the beams, as well as connect
the beams to the substrate.

The effect of capillary drying forces on deformation in microscale cantilever and simply supported
beams has been rather extensively studied because of the common use of air drying for solvent removal
in many microfabrication processes (for example, [33–36]). The extent of deformation is generally
characterized by a “critical length”, which refers to the distance from the beam attachment at the end
support to the point of beam adhesion to a neighboring beam, the substrate, or both. For example,
the critical length that was observed for the cantilever beams that were fabricated in IP-Dip was
~55–60 μm, whereas for IP-S, the value was ~153–173 μm (Figure 6).

Liu et al. [33] and Mastrangelo and Hsu [35] both provide closed-form solutions for estimating the
critical length based on the polymer properties, beam dimensions, and inter-beam spacing. Although
their mathematical approaches differ, they arrive at the same relationship:

Lc =

[
3Ew3d2

8γ cos(θ)

]1/4

(7)

where Lc is the critical length (μm), E Young’s modulus (GPa), w beam width (μm), d beam spacing
(μm), γ solvent surface tension (22 dyne/cm, IPA), and θ the wetting angle. Here, we assumed the
structure was fully wetted (θ ~0◦). Using the reported Young’s modulus for IP-S of 4.6 GPa (Table 3)
gives a critical length of 157 um, which agrees well with the measured value. Repeating the same
calculation for IP-Dip is problematic as Young’s modulus depends strongly on the writing speed
and laser power (i.e., energy dose, J/cm3). For example, Lemma et al. [16] report a linear increase
of 0.35 GPa/mW in Young’s modulus from ~0.75 to 3.6 GPa over a range in average laser power
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from 5–13 mW. The writing speed was 100 μm/s. In the work reported here, the writing speed
was 10,000 um/s at a laser power of 15 mW. Therefore, Young’s modulus was expected to be lower.
Equation (7) was used to estimate a Young’s modulus of ~0.1 GPa based on the observed cantilever
beam critical length of ~60 μm (Figure 6a).

Table 3. Summary of FTIR peak intensities (normalized to the C=O peak) for CH2=CH- stretching and
bending vibrational modes.

Band
(cm−1)

Group
and Mode

IP-S: Peak Intensity IP-Dip: Peak Intensity

Resin UV-Cured Film DC Resin UV-Cured Film DC

~1635 C=C
stretch 0.06 0 100 0.07 0.02 71.43

~1405 C=C bend 0.03 0 100 0.34 0.08 76.47
~940 C=C bend 0.11 0 100 N.D. N.D. N.D.
~810 C=C bend 0.1 0 100 0.41 0.07 82.93

Mastrangelo [35] also treats the case of capillary collapse for a simply supported beam (i.e., a beam
clamped at both ends). Using his results, we predicted the critical span to be ~160 and 400 μm for
IP-Dip and IP-S, respectively. This agreed with the lack of collapse that was observed for the beam
structures in Figure 5.

Polarization of the laser beam has been reported to affect the intensity distribution and thermal
gradients around the focal spot thus leading to different polymerization rates, which can, in certain
cases, affect the feature size and introduce small changes (~20%) in some mechanical properties [30].
We believe that impact of polarization effect on mechanical properties is likely to be small for our
application compared to other effects. For example, Young’s modulus was estimated to be ~0.1 GPa
for the IP-Dip polymerized structures written here, while the fully polymerized IP-Dip photoresist
has a Young’s modulus of 4.5 GPa (Table 1). Also, at the employed high writing speed (10,000 μm/s),
anisotropy in heat flow would be a second order effect for enhancing the mechanical stability of the
foam targets. Besides, the beam is circular polarized for our writing process. Other research work has
shown that the circular polarization of incident light could ensure a more spherical voxel within the
xy-plane [37]. This avoids polarization-dependent linewidth between separate log-pile layers where
the scan directions are perpendicular to each other.

Yoshimoto et al. [34] offers a different approach for describing plastic yield in micro-cantilever
beams, with the resulting expression for the critical length in terms of the yield strength:

Lc = w
[

σyd
6γ cos(θ)

]1/2

(8)

where δy is the yield strength (MPa) and the other variables are the same as given above. To our
knowledge, the yield strength for IP-Dip and IP-S has not been reported, so Equation 7 and the results
in Figure 6 provide a means to estimate these values, specifically, δy ~3 MPa for IP-Dip and ~20 MPa
for IP-S.

3.3. Fourier Transform Infrared and Micro-Raman Vibrational Spectroscopy of Resin Conversion

FTIR and micro-Raman vibrational spectroscopy were used to monitor the degree of
polymerization in the IP-S and IP-Dip acrylic resins. Other recent studies have shown these techniques
provide a wealth of molecular detail at the nano to microscale, about the extent of monomer/oligomer
photo-conversion (see, for example, [11,14,20,38,39]). The characteristic vibrational bands that
were associated with the CH2=CH-, C=O, and C-O groups that comprise the two resins are well
known [40–43] and are clearly detected in both the FTIR and micro-Raman spectra (Figure 7).

FTIR bands are due to linear optical absorption by an oscillating dipole associated with the
vibrations of a particular molecule or functional group [41,42]. In contrast, Raman bands are scattering

42



Nanomaterials 2018, 8, 498

phenomena and relate to the polarizability of the molecule or the molecular group. Specifically, Raman
bands are associated with the radiation from an oscillating dipole that was induced by the incident
laser electric field [40,41]. Thus, the two methods are complementary in that vibrational bands that
are weak or not detected by one method may be detected by the other; this is often the case for
our application.

Figure 7. Fourier transform infrared (FTIR) spectra of the resin and fully cured film of (a) IP-S and (b)
IP-Dip over the fingerprint region of 700–1800 cm−1. The bands associated with the terminal CH2=CH-
stretching and bending modes are indicated on the spectra. (c) Raman spectra of IP-Dip and IP-S 2PP
cured photoresists.

In general, the FTIR spectra provide greater structural detail across the so-called molecular
fingerprint region (~700 to 1800 cm−1), which includes characteristic stretching and bending modes
of CH2=CH-, C=O, and C-O [42,43]. In addition, the method is insensitive to fluorescence from the
initiator in the resin. The major drawback is that the FTIR spectrometer can only probe macroscopic
samples. Raman microspectroscopy, on the other hand, has the advantage of being able to probe
small volumes (<0.5 μm dia.) and it has greater sensitivity to the CH2=CH- stretching vibration at
~1600–1640 cm−1 [44]. This bond has a low dipole moment and it gives only weak FTIR bands, while
the Raman signal is strong due to the large polarizability of the C=C bond. The main drawback to
micro-Raman for our application was the interference caused by fluorescence from the initiator in
the resin.

FTIR spectra of unreacted resins and UV-cured films of IP-S and IP-Dip are shown in Figure 7.
Table 3 summarizes the measured strength of the C=C stretching band and the three bending modes at
~1635, 1405, ~810, and ~940 cm−1, respectively. The intensity was normalized to the C=O band intensity
because that group concentration is expected to remain constant in a given sample. The degree of
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conversion (DC) was calculated by comparing C=C stretching or bending mode intestines to a reference
C=O band before and after UV photopolymerization [15,20]:

DC =
[
1 − (AC=C/AC=O)/

(
A′

C=C/A′
C=O

)]× 100, (9)

where AC=C, AC=O, A′
C=C, and A′

C=O are the integrated intensity of corresponding peaks in the
polymerized and the unpolymerized resins. The IP-S spectra showed the expected result of complete
reaction of the terminal alkene group after UV exposure. In contrast, the UV-exposed IP-Dip sample
still contained ~17–29% unreacted C=C based on the ratios of the bands at ~810, ~1405, and 1635 cm−1

before and after UV exposure.
We next carried out micro-Raman measurements of lines that were written by 2PP in both resins

using the conditions that are summarized in Table 2. The samples were developed and then examined
using Raman microscopy, as described in Section 2.3.

Figure 7c shows the Raman bands for the C=O and CH2=CH- stretching modes after 2PP exposure.
Both of the resins showed significant amounts of unreacted CH2=CH-. IP-Dip in particular showed
low conversion, which is consistent with the trend that was observed in the UV-exposure results in
Figure 7b. The reason for the difference in vinyl conversion of IP-Dip vs IP-S resins is difficult to assess
without detailed knowledge of the chemical structure of these proprietary resins. Nevertheless, the IR
and Raman data coupled with the elemental resin composition do offer a few hints. We assume here
that the vinyl conversion continues (propagates) until the well-known free radical termination by
oxygen (O2) [45]. Note that, based on the IR spectra and elemental composition results, IP-Dip is a fully
vinyl-acrylate resin, whereas IP-S does show the presence of some amine functionality (amine bands at
~3300–3500 cm−1). We suspect that IP-Dip conversion becomes sterically hindered early on. In other
words, molecular rearrangement is too slow (diffusion limited) to permit access to the unreacted vinyl
groups before the small, highly mobile O2 terminates the reaction. In contrast, the full UV conversion of
IP-S suggests adequate mobility to achieve full reaction before termination. The incomplete conversion
of IP-S under 2PP is possibly due to insufficient initiation. Of course, use of other common organic
chemistry structural analysis tools, for example, C13 and H1 nuclear magnetic resonance (NMR), gas
chromatography-mass spectrometry (GC-MS), size exclusion chromatography (SEC), etc., could fully
elucidate the structures of both resins. We have chosen not to do that here. Hopefully, the resin vendor
will soon publish the structure making such analyses unnecessary.

The results suggest that low conversion is a major factor contributing to the large shrinkage
and low modulus and yield strength of the IP-Dip foam structures. This agrees with prior work by
Jiang et al. [12,15], who also reported low conversion by 2PP in custom resins with a resulting loss in
mechanical integrity.

It is also probable that the C=C conversion varies through the width of the line, being greatest
at the point of peak irradiance at the center of the focal spot and lower near the gaussian beam
edges. Thus, the effective thickness of the line would be less than the observed thickness. Because the
mechanical strength varies as approximately the cube of the line thickness, and then small negative
changes in the effective line thickness would significantly weaken the part.

3.4. Fabrication of Foam Rods in IP-Dip and IP-S Resins

Figures 8 and 9 show foam rods (2.0 × 0.25 × 0.35 mm3) fabricated in IP-Dip and IP-S, respectively,
using the writing conditions in Table 2. Both foam structures have a design density of 0.10 g/cm3.
One of the IP-Dip rods was fabricated as a 100% foam log-pile structure (Figure 8a), whereas the other
had a 15-μm-thick cap layer that functioned as a laser ablator (Figure 8b). Only IP-S rods with the
15 μm cap layer were fabricated (Figure 9).

The IP-Dip and IP-S rods were comprised of a series of 125 × 125 × 100 μm3 and
250 × 250 × 100 μm3 sub-blocks, respectively. The ability to print larger sub-blocks for the IP-S
rods is a direct result of the numerical aperture for printing (IP-S 0.8 vs. 1.4 for IP-Dip). The IPS
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sub-block width was designed to match the rod width, thereby reducing the number of stitching
boundaries by eightfold over that for rods that were written in IP-Dip. The foam cell size for the IP-S
rods was also designed to be larger (6 × 6 × 3 μm3) to offset the mass of the thicker beams and still
achieve the 0.10 g/cm3 density goal. Each IP-S beam was fabricated with vertically offset and partially
overlapping double scans (50%) to achieve a taller and stiffer (more reacted) structure (Figure 4a).

 

Figure 8. SEM images of 2 × 0.25 × 0.3 mm3 foam rod with x, y, z cell dimensions of 6.2 × 6.2 × 1 μm3

fabricated in IP-Dip (a) without and (b) with a 15-um-thick fully dense cap layer.

 

Figure 9. SEM images of (a) 2 × 0.25 × 0.3 mm3 foam rod with x, y, z cell dimensions of 6 × 6 × 3 μm3

and showing areas at higher magnification to illustrate (b) structure and (c) stitching boundary quality.
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The IP-Dip rods showed the maximum deformation of ~6–7% at the interfaces of the foam with
the substrate and with the solid cap layer (Figure 8). In contrast, the IP-S foam rods showed much
less shrinkage and deformation in these interfaces (Figure 9). The largest defects/deformations in the
IP-S rod occurred at the corners of the stitching boundaries (Figure 9b,c) and were consistent in size
and location throughout the structure. Because these defects occurred at the outer surface of the rod,
they did not impact the region of the target that was irradiated by the laser. Nevertheless, work is
continuing on improving the process to eliminate these defects.

3.5. Analysis of Shrinkage and Deformation in IP-Dip Foam Rods

Greater detail on the deformation of the IP-Dip rods at the interfaces between the foam-substrate
boundary and the full-density cap layer are shown in Figure 10. Specifically, the images in Figure 10a,c
provide magnified views of the rod end regions within the dashed boxes in Figure 8.

 

Figure 10. Details of the structural deformation of IP-Dip foam rods, specifically showing the regions
within the dashed boxes in Figure 8. The SEM images show the ends of the rod (a) without and (b)
with a 15-um-thick fully dense cap layer. Resin shrinkage during development and drying produced
residual axial shear stresses and associated plastic strains in both the foam only and the foam with
top cap, as shown schematically in (c,d) and also indicated in the SEM images; the arrow lengths are
notional representations of the relative magnitude of the axial shear stresses.

Comparison of the designed and measured dimensions of the IP-Dip foam rods indicated ~10%
maximum axial shrinkage at the top of the foam rod. This is consistent with the measured shrinkage
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in other foam-like structures that were fabricated here and reported elsewhere [6,9]. The images in
Figure 10 show that the axial shear stresses (and strains) due to shrinkage were greatest near “fixed”
boundaries that were constrained by adhesion of foam to the glass substrate and to the full density top
cap. Also, the stitching boundaries (Figure 10a,c) are regions of inherently lower strength that in some
cases have been observed to cause layer-to-layer delamination under shrinkage-induced shear strains.

The axial shear stresses are indicated schematically in the SEM images in Figure 10a,b where the
arrow lengths are notional representations of the relative magnitude of the stresses. Shear stresses in
the lateral direction also exist, but are smaller.

Deformation of IP-Dip foam rods during the development process may be due to capillary forces
and/or internal shrinkage due to the complete or partial removal of unconverted resin within the
fabricated lines. Simulations were used to separately investigate the magnitude of these two effects by
FEA. The geometry and the mesh configuration of a unit lattice and the foam rods with and without
the cap layer are shown in Figures 11a and 12a,b, respectively. The base of the lattice and the foam were
constrained to simulate adhesion to an infinitely stiff substrate. In the case of the rod, the top cap was
also assumed to fully adhere to the foam, although each can elastically respond to the applied stress.

We first considered the effects of meniscus drying forces. The capillary pressure, P, due to
meniscus forces during air drying, can be estimated using the Young–Laplace equation:

P ∼ 4γ cos(θ)/L (10)

where L is the effective pore diameter (or inter-beam distance), γ is the solvent surface tension, and θ is
the wetting angle. Applying Equation (10) to the 6.2 × 6.2 × 1 μm3 foam unit cell and using a surface
tension for IPA of γ = 22 dyne/cm and assuming a fully wetted structure (θ ~0◦) gives an estimated
maximum capillary pressure of ~8 kPa (~12 psi). The FEA of the foam rods predicted a maximum
three-dimensional (3D) deformation of only ~130 nm over the entire length of the rod structure. This
was less than half of the 2PP line width. Consequently, the deformation was expected to be well within
the elastic limit with no permanent plastic strain, even at the very low estimated foam modulus value
of ~0.1 MPa.

In contrast to the capillary drying effects, FEA simulations of the impact of shrinkage showed
deformations that closely matched observations. Figure 11 shows show the FEA mesh configuration
and the simulations results for a 24 × 24 × 8 μm3 beam lattice representing the microscale details
of an individual building block of the foam rod. The lattice architecture had a horizontal beam
(x, y) spacing of 6.2 μm, a beam height (z) of 1 μm, and a beam width (i.e., line width) of 0.4 μm.
The simulation showed that shrinkage of the log-pile structures leads to uniform compression in the
center region and plastic deformation at the end, as is consistent with the behavior shown in Figure 3.
The vertical strain gradient (Figure 11b,c) was ~6–7 nm/micron over the 8 μm height and 24 × 24 μm
base of this lattice structure. This predicted an expected total deformation of ~35 μm over the ~60 μm
thick first layer of the 2 mm foam rod (Figure 10a,b).

Figure 11. (a) Mesh configuration and (b,c) finite element analysis (FEA) simulation of
shrinkage-induced deformation for 24 × 24 × 8 μm3 log-pile block fabricated in IP-Dip with 6.2 μm
line spacing. See text for details.
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The simulations of the magnitude of rod 3D deformation that is caused by shrinkage (Figure 12c,d)
were also in reasonable agreement with the observed behavior in Figures 8 and 10. The main differences
between the simulations and observations were for the 100% foam rod. Specifically, the simulation
showed a vertical expansion at the rod ends (Figure 12c), which is most likely due to the effect of the
material Poisson ratio upon contraction. In the real rods, this did not occur, probably because of the
shearing that was observed at the horizontal stitching boundaries, as shown in Figure 10a. In the case
of the rod with a cap layer, the simulations compared most closely with the observations. These rods
showed reduced shear at the stitching boundaries (Figure 10d) due to the axial constraint of the top
layer. Moreover, the simulations correctly predicted the bending of the top cap at the ends of the rod
where the shrinkage-induced stresses were the greatest. In this work, we assumed that the observed
shrinkage was due to the effects of the unconverted resin, as discussed in Section 3.3. Other earlier
studies of shrinkage of 2PP structures reached a similar conclusion [44,46]. However, a quantitative
description of shrinkage at the molecular level remains elusive and is a subject of continued interest.

Figure 12. Mesh configuration used for the FEA simulations of foam rods fabricated in IP-Dip resin
(a) without and (b) with a 15-μm-thick fully dense cap layer and (c,d) the computed deformation due
to shrinkage.

4. Summary and Conclusions

A series of low-atomic number (CHO) millimeter-scale foam laser targets with a 4–6 μm cell size
were fabricated using 2PP. The targets are used to support HED physics research, thus driving the
requirement that the foam contain only low-atomic number elements. The targets were comprised of
a full-density 15 um cap layer at a 0.10 g/cm3 foam base. The cap layer served as an ablator.

Two commercial acrylic resins were evaluated for preparing the foam targets: (i) IP-Dip, a low
viscosity resin designed for high-resolution printing with a large numerical aperture objective and
(ii) IP-S a high viscosity resin for mesoscale printing using a lower numerical aperture. A fabricated
linewidth in IP-S for different irradiance conditions was reported and compared to prior measurement
on IP-Dip and also analyzed using a simple engineering model.

Infrared and Raman spectroscopy were used to measure the extent of 2PP polymerization by
monitoring the C=C bond conversion. Although both IP-Dip and IP-S showed significant unconverted
material, IP-Dip was worse; the results for IP-Dip agreed with observations that were reported by
others. It was proposed that full or partial removal of unreacted resin from within the beams during
development was the primary cause of the shrinkage and the resulting deformation observed in the
final structures.

Simple end-supported beam test structures were fabricated in each resin to assess the polymer
strength and the impact of capillary drying forces. The results showed that simple beams and foams
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fabricated with these resins were strong enough to support typical capillary drying forces of ~5–10 kPa
(~0.7–1.5 psi) without plastic deformation. However, polymer linear shrinkage of up to 6–7% or more
during resin development led to large structural plastic deformation in IP-Dip. Finite element analysis
was used to simulate the effects of both capillary drying forces and the polymer shrinkage. Drying
forces produced elastic deformations <0.5 μm, whereas shrinkage generated ~100× greater axial plastic
deformation μm for these target structures.

A significant reduction in shrinkage-induced deformation and improvements in the structure
strength and rigidity were achieved by using IP-S resin. Initial tests showed great improvements
in the fabricated rod dimensional stability, with up to 4× fewer stitching boundaries and ~1/10th
the shrinkage.
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Abstract: Glass is an alternative solution to polymer for the fabrication of three-dimensional (3D)
microfluidic biochips. Femtosecond (fs) lasers are nowadays the most promising tools for transparent
glass processing. Specifically, the multiphoton process induced by fs pulses enables fabrication of
embedded 3D channels with high precision. The subtractive fabrication process creating 3D hollow
structures in glass, known as fs laser-assisted etching (FLAE), is based on selective removal of the
laser-modified regions by successive chemical etching in diluted hydrofluoric acid solutions. In this
work we demonstrate the possibility to generate embedded hollow channels in photosensitive Foturan
glass volume by high repetition rate picosecond (ps) laser-assisted etching (PLAE). In particular,
the influence of the critical irradiation doses and etching rates are discussed in comparison of two
different wavelengths of ultraviolet (355 nm) and visible (532 nm) ranges. Fast and controlled
fabrication of a basic structure composed of an embedded micro-channel connected with two open
reservoirs, commonly used in the biochip design, are achieved inside glass. Distinct advantages
such as good aspect-ratio, reduced processing time for large areas, and lower fabrication cost
are evidenced.

Keywords: picosecond laser processing; 3D microfluidic channels; photosensitive glass

1. Introduction

Microfluidic systems typically consisting of three-dimensionally (3D) embedded channels
connected to open micro-reservoirs are useful tools for many biological and medical studies, since
they are basic elements for biochips such as lab-on-a-chip devices and micro-total-analysis-systems
that can perform reaction, detection, analysis, separation, and synthesis of biochemical materials with
high-efficiency, high-speed, high-sensitivity, low reagent consumption, and low waste production [1,2].
The unique 3D geometries offer flexibilities and specific functionalities for fabrication of the
biochips [3,4] or even organs-on-a-chip systems [5]. Such microfluidic devices for biomedical
applications are generally fabricated based on PDMS with casting technologies [6,7]. However,
although they exhibit indubitable advantages such as biocompatibility, good optical quality, and easy
to use, some drawbacks including non-reusability, and adsorption of organic compounds, as well as
the requirement of multiple stacking and sealing processes in the fabrication procedure push us
to find an alternative [8]. During the last decade, femtosecond (fs) laser fabrication has proven
to be a powerful tool for 3D internal modification of transparent glass materials and fabrication of
embedded channels [9–12]. Thus, glass is a good alternative to PDMS for specific biological applications,
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which allow creating robust, easy to clean and reusable devices. Among many glasses, Foturan is
one of the most suitable materials for fabrication of microfluidic systems. Foturan is a photosensitive
glass with photoreactive properties due to the addition of a photoactive agent (photo-sensitizer) and
metal ions (nucleation agent) in the glass matrix. The photoactive agent is cerium (<0.04 wt% Ce2O3),
while the nucleation ion is silver (0.05–0.15 wt% Ag2O) [13]. Unlike other transparent glasses these
agents allow this glass to be processed in a 3D manner by space selective control of the precipitation
process [14]. Photoactivation takes place at wavelengths shorter than 350 nm, and then a successive
annealing treatment induces silver clustering that converts a latent image of irradiated region into
an observable one. During the thermal treatment, a metasilicate crystalline phase is grown around
the formed silver clusters which, by an isotropic chemical etching, can be selectively removed to
create 3D hollow micropatterns in the glass matrix [15]. Masuda et al. used a high-intensity fs laser
emitting light of 150 fs pulse width at 775 nm wavelength, 1 kHz repetition rate and 0.4 μJ, to fabricate
complex 3D microfluidic structures inside Foturan glass with a high spatial resolution [16]. In this case,
the photo-reaction of near-infrared fs pulses with glass takes place by two-step excitation of electrons
with three photon absorptions each, resulting in a six-photon process [17].

This technique enabling the fabrication of 3D microfluidic structures has been termed femtosecond
laser-assisted etching (FLAE). FLAE of Foturan glass was then applied to fabricate specific biochips
called nano-aquariums for monitoring of continuous motion of Euglena gracilis [18] and evaluation of
gliding mechanism of Phormidium cyanobacteria [19]. Meanwhile, picosecond (ps) lasers, which are also
categorized as ultrafast lasers, are becoming more common tools for practical use due to higher power
and higher reliability as compared to fs lasers. At this time-scale, the deposition of laser energy is still
typically faster than the electron-phonon coupling processes (which are material-dependent), enabling
the minimization of heat-affected zone and, thus, high-quality micro- and nano-fabrication [20].
In addition, the high peak power (Ppeak = E/τ, E—pulse energy, τ—pulse duration) can induce
nonlinear absorption processes in materials which do not absorb the laser wavelength, thus allowing
the processing not only of the surface, but also of the inside of transparent materials similarly to the
fs lasers [9,10]. Therefore, the ps laser may be able to replace the fs lasers for 3D microfabrication of
Foturan glass, which is beneficial in terms of the high throughput process.

Veiko et al. have demonstrated the possibility to modify Foturan glass by a ps Nd:YAG laser with
a pulse width of 30 ps at 532 nm wavelength and a repetition rate of 10 Hz [21]. A mechanism based
on two-photon absorption was proposed. Thus, microstructures attributed to the phase transition
from amorphous to crystalline inside the Foturan glass-ceramic material were fabricated by means of
local laser modification followed by subsequent thermal treatment. It has been further shown that
using the same laser source it is possible to create 3D channels in bulk by hydrofluoric acid (HF)
etching of crystallized regions developed by thermal treatment using a CO2 laser [22]. Even though the
proof of concept was demonstrated, the potential of ps lasers for the structuring and fabrication of 3D
embedded channels in Foturan glass is still not fully explored and many challenges remained unmet.

In this study we demonstrate the successful fabrication of 3D microfluidic structures in Foturan
glass by high repetition rate ps laser-assisted etching (PLAE) using either the second or third harmonics
(visible (VIS) 532 nm or ultraviolet (UV) 355 nm wavelengths) of a Nd:YVO4 laser. Critical irradiation
doses and etching ratios were examined for both wavelengths to optimize the experimental conditions
of PLAE. Controlled fabrication of the microfluidic structures consisting of an embedded channel
connected with two open micro-reservoirs is achieved for both cases. Our study evidenced that
transparent materials processing with high repetition rate ps laser pulses based on multi-photon
absorption could be a viable alternative to classical fs micro-fabrication. More importantly, large-area
3D micro/nanofabrication with considerably reduced processing time and production costs will offer
great advantages for manufacturing with high repetition rate ps laser pulses.

53



Nanomaterials 2018, 8, 583

2. Materials and Methods

Foturan used in this study is a photo-structurable glass ceramic manufactured by Schott North
America Inc., Corporate Office, Elmsford, NY, USA. It is a photo-sensitive alkali-aluminosilicate glass
material consisting of SiO2 (75%–85%), Li2O (7%–11%), K2O and Al2O3 (3%–6%), Na2O (1%–2%), ZnO
(0%–2%), Sb2O3 (0.2%–0.4%), Ag2O (0.05%–0.15%), and Ce2O3 (0.01%–0.04%). In our experiments,
we cut Foturan glass wafers to 10 × 10 × 2 mm3 dimensions to create 3D microfluidic structures.
Prior to use, the samples were successively cleaned in baths of acetone, alcohol, and deionized water.

The laser direct writing was conducted by a ps laser beam (Lumera, Coherent) delivering pulses
of duration below 10 ps at 500 kHz repetition rate, coupled with a customized workstation (Figure 1).
The second (532 nm—VIS) and the third (355 nm—UV) harmonics of a Nd:YVO4 laser were used in
experiments with laser power ranging from tens of mW for critical doses up to 500 mW for material
processing using VIS wavelength and from values below 1 mW for critical doses up to 10 mW for
structuring in UV. For both wavelengths, the scanning speed was varied from 0.1 mm/s to 1 mm/s
in order to determine the optimum value of interline spaces which is an important parameter for a
line-by-line scanning process. The beam was focused using an aspheric lens of 15 mm focal length
producing a circular focal spot of 4 μm in diameter. The entire writing process was monitored with a
CCD camera, which was also used to control the focusing position on the sample surface and inside
the volume. The samples were placed on an X-Y motorized translation stage (PlanarDL, Aerotech Inc.,
Pittsburgh, PA, USA) with computer-control which provided 200 mm travel range on each axis with
±500 nm step accuracy and ±100 nm precision. In addition, the stage has the ability to trigger the
laser firing for precise synchronization, increasing thus the accuracy of the imprinted pattern.

Figure 1. Scheme and photo of the workstation used for high repetition rate ps laser irradiation of
Foturan glass.

The exposed samples were then annealed in a furnace (model MTF M1238-250 from Carbolite Gero
Limited, Hope Valley, UK) controlled with the following program: heating with a slope of 5 ◦C/min up
to 500 ◦C, then keeping the temperature constant for 1 h in order to grow Ag nanoparticles, increasing
the temperature again with a slope of 3 ◦C/min to 605 ◦C, and keeping the temperature constant
for another hour to obtain the crystalline phase of Li metasilicate. The process was followed by
chemical etching in 8% HF solution under ultrasonic condition. During the etching, the crystalline
phase grown around Ag nanoparticles was selectively removed. Profilometry analysis was carried out
with a stylus profiler XP2 from Ambios Technology, 0.01 mm/s speed and 1 mm working distance.
Optical interrogation of the samples was performed in transmission mode with a microscope, model
DM4000 B Led from Leica Microsystems, Wetzlar, Germany. Scanning electron microscopy studies
were employed with an FEI Co. microscope, model Inspect S, Hillsboro, OR, USA.
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3. Results

3.1. Critical Dose Evaluation

In a first step, the experimental procedure was devoted to the evaluation of the critical dose Dc

for each irradiation wavelength, in order to find optimum parameters for laser processing. By using a
model proposed by Fuqua et al. [23] as the critical laser fluence Fc, the critical irradiation dose can be
expressed as:

Dc = Fm
c × N (1)

N is the number of laser pulses necessary to induce photoreaction and Ag nucleation and m
represents the number of photons in the multiphoton absorption process for electron generation. Fc is
defined as the lowest fluence at which a sufficiently high density of nuclei (Ag nanoclusters) is able to
form an interconnected network of the metasilicate crystalline phase in photo-structurable glass by the
thermal treatment for selective removal. Here, the density of nuclei ρ generated at a fluence of F can be
expressed by ρ = K × Fm × N (K is a proportionality constant).

The determination of UV and VIS critical doses was performed by irradiating Foturan glass surface
with different laser powers and exposure times. For fixed power values, several exposure times from
0.5 to 3 s were applied, corresponding to 2.5 × 105 to 15 × 105 pulses, resulting in the accumulation of
different laser doses in distinct areas. The exposure reproducibility was demonstrated by generating a
matrix of identical patterns for each area with a separation distance of 10 μm. This approach allowed
easier optical evaluation of the samples and an improved accuracy in Dc evaluation.

For each laser wavelength, several power densities were first applied in order to define the optimal
power interval for the Dc evaluation. For a good statistical analysis, we have irradiated 25 identical
points using the same laser power and the experiment was repeated twice. No visible differences
were observed between experiments. In the case of UV, irradiation the laser power was systematically
varied from 0.6 mW to 1 mW with 0.1 mW step (Figure 2a). The same procedure was used for the
VIS wavelength for which the laser power was adjusted in the 30–50 mW range with a 5 mW step
(Figure 2c).

Figure 2. Identification of threshold irradiation parameters for ps laser irradiation of Foturan glass.
(a,b) Optical images of the exposure map written on glass surface using 355 nm ps laser pulses (a) and
corresponding critical fluence determination (b); (c,d) Optical images of the exposure map written on
glass surface using 532 nm ps laser pulses (c) and corresponding critical fluence determination (d).
The inset images represent detailed views of areas marked with square dots.
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After irradiation, the glass samples were submitted to a classical thermal treatment protocol
described in the previous section. Upon the thermal treatment, brownish crystalline phase became
visible on the samples by optical microscopy when the accumulated dose exceeded Dc. The analyses of
the irradiated patterns revealed a dose-dependent modification of samples for both laser wavelengths.
We identified the irradiation parameters (power as a function of exposure time or number of pulses),
at which the glass surface suffered visible modification by laser irradiation followed by thermal
treatment (see stars marked in Figure 2a,c) for selective chemical etching, revealing Dc. Fc is a function
of the number of pulses for both 355 nm (Figure 2b) and 532 nm (Figure 2d) laser wavelengths.
The fluences were estimated for each laser power considering the spot size of 4 μm in diameter.
By linearly fitting the log-log representation data, in Figure 2b,d we determined the critical fluences
of 1.742 J/cm2 (m = 3) for VIS and 0.635 J/cm2 (m = 2) for UV. By introducing these values into
Equation (1), the critical dose values for both wavelengths were determined to be Dc = 5.28 J3/cm6 for
VIS and Dc = 0.4032 J2/cm4 for UV, respectively.

The evaluation of Dc is essential in order to further correlate with the translation stage
programming for optimizing writing speeds of various complex 3D shapes. In addition, the subsequent
wet chemical etching for the subtractive process is critically dependent on the laser irradiation dose for
the high precision fabrication of embedded microfluidic channels.

3.2. Etching Rate Estimation

Using the estimated critical doses, we further determined the etching rate dependence for ps
UV and VIS lasers, respectively. In HF solution, the contrast ratio in etching selectivity between the
unexposed and the laser exposed Foturan glass was found to be 1:50, and was dependent on both the
exposure dose and the HF concentration. This ratio was almost coincident with that determined when
using the fs laser [24].

We have determined the etching rate of unexposed Foturan glass starting from an initial thickness
of 2 mm after immersion in 48 mL solution of 8% HF concentration. At different time intervals,
the glass was extracted from solution to measure its thickness with an electronic micrometer for up to
1 h of total exposure. The dependence of the glass thickness on the etching time is plotted in Figure 3a.
The evaluation of the linear fitting evidenced an etching rate of about 1.6 μm/min which is in line
with previously reported values, such as the study by Helvajian et al. (1.3 μm/min for a slightly lower
concentration of 5% HF solution) [25].

 

Figure 3. Etching of Foturan glass in 8% HF solution: (a) etched thickness as a function of etching time
for unexposed glass; (b,c) width of open channels after 5 min of etching of the linear pattern written by
UV (b) and VIS (c) lasers as a function of writing speed. Each linear regression curve corresponds to
different laser power.

The etching rates for VIS and UV lasers exposed samples were estimated by evaluating depths
obtained after etching for different time intervals. In both cases, at moderate laser exposures (just above
the modification thresholds), ~10 ± 2 μm/min etching rates were obtained. Consequently, the etching
ratios were found to be at 1:10. These ratios are dependent on the laser exposure doses. Specifically,
an etching rate of 20 μm/min can be achieved when increasing the laser power, corresponding to
an etching ratio of up to 1:25. Comparing to etching ratios reported in other publications, where
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identical wavelength but different pulse widths were used to expose the glass, the values obtained
in our study are similar while taking account of processing parameters such as irradiation doses and
HF concentration.

The etching characteristics of glass modified by the high repetition rate ps laser were investigated
by profilometry measurements. For both laser wavelengths, sets of five identical lines with 1 mm
length and 100 μm interspace were written on the glass surface using different irradiation doses.
To this purpose, predetermined scanning speeds ranging from 0.1 mm/s to 1 mm/s were employed at
different laser powers, followed by annealing treatment. The channel widths created after 5 min of HF
etching were evaluated, as presented in Figure 3b,c, for UV and VIS ps laser processing, respectively.

As a general observation, one can notice that the channel widths are dependent on the laser dose,
as expected (Figure 3b,c). Indeed, for both wavelengths, a higher dose revealed the formation of wider
channels (>10 μm), while only few micrometer widths are obtained for lower doses. In particular,
one can obtain 11 μm width channels with UV ps laser pulses of 10 mW power at a writing speed of
0.1 mm/s, and narrower than 4 μm width, with 8 mW average laser power and 1 mm/s writing speed.
Similarly, channels with widths wider than 12 μm are obtained by VIS ps laser pulses of 300 mW
power and writing speed of 0.1 mm/s, and narrower than 3 μm width, at 200 mW laser power and
1 mm/s writing speed. These results allow us to predict the optimum laser processing parameters and
scanning regimes for choosing appropriate interspaces between linear patterns in order to create more
complex 3D structures.

3.3. Fabrication of Microfluidic Embedded Channels

Further, the capability of generating embedded microfluidic channels in photosensitive glass using
either UV or VIS high repetition rate ps laser pulses was demonstrated. By the new PLAE technique,
we propose fabricating a simple microfluidic structure consisting of two open micro-reservoirs
connected by an embedded channel (Figure 4). Specifically, square reservoirs of 1 × 1 mm2 area
are connected by a 1 mm length and 300 μm width channel. The whole structure was designed and
fabricated by irradiating the glass in a two-layer configuration (see Figure 4a): (i) the first layer (upper
part) of the reservoirs (opening) were formed by scanning the focused laser beam on the glass surface
and then (ii) the second layer (bottom part) of the reservoirs and connecting channel were formed
by changing the laser focusing position from the glass surface into the volume at specific depths.
Each layer consists of parallel lines written by linear scanning of the focused laser beam at a speed of
0.5 mm/s with lateral sliding at a 5 μm step between each line. The PLAE process was then followed by
a two-step treatment at 500 ◦C for one hour followed by one at 605 ◦C for another hour (Figure 4b) and
successive chemical etching in HF (Figure 4c) in order to obtain the designed structure. The etching
time depends on the exposure parameters, which were varied between 50 and 60 min, similar with
times used for FLAE.

 

Figure 4. PLAE process of Foturan glass. (a) Sketch of the proposed design (with two open reservoirs
connected by an embedded channel) and laser irradiation using two-layer configuration; and (b,c) partial
view by optical microscopy of the obtained structure after irradiation with the VIS laser followed by (b)
thermal treatment and (c) chemical etching in 8% HF solution. The scale bar represents 0.5 mm.
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We created two structures written with the identical writing scheme using VIS-PLAE at 500 mW
laser power, 1 μJ energy, and 10 μm interline spaces, but at different scanning speeds to investigate
influence of the exposure dose on the created structures. The laser irradiation was carried out on
the surface (first layer) and at 250 μm depth (second layer) with writing speeds fixed at 0.1 mm/s
(Figure 5a,b) and 0.9 mm/s (Figure 5c) respectively. SEM analyses have revealed that a lower irradiation
dose (correlated with faster writing speed and smaller number of applied laser pulses) can generate
embedded microfluidic channels in glass volume after 50 min of wet chemical etching (Figure 5b,c).
Contrarily, when slower speed (higher irradiation dose) is applied, the channel rooftop disappeared
due to second layer overexposure (Figure 5a). Indeed, by increasing the irradiation dose inside glass,
the volume affected by multiphoton absorption becomes larger. Consequently, if the position of the
second layer is close enough to the surface, the channel rooftop can be removed during the chemical
etching. It is worth mentioning that fabrication of the structure obtained at the scanning speed of
0.1 mm/s (Figure 5a) required a processing time of about 70 min, while the structure fabricated at
0.9 mm/s (Figure 5c) could be written in only 10 min. One may further adjust the thickness of channel
rooftop by tailoring the scanning speed.

 

Figure 5. SEM images of structures fabricated by VIS-PLAE using a ps laser at power of 500 mW and a
design of 10 μm interline spaces, at two different scanning speeds: 0.1 mm/s (a,b) and 0.9 mm/s (b,c).
The laser irradiation was carried out with two-layer configuration: on the surface (first layer) and at
250 μm depth (second layer).

Fabrication of the similar structure was also attempted with the same writing scheme by ps laser
processing at a wavelength of 355 nm. After finding optimal parameters, embedded channels could be
also fabricated by PLAE using a UV ps laser (UV-PLAE). In particular, by applying a power of 12 mW,
energy of 0.024 μJ, a 5 μm interline step and a writing speed of 0.5 mm/s the structure with two open
reservoirs connected by embedded channel was successfully created. With these processing conditions,
the entire structure was written in less than 20 min and an etching time of 60 min.

In Figure 6, we present SEM images of twin structures separated by 2 mm written in Foturan
glass by UV-PLAE. Pairs of two open square reservoirs of 1 × 1 mm2 area are connected by 1 mm
length and 335 μm width embedded channels.
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Figure 6. SEM images of twin structures fabricated by UV-PLAE using a ps laser of 12 mW laser power
and 5 μm interline spaces, at 0.5 mm/s scanning speed. The laser irradiation was carried out using
two-layer configuration: (on the surface (first layer) and at 500 μm depth (second layer)).

4. Discussion

During interaction with solid materials, the pulsed laser beam is depositing its energy, inducing
different phenomena dependent on the pulse energy, duration, and focusing optics [26]. It is rather
a thermal process for long pulses (nanosecond regime), while a physical aspect predominates
for ultrashort pulses (less than a few ps pulses that are shorter than electron-phonon coupling
time in materials) [27]. Consequently, in the case of ultrashort pulses, the heat-affected zone is
minimized [20,28,29]. In most of the studies, the photo-physical and photo-chemical mechanisms
involved during glass processing with ultrashort pulses are evidenced for femtosecond laser pulses and
extensively addressed, from both fundamental and applicative points of view [12,30–32]. Origins of
material modification under interaction with fs pulses could be related to the densification induced by
pressure wave and/or fast heating-cooling processes [33,34]. As a result, electrons in the conduction
band are heated by the laser pulse very quickly so that they do not have time to diffuse out from the
irradiated volume or to recombine. The photoionization is then responsible of seeding electrons for
the subsequent avalanche ionization. It was found out that the electron density increases by avalanche
ionization until its plasma frequency reaches the critical plasma density [35]. On the other hand,
the avalanche ionization is more efficient for longer pulses since it allows more time for increasing the
electron density. In our study, ps laser irradiance values of 3.73 × 1013 and of 3.57 × 1012 Wcm−2 for
VIS and UV, respectively, were determined, below values of 1014 Wcm−2 for fs laser irradiances [16].
These values for ps laser irradiances corresponds to a Keldysh parameter above 1.5 which indicates
the multi-photon absorption is more dominant rather than tunneling ionization in the case of both UV
and VIS irradiation [36]. In contrast, pulses longer than a few tens of ps do not reach enough intensity
to directly photoionize the electrons.

In the first studies using ultrafast laser reported in literature, Foturan photosensitive glasses
were exposed to 150 fs laser pulses at 775 nm wavelength [16]. A second thermal treatment step
followed by isotropic etching conducted to a preferential material removal from irradiated regions.
In this case, the experimental investigation of Fc on the number of pulses allowed the calculation of
a critical dose of Dc = 1.3 × 10−5 J6/cm12 with m = 6 for the 775 nm wavelength fs laser. Interaction
mechanisms of laser pulses with Foturan glass were further explored by employing: (i) fs laser (150 fs,
775 nm, 1 kHz), and ns lasers of (ii) 266 nm; (iii) 355 nm; and (iv) 308 nm laser wavelengths [17].
A significant increase in absorption spectrum of the exposed samples around 360 nm was found for fs
irradiated glasses corresponding to absorption from oxygen deficient centers which originated from
the interband excitation of electrons. The absorption at 315 nm related to Ce ions was not observed,
suggesting that Ce3+ ions do not contribute to electron generation for the reduction to Ag atoms in the
case of fs-irradiated samples at 775 nm. Thus, it was concluded that free electrons were generated by
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two-step interband excitation through the defect levels with three-photon absorption each resulting in
six photons in total for photoreaction. A similar photoreaction mechanism by successive interband
excitation was evidenced for 266 nm ns laser-irradiated samples, but by a linear two-photon process,
i.e., two-step excitation by single-photon absorption each. On the other hand, in the case of 355 nm
laser-irradiated samples, free electrons are generated by Ce3+, while in the case of the 308 nm laser
both absorption by Ce3+ (single-photon absorption) and interband excitation (the linear two-photon
process) was found. In this study, we evaluated the possibility to obtain embedded microfluidic
channels in Foturan glass by using a high repetition rate (500 kHz) laser of <10 ps pulse duration at
532 nm and 355 nm wavelengths. A nonlinear absorption process is evident at the interaction of both
532 nm and 355 nm laser pulses with Foturan glass, since the absorption edge of Foturan is shorter than
350 nm. The Foturan glass also has an absorption peak around 315 nm ascribed to Ce3+ absorption,
which corresponds to photon energy of 3.93 eV. Therefore, for 532 nm with the photon energy of 2.33 eV,
two photons are necessary to generate free electrons from Ce3+. Another channel for free electron
generation is interband excitation, for which the two-step excitation model through the intermediate
state has been proposed [17]. For this excitation, the photon energy of 3.49–4.66 eV is required for each
step, indicating four photons in total for the 532 nm beam. We have found m = 3 photon process for
VIS pulses. Thus, it is likely that the free electrons are generated by both the Ce3+ absorption and the
interband excitation through the intermediate state similarly to the case of the 308 nm ns laser [17].
In the case of UV pulses, at 355 nm, with the photon energy of 3.49 eV, we found m = 2 photon process
which should correspond to free electron generation by two-photon absorption by Ce3+ similarly to
the case of the 355 nm ns laser [17]. In addition, we consider that, in our experimental conditions,
the high repetition rate of the ps laser pulses can increase the nonlinear absorptivity into Foturan glass
material [37]. The alteration of the surface and volume morphologies that can be observed above
the embedded channel in Figure 6 (white dotted regions) may support the hypothesis that, for high
repetition rate UV ps laser pulses, the heat effect becomes more important when the laser beam is
focused above a critical intensity.

During interaction with a Gaussian laser beam (fs or ps durations) with Foturan glass,
the absorption profile affects the shape of modification volume to develop an elliptical cross-sectional
shape of the crystallized area. In case of a high intensity fs laser pulse, the main advantage resides
in high density, compact modification at very low power, which can be used for high resolution
micro-processing. On the other hand, ps lasers can represent a viable alternative for large-scale
processing both on surface and in volume due to high average power compensation since longer,
high-energy, pulses can modify more material per pulse. Indeed, a larger energy can be deposited in
the material since the time is longer. Thus, this energy allows more time for growth of electron density
during the laser irradiation and in consequence an increase of formed Ag atoms. These Ag atoms
are then responsible of the formation of larger Ag clusters and a larger glass crystalline area during
thermal treatment. As a result, one may consider that the area of the crystalline phase is dependent
on pulse duration. Using the same focusing optics, ps laser beams can consequently decrease the
processing times as compared with femtosecond lasers. As a direct comparison, to create a similar
structure, irradiation time was 1.5 h for laser pulses of 360 fs at 522 nm (2 mm/s scanning speed and
250 KHz laser repetition rate) while, in our case, it was of approximately 10 min at a scanning speed of
0.9 mm/s and 500 KHz (SI in [38]). On the other hand, in case of shorter pulses one needs less energy
to achieve the intensity for optical breakdown allowing the achievement more precise machining with
femtosecond lasers rather than the longer pulse lasers. Thus, higher resolution processing is achieved
with fs pulses than ps pulses. In case of ps laser pulses, a more efficient process could be achieved for
UV pulses since the critical dose is one order of magnitude less than in case of VIS pulses compensating
the laser power conversion efficiency (1:2 in case of VIS and 1:3 for UV).

The high repetition rate ps laser pulses could thus stand as a prospective processing benefit,
attractive for several applications that require high speed and cost-effective manufacturing. On the
other hand, by controlling the irradiation dose with respect to the laser wavelength and etching
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parameters one can explore the unique characteristics in 3D microfabrication for a wide range
of applications.

We have finally demonstrated that PLAE is a suitable and very fast fabrication method of 3D
embedded microfluidic channels with good aspect ratio and sharp edges without any cracks by using
either ps laser pulses in UV or VIS.

5. Conclusions

High repetition rate ps laser processing at both 532 and 355 nm wavelengths was applied for
fabrication of 3D microfluidic structures in Foturan glass. A three-photon process with a critical fluence
of 1.742 J/cm2 for the VIS case and a two-photon process with 0.635 J/cm2 for the UV case were found.
Critical dose values of 5.28 J3/cm6 for VIS and 0.4032 J2/cm4 for UV cases were calculated.

Straight lines of 1 mm length and 100 μm interspace were then written on the glass surface at
different scanning speeds using different laser powers. Open channels with widths ranging from
3 to 13 μm were developed by thermal treatment and HF etching depending on irradiation doses.
Based on a subtractive fabrication process consisting of selective removal of laser-modified regions by
chemical etching, we could further fabricate 3D hollow structures in glass by PLAE at both 355 nm
and 532 nm laser wavelengths. Due to high power, high repetition rate laser pulses which increase
multiphoton absorption, we could apply the laser irradiation process very fast for fabrication of
embedded structures. A simple configuration consisting of two micro-reservoirs connected by an
embedded channel can be achieved in less than 10 min of laser irradiation by the PLAE technique
using either 355 or 532 nm wavelengths.
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Abstract: In this paper, we experimentally demonstrate femtosecond laser direct writing of conductive
structures on the surface of native polydimethylsiloxane (PDMS). Irradiation of femtosecond laser
pulses modified the PDMS to black structures, which exhibit electrical conductivity. Fourier-transform
infrared (FTIR) and X-ray diffraction (XRD) results show that the black structures were composed
of β-silicon carbide (β-SiC), which can be attributed to the pyrolysis of the PDMS. The electrical
conductivity was exhibited in limited laser power and scanning speed conditions. The technique
we present enables the spatially selective formation of β-SiC on the surface of native PDMS only by
irradiation of femtosecond laser pulses. Furthermore, this technique has the potential to open a novel
route to simply fabricate flexible/stretchable MEMS devices with SiC microstructures.

Keywords: femtosecond laser; silicon carbide; polydimethylsiloxane; laser direct writing

1. Introduction

Polydimethylsiloxane (PDMS) is a widely used polymer in various applications, including
wearable/implantable devices and microfluidics, owing to its biocompatibility, optical transparency,
flexibility, and elasticity [1]. Recently, PDMS has attracted considerable attention as a soft material to
be utilized for flexible/stretchable electrical devices, such as stretchable displays [2] and stretchable
strain sensors [3]. In such flexible/stretchable electrical devices, precise micro- or nano-sized structures
composed of electrically conductive materials, e.g., metals or carbon materials, or semiconductor
materials are essential. Photolithography has been used for the fabrication of microstructures composed
of electrically conductive materials on the surface of or inside PDMS; however, the method requires
multiple steps for the fabrication [4–6]. Multi-photon photoreduction of metal ions induced by
femtosecond laser pulses enables the fabrication of metal structures on the surface of/or inside a soft
material [7,8]. A method based on the photoreduction of a metal ink was also reported to fabricate
metal structures on the surface of a soft material [9]. These methods require the additional doping of
electrically conductive materials, including metal nanoparticles and metal ions.

It is challenging to form a conductive structure by laser irradiation without doping an additional
material to polymers. Carbonization of polymers by laser irradiation enables the direct writing
of an electrically conductive structure on polymers [10,11]. Rahim et al. reported the spatially
selective fabrication of an electrically conductive carbon structure by the carbonization of a polyimide
by laser irradiation [10]. The carbon structures fabricated on the surface of the polyimide were
transferred to the surface of PDMS to fabricate a PDMS-based stretchable strain sensor. For direct
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modification of PDMS, the formation of carbon materials by irradiating 800-nm femtosecond laser
pulses [12] or ultraviolet nanosecond laser pulses [13] to PDMS was reported. A limited number
of papers reported the formation of semiconductor structures on the surface of or inside PDMS
using a laser. By the irradiation of 527-nm or 1064-nm femtosecond laser pulses [12,14] or 532-nm or
1064-nm nanosecond laser pulses [13,14], c-silicon was formed on the surface of PDMS by chemical
modification. However, the fabrication of electrically conductive structures on the surface of PDMS
by direct modification of PDMS using a laser has not been reported, despite the demands for various
PDMS-based electrical devices.

In this study, we present the formation of electrically conductive structures on the surface of PDMS
by irradiation with femtosecond laser pulses. The electrical conductivity of the formed structures is
measured. Analytical Fourier-transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD)
results showed that the formed structures were composed of β-silicon carbide (β-SiC). To the best of
our knowledge, this is the first demonstration of the direct modification of native PDMS to a conductive
material composed of SiC. The presented method enables a direct fabrication of conductive lines in
a biocompatible polymer with potential applications in microelectromechanical systems (MEMS)
and electro-bioimplants.

2. Materials and Methods

Liquid photo-curable PDMS (KER-4690A/B, Shin-Etsu Chemical Co., Ltd., Tokyo, Japan) in a
mold was illuminated using an ultraviolet lamp at a wavelength of 365 nm for 30 min. The polymerized
PDMS was rinsed with ethanol, which prevented the adhesion of PDMS to a cover glass on which
PDMS was placed during the laser irradiation. Laser pulses with a central wavelength of 522 nm (the
second harmonic wave of a 1045-nm femtosecond laser (High Q-2, Spectra-Physics, Santa Clara, CA,
USA)), a pulse duration of 192 fs, and a repetition rate of 63 MHz were used for laser direct writing.
Femtosecond laser pulses focused by an objective lens (numerical aperture (NA) of 0.4, Olympus,
Tokyo, Japan) were irradiated to the lower surface of the PDMS from the bottom in air. The lower
surface of the PDMS had contact with the cover glass. The beam diameter d at the focal point was
assumed to be ~1.6 μm, according to the formula d = 1.22λ/NA. Laser power used for proof-of-concept
experiments was 150 mW. Using a xyz-translation stage, the samples were scanned on the xy-plane.
In the scanned area, adjacent lines were sufficiently overlapped so that the scanned area was assumed
to be fully modified in the area. In experiments for the characterization of structures formed under
different irradiation conditions, laser pulses were irradiated to the lower surface of the PDMS with a
140-μm air-gap between the surface of PDMS and the surface of the cover glass, which was performed
in order to exclude the effect of the cover glass on the fabrication of structures on the lower surface
of the PDMS. For this experiment, laser power was varied from 70 mW to 350 mW. The fabrication
process was monitored in real time with a CMOS camera (Thorlabs, Newton, NJ, USA).

The structures formed by laser irradiation were observed by optical microscopy and scanning
electron microscopy (SEM, Inspect F50, FEI, Hillsboro, OR, USA). Also, the formed structures were
examined with FTIR spectroscopy (ALPHA-E, Bruker, Billerica) and XRD (D8 Discover, Bruker,
Billerica, MA, USA). FTIR was performed for the wavenumbers, 400 to 4000 cm−1. XRD was
performed for 2θ, 12.4◦ to 100◦. For XRD, a generation voltage of 40 kV was used. Current–voltage
curves of the fabricated structures were obtained in the range from 0 to 10 V in 0.1 V steps by
two-terminal measurement using a digital source meter (2401, Keithley, Cleveland, OH, USA).
Probes were set 6 mm apart from each other on the surface of the fabricated structures for all the
experiments. Average resistance was determined by calculating the resistance at each voltage, using the
obtained measurements.
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3. Results and Discussion

3.1. Formation of Conductive Structures on PDMS by Femtosecond Laser Pulse Irradiation

Multiple line structures were fabricated with a line–to–line interval of 20 μm by focused
femtosecond laser pulses at a scanning speed of 2 mm/s in the x-direction. The lengths of the scanned
area were 5 mm in both x- and y-directions. A photographic image of the structure fabricated on the
surface of PDMS is shown in Figure 1a. The irradiated surface changed from optically transparent to
black-colored; however, no obvious laser ablation was visually observed. Microscale surface roughness
was observed on the black structure with SEM (Figure 1b). The direction of the observed ripple
structures corresponded to the scanning direction. The line-to-line interval, i.e., the scanning interval,
was 25 μm, which was comparable to the period of the formed ripple structures. The peak laser intensity
at the focal point under the experimental condition is estimated to be 6.2 × 1011 J/cm2, which is lower
than the estimated peak intensity used for laser ablation of PDMS under the conditions of a laser
wavelength of 527 nm, pulse duration of 300 fs, and repetition rate of 33 Hz [12]. We performed the
experiment at a repetition rate of 63 MHz; therefore, the formation of the black structures was possibly
attributed to heat accumulation by the laser pulse train. The peak intensity in the present study is
comparable to the peak intensity that induced a change of the refractive index of PDMS under the
conditions of a laser wavelength of 800 nm, pulse duration of 130 fs, and repetition rate of 1 kHz,
reported in a previous study [15]. Therefore, the femtosecond laser pulse irradiation may induce the
scission of chemical bonds.

Figure 1. (a) Photographic image of the structure fabricated on the surface of native PDMS. Multiple
lines were fabricated with a line–to–line interval of 20 μm by moving the sample at a scanning speed of
2 mm/s in the x-direction. The laser power was 150 mW. The size of the scanned area was 5 mm ×
5 mm. (b) SEM image of the irradiated area on the PDMS surface. The white double-headed arrow
shows the scanning direction.

For the measurement of the electrical conductivity of black structures fabricated by irradiation
with femtosecond laser pulses, structures with lengths of 8 mm in the x-direction and 2 mm in the
y-direction were fabricated. The structures were fabricated at a scanning speed of 2 mm/s in the
x-direction. Multiple lines with a line–to–line interval of 25 μm were fabricated, which was sufficient
to obtain fully-overlapped black structures. Figure 2 shows the current–voltage curve of the structures.
Probes were set 6 mm apart from each other on the surface of the black structures. The current
increased linearly with the applied voltage. The average resistance was calculated to be 4.8 kΩ.
By assuming that the line structures have a half-circle shape in the cross-section and that they are
partially overlapped, the volume of the structure and resistivity are estimated to be 4.0 × 10−5 cm3

and 5.3 Ω cm, respectively. These results clearly demonstrate that PDMS was modified to electrically
conductive material by laser irradiation.
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Figure 2. Current–voltage curve of the structures fabricated by laser pulse irradiation. Multiple lines
were formed with a line–to–line interval of 25 μm by moving the sample at a scanning speed of 2 mm/s
in the x-direction. The size of the scanned area was 8 mm in the x-direction and 2 mm in the y-direction.
The laser power was 150 mW.

3.2. Analytical Results of FTIR Spectroscopy and XRD

To investigate the chemical composition of the black structures, FTIR spectroscopy was carried
out. Figure 3 shows the FTIR spectra of native PDMS (Figure 3a) and PDMS irradiated by femtosecond
laser pulses under the same laser conditions as those in Figure 1 (Figure 3b). In the spectrum of the
native PDMS, sharp peaks corresponding to C–H (2950 and 2900 cm−1), CH2 deformation (1400 cm−1),
Si–O (1080 cm−1), Si–CH3 rocking (820 cm−1), and Si–O–Si deformation (460 cm−1) were observed.
In the spectrum of the PDMS irradiated by laser pulses, wide peaks of Si–O (1080 cm−1), Si–CH3

rocking (820 cm−1), and Si–O–Si deformation (460 cm−1) were observed; no sharp peak was observed
(Figure 3b). The peaks of C–H (2950 and 2900 cm−1) and CH2 deformation (1400 cm−1), which are
typical bonds between carbon and hydrogen, were not observed. The disappearance of the peaks
corresponding to C–H (2950 and 2900 cm−1) and CH2 deformation (1400 cm−1) suggests that scission
of the corresponding chemical bonds was induced by the laser pulse irradiation, leading to the
release of carbon and hydrogen in the bonds as gaseous species, including hydrocarbon gas and CO2

gas [16]. Typical peaks of a carbon material, the D band (1350 cm−1) and G band (1598 cm−1) [17],
were not observed, showing that the formation of carbon materials is negligible in this study. On the
other hand, a peak corresponding to Si–O (1080 cm−1) was observed after the laser pulse irradiation,
which indicates the possible formation of SiO2 and SiO.

Figure 3. FTIR spectra of (a) native PDMS and (b) PDMS irradiated by femtosecond laser pulses at 150 mW.
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In order to identify the material of the black structures, XRD analyses were performed. Figure 4
shows XRD patterns of the native PDMS (Figure 4a) and PDMS irradiated by femtosecond laser pulses
(Figure 4b). The laser conditions correspond to the case of Figure 1. For the native PDMS, no significant
diffraction peak was observed. On the other hand, diffraction peaks were observed around 2θ = 36◦,
60◦, and 72◦ for the PDMS irradiated by laser pulses (Figure 4b). These peaks correspond to the (111),
(220), and (311) diffraction planes of crystalline β-SiC, demonstrating the laser direct modification
from native PDMS to SiC.

Figure 4. XRD patterns of (a) native PDMS and (b) PDMS irradiated by femtosecond laser pulses at 150 mW.

The estimated resistivity of the black structures, 5.3 Ω cm (Figure 2), is approximately 40 times
larger than the resistivity of bulk SiC, 0.13 Ω cm [18]. The lower electrical conductivity is attributed
to the roughness of the formed structures, as well as the possible formation of secondary products,
including silicon oxides and silicon carbide oxides. Thermal annealing, including laser-based methods,
would improve the electrical conductivity of the formed SiC structures.

Scission of chemical bonds and crystallization are necessary for the formation of β-SiC from PDMS
or other siloxanes. Thermal treatments at appropriate temperatures such as oven annealing are reported
to be necessary to form SiC [19,20]. It has been widely recognized that consecutive femtosecond laser
pulses with a high repetition rate induce heat accumulation [21]. In this study, we used a femtosecond
laser pulse train at a repetition rate of 63 MHz, which is considered to be effective in increasing the
temperature by heat accumulation on the surface of native PDMS. The formation of SiC from native
PDMS by laser irradiation has not been reported previously; however, the formation of β-SiC by laser
irradiation of polycarbosilane (PCS) by the sintering of PCS powders using a CO2 laser [22] or by the
pyrolysis of PCS thin films on Si and SiO2 substrates using a millisecond pulsed laser [23] has been
reported. The formation of carbon materials by the irradiation of PDMS (pyrolysis of PDMS using
an infrared continuous wave (CW) laser [17]) has also been reported by other groups. In addition
to the thermal effect, the photochemical effect induced by the non-linear optical interaction with the
high-intensity femtosecond laser pulse should be considered when discussing the scission of chemical
bonds and crystallization in this study. For example, the wavelengths of 800 nm and 400 nm led to
different results of bond scission with the femtosecond laser ablation, although the sizes of the laser
ablation craters were comparable [24].

3.3. Characterization of Structures Formed under Different Irradiation Conditions

Investigation of parameter dependence on the formation of β-SiC by the irradiation of
femtosecond laser pulses to native PDMS is crucial for the elucidation of its formation mechanism,
leading to the practical application of the presented technique. Figure 5 shows the XRD patterns of
structures fabricated by laser pulse irradiation to native PDMS under different irradiation conditions.
Note that the XRD analyses shown in Figure 5 were performed for structures formed on PDMS
with a 140-μm air-gap between the surface of PDMS and the surface of the cover glass. This setup
was performed in order to clarify that Si, required for the formation of SiC, is derived not from the

68



Nanomaterials 2018, 8, 558

cover glass, but from the PDMS. Under all irradiation conditions, black structures, similar to the
structures formed when the PDMS was directly placed on the cover glass, were formed. In Figure 5a–c,
the scanning speed was fixed at 2 mm/s and laser power was varied. Diffraction peaks of β-SiC
were weak for 70 mW (Figure 5a), while peaks were clear for 150 mW (Figure 5b) and 250 mW
(Figure 5c). When laser power was fixed at 150 mW (Figure 5d–f), diffraction peaks of β-SiC were
weak for 0.5 mm/s (Figure 5d), while peaks were clear for 1 mm/s (Figure 5e) and 5 mm/s (Figure 5f).
The weak diffraction peaks of β-SiC for a lower scanning speed indicate that the exceeding laser pulses
may have induced the modification of formed β-SiC to amorphous SiC or other materials.

Figure 5. XRD patterns of structures fabricated by laser pulse irradiation to native PDMS under
different irradiation conditions. (a–c) had a fixed scanning speed of 2 mm/s. Laser power was 70 mW
(a), 150 mW (b), and 250 mW (c), respectively. (d–f) had a fixed laser power of 150 mW. Scanning speed
was 0.5 mm/s (d), 1 mm/s (e), and 5 mm/s (f), respectively.

Figure 6 shows SEM images of structures fabricated by laser pulse irradiation to native PDMS
under the same irradiation conditions as Figure 5, respectively. Under the condition of 70 mW at
2 mm/s, where diffraction peaks of β-SiC were weak (Figure 5a), structures aligned along the scanning
direction were observed (Figure 6a). Since the laser power was low, it is possible that unmodified
PDMS remained and/or that modification might not have been sufficient to form β-SiC. For 150 and
250 mW at 2 mm/s, structures aligned along the scanning direction were also observed, but partially
connected (Figure 6b,c). Since the enhanced optical field is generated between adjacent structures
on a sub-micro scale [25], localized melting possibly occurred by succeeding laser pulses at the area
above the melting temperature of SiC [26] to connect structures. In Figure 6d–f, laser power was
fixed at 150 mW, and scanning speed was varied. For 150 mW at 0.5 mm/s, bumps as well as cracks
were observed (Figure 6d). The number of pulses per beam spot, i.e., pulse overlap, is calculated to
be 2 × 105 pulses at the scanning speed of 0.5 mm/s. For 1 mm/s and 5 mm/s, the surfaces were
comparably smooth (Figure 6e,f).

Figure 7 shows the laser power dependence of average resistance for formed structures (Figure 7a)
and scanning speed dependence of average resistance for formed structures (Figure 7b). Probes were
set 6 mm apart from each other on the surface of fabricated SiC structures. A voltage range of
0 to 10 V was applied and resistance was measured in 0.1 V steps. The average resistance was
plotted in the figure. As shown in Figure 7a, average resistance varied with changes in laser power.
Among the presented conditions, the lowest resistance was obtained at 150 mW. For higher laser
powers, cracks were formed on the surface of SiC structures (Figure 6), which could increase the
resistance of the structures. When the laser power was fixed at 150 mW, the lowest resistance was
obtained at 2 mm/s. Resistance for scanning speed of 0.5 mm/s was not plotted since hardly any
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current flowed. With slow scanning speeds, 0.5 mm/s and 1 mm/s, the formation of cracks (Figure 6d,e)
and modification of formed β-SiC, possibly due to excessive heat effects, occur, which could decrease
the conductivity. For 4 mm/s and 5 mm/s, average resistances of 262.5 and 740.9 kΩ, respectively,
were measured. The XRD result shows that the formation of β-SiC is possible even at a scanning
speed of 5 mm/s (Figure 5). However, the resistances were higher for the cases of 4 mm/s and
5 mm/s compared to the case of 2 mm/s. Melting of the fabricated structures, which could improve
the electrical connection between the formed β-SiC, was assumed to be less than the case for lower
scanning speeds, resulting in an increase in resistance. Since the width of the SiC structure depends
on the laser power and the scanning speed, further optimization of the scanning interval would be
effective in improving the conductivity, as well as forming uniform structures.

Figure 6. SEM images of SiC surface fabricated on PDMS under different irradiation conditions.
(a–c) had a fixed scanning speed of 2 mm/s. Laser power was 70 mW (a), 150 mW (b) and 250 mW (c).
(d–f) had a fixed laser power of 150 mW. Scanning speed was 0.5 mm/s (d), 1 mm/s (e) and 5 mm/s (f).

Figure 7. (a) Laser power dependence on average resistance of formed structures. Scanning speed was
2 mm/s. (b) Scanning speed dependence on average resistance of formed structures. Laser power was
150 mW. Hardly any current flowed at 0.5 mm/s.

4. Conclusions

In conclusion, the black structures were formed by the irradiation of femtosecond laser pulses to
native PDMS. The formed black structures exhibit electrical conductivity. The FTIR and XRD results
showed that the formed black structures were composed of β-SiC. To the best of our knowledge, this is
the first demonstration of the direct modification of native PDMS to SiC only by laser irradiation.
The technique we present enables simple direct writing of conductive lines on the surface of PDMS,
which can be utilized for the fabrication of flexible/stretchable devices.
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Abstract: It was demonstrated during the past decade that an ultra-short intense laser pulse
tightly-focused deep inside a transparent dielectric generates an energy density in excess of several
MJ/cm3. Such an energy concentration with extremely high heating and fast quenching rates leads
to unusual solid-plasma-solid transformation paths, overcoming kinetic barriers to the formation
of previously unknown high-pressure material phases, which are preserved in the surrounding
pristine crystal. These results were obtained with a pulse of a Gaussian shape in space and in time.
Recently, it has been shown that the Bessel-shaped pulse could transform a much larger amount of
material and allegedly create even higher energy density than what was achieved with the Gaussian
beam (GB) pulses. Here, we present a succinct review of previous results and discuss the possible
routes for achieving higher energy density employing the Bessel beam (BB) pulses and take advantage
of their unique properties.

Keywords: light-matter interaction; ultra-short laser pulses; high-pressure/density conditions;
phase transitions

1. Microexplosion Studies with Gauss-Shaped Beam

The studies of confined microexplosions during the last decade revealed the major features of
this complicated phenomenon where the processes of electro-magnetic field/dielectric interaction,
plasma formation and high-pressure hydrodynamics are intertwined. The concise description of these
processes is as follows. The tight focusing of the laser beam deep inside a transparent crystal allows
achieving the absorbed energy density in excess of the strength of any material in a sub-micron volume
surrounded by the pristine solid. After energy transfer from hot electrons to ions, the expanding strong
shock wave accompanied by the rarefaction wave starts propagating outside of this volume. After the
shock decelerating and stopping, the void, surrounded by a shell of compressed and pressure modified
material converted to the novel phases, is formed. All transformed material remains confined inside
the bulk of undamaged material ready for further studies. These studies employed the short intense
laser beam with the Gaussian spatial and temporal intensity profile [1–4].

The short intense laser pulse with the Gaussian spatial and temporal intensity profiles tightly
focussed inside a transparent crystal generates an energy density of several MJ/cm3. The pressure
produced is in excess of a few TPa, which is higher than the strength of any existing material
(diamond has the highest Young’s modulus of 1 TPa = 1 MJ/cm3). The laser pulse, 150 fs, 100–200 nJ,
800 nm, tightly-focussed inside sapphire with a microscope lens (NA = 1.4) creates the solid
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density plasma at the temperature of a few tens of electron Volts (∼5 × 105 K) with the record-high
heating rate of 1018 K/s [1,2]. It was found that the novel (previously unobserved) high-pressure
phases of aluminium and silicon were formed [3,4] following the ultrashort laser-induced confined
microexplosion. Pressure/temperature conditions created in the microexplosion are similar to those
in hot cores of stars and planets (“primeval soup” or warm dense matter). The material converted to
high pressure/temperature solid density plasma is then transformed into the novel solid phase during
the ultra-fast cooling and re-structuring. The major difference from the core-star conditions is the
record-fast cooling (∼1016 K/s) from plasma state to solid state. In the previous experiments, the study
of the pressure-affected materials was produced postmortem, well after the end of the pulse when
transformed material was cooled down to the ambient conditions. The structure of laser-transformed
material was determined by the synchrotron X-ray diffraction [3] and with the electron diffraction [4]
in transmission electron microscopy (TEM) [4].

1.1. Novelty of the Phase Transformation Path during and after Confined Microexplosion

The solid transforms to a solid-density plasma state (Te ∼ 50 eV) during a pulse time shorter
than all energy relaxation times. A strong shock wave (SW) starts propagating from the energy
deposition region several picoseconds after the pulse due to energy transfer from electrons to the
ions. The shock wave decelerates and converts into a sound wave in the surrounding cold pristine
crystal. The phenomenon is similar, but not identical to an underground nuclear explosion: the
massless energy carriers (photons) deliver the energy inside a transparent crystal without changing
the atomic and mass content of a material. All laser-affected material is expelled from the energy
deposition area by the combined action of shock and rarefaction waves, forming a void surrounded
by the shell of material compressed against the surrounding cold pristine crystal. The material
returns from the high-pressure plasma state (high entropy, chaotic) to the ambient conditions at room
temperature/pressure, however attaining a phase state different from the initial solid state. In all
known methods of high pressure phase formation, the initial crystalline structure is re-structured,
i.e., the atoms are moved from the initial arrangement to the new positions under the action of high
pressure. During the transformation path under confined microexplosion, the initial state of a crystal
is completely destroyed and forgotten. The irradiated material is converted into a chaotic mixture
of ions and electrons at high temperature. Therefore relaxation to the ambient conditions occurs
along the unknown paths going through the metastable intermediate equilibrium potential minima.
The theoretical (computational, modified DFT-studies) during the last decade searched for the possible
paths of material transformations under high pressure from the initially chaotic (stochastic) state [5].
These studies uncovered many physically allowed paths for the formation of multiple novel phases
(including incommensurable phases) from the initially chaotic state. The confined microexplosion
method now is the only practically realised way for the formation of novel material phases from
the plasma state, preserving the transformed material confined inside the pristine crystal for further
structural studies.

1.2. Limitations of the Confined Microexplosion Method with the GB

There are limitations to the energy density and amount of laser-affected material in confined
microexplosion generated by the tightly-focused Gauss beam. The main limitation is imposed by
diffraction: the radius of the diffraction-limited focal spot is [2,6]: rAiry = 0.61λ/NA; which defines
the central Airy disk at the focus. For λ = 800 nm and NA = 1.4, one gets r f oc = 0.35 μm and a
focal area of 0.38 μm2. The absorption length in dense plasma equals ∼30 nm, giving the energy
deposition volume ∼10−14 cm−3. With absorbed energy around 100 nJ, the absorbed energy density
amounts to 107 J/cm3 = 10 TPa. The number of laser-affected atoms constitutes around 1011 atoms
(a few picograms), making structural studies extremely difficult. Therefore, the questions arises: is
it possible to increase the absorbed energy density and/or increase the amount of the laser-affected
material and thus the amount of the novel phase? Preliminary studies have shown that it is very
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difficult to overcome the energy density of several MJ/cm3 (several TPa of pressure) and increase
the amount of laser-affected material using a tightly-focused Gauss beam. First, the ionisation wave
moving towards the laser pulse with increasing intensity increases the absorbing volume and limits
the energy density [7]. Moreover, the experiments with increasing laser pulse energy demonstrated
that at the energy per 150-fs pulse of 200 nJ, the cracks surrounding the focal area destroyed the regular
void formation [2]. Diffraction-free Bessel beams (BB) raised the hope of achieving a higher energy
density and larger amounts of the material affected. Below, we describe the recent progress made with
these studies. Then, we describe some effects (and unresolved problems), the solutions of which may
lead to a further increase of the absorbed energy density.

2. Status of the BB-Transparent Crystal Interactions

It was demonstrated recently that the BB (150 fs, 2 μJ) focused inside sapphire produced a
cylindrical void of 30 μm in length and 300 nm in diameter [8]. The void volume, V = 30 μm × πr2 =

2.12 × 10−12 cm−3, appears to be two orders of magnitude larger than that generated by the GB.
The conclusions based solely on the void size measurements and on the energy and mass conservation
laws without any ad hoc assumptions about the interaction process are the following [9]. The material
initially filling the void was expelled and compressed into a shell by the high-pressure shock wave.
The work necessary to remove material with the Young modulus Y from volume V equals at least
Y × V = 0.848 μJ (Y = 4 × 105 J/cm3, the Young modulus of sapphire). This is evidence of strong
(>40%) absorption of the pulse energy. In order to generate a strong shock wave capable of expelling
such an amount of material, the absorbed energy should be concentrated in the central spike with
a much smaller diameter than that of the void (the absorbed energy density is still not known,
theoretically nor experimentally).

The unique features of the diffraction-free Bessel beam spatial distribution of intensity in the
focal area allow one to understand some of the experimental findings and indicate new problems and
opportunities. The spatial distribution of intensity across the cylindrical focal volume in a transparent
medium unaffected by light and observed experimentally is close to Durnin’s solution, J2

0 (krr) [10]: the
central spike surrounded by circular bands with the maximum of intensity on the axis approximately
five-times higher than in the next band.

The parameters of the quasi non-diffracting BB created by any device from the incoming cw-laser
pulse in air (axicon, circular slit, spatial light modulator (SLM), etc.) with the cone angle θ are the
following (Figure 1): radius of the incoming beam before the BB-creating device, R; zmax = R/ tan(θ);
kr = k × sin(θ); kz = k × cos(θ) [10]. Building the intensity distribution in the low intensity short
pulse BB occurs in a similar way to that as with the cw-laser, as was demonstrated experimentally [8].
It is worth noting that in these experiments, during the pulse time, the beam propagates a distance
comparable to the length of the elongated cylindrical focus (Zmax), Lpulse = tpulse × c/n (n is the
refractive index in a transparent crystal unaffected by a laser). For example, a 150-fs (800 nm) low
intensity pulse in sapphire propagates ∼30 microns, which is close to tpulse × c/n = 30 μm [8].
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Figure 1. Schematic presentation of radial microexplosion-driven inside a transparent material by a
focused linearly-polarised (E-field) Gaussian beam (GB) and Bessel beam (BB) with projection Ez along
the optical axis (z-axis); θ is the angle with the optical axis (wavevector k =

√
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z is shown on the

upper half of the conical wave). Resonant absorption of the Er component (along the radial direction
kr) allows a higher energy density deposition for the cylindrical microexplosion. With the central void
diameter in sapphire comparable for the GB [1] and BB [8] pulses, the volume was 180-times larger in
the case of BB.

In the non-absorbing media, the length of the focus (the distance where diffraction is strongly
suppressed) apparently is independent of the pulse duration. On the axis of the BB (in the focal area),
the time of the interaction of the electromagnetic wave with matter could be shorter than the pulse
duration. Therefore, a beam of any duration allegedly propagates the same distance Zmax allowed by
the focusing device. This seemingly obvious statement should be confirmed experimentally.

Under the action of intense pulse, the ionization breakdown occurs early in the pulse time near
the central spike where intensity is maximum. The studies of the interaction process of intense BB at an
intensity above the ionization threshold are absent to the best of our knowledge. Estimates, suggestions
and problems relating to the formation of the intensity distribution and interaction process based
on the studies of confined microexplosion and intense short pulse interactions with dielectrics are
presented below. Experimental observation of the void formation by GB and BB pulses is shown in
Figure 2. The BB pulses are used to dice transparent materials [11] and to inscribe high efficiency
optical gratings in silica [12].
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Figure 2. SEM side-view images of the voids made with ultra-short Gaussian [1,13] (a) and Bessel [8]
(b) single pulses in sapphire. Focusing of the 800-nm/130-fs Gaussian pulses of ∼150 nJ of energy was
carried out with an objective lens of numerical aperture NA = 1.3 and was stacked into a vertical plane
of the void-structures [13]. This plane was used to split the sapphire sample for the side-view SEM
observation. The voids made at larger depth were affected by spherical aberration, which reduced the
void and elongated amorphous region. The 800-nm/140-fs, 2 μJ of energy, Bessel pulses were used to
make cylindrical voids of a diameter of ∼ 300 nm revealed by focussed ion beam (FIB) milling [8].

Control of Energy Deposition by BB Pulses

In short intense BB interaction with the initially transparent medium, the ionization threshold
is reached at the axis of the focal volume where intensity attains the maximum value. It occurs early
in the pulse time close to the beginning of the elongated focal region. A narrow cylindrical plasma
region is created along the axis. Incident light starts absorbing in plasma. Let us take the incident field
structure near the axis as the following E (Er, Eϕ = 0; Ez); H (0; Hϕ, 0). Then, the Poynting vector
reads, S = c

4π (E × H). Therefore, the energy flows are generated inward along the radius and along
the z-axis in direction of the beam propagation: Sr =

c
4π (Hϕ · Ez) and Sz =

c
4π (Hϕ · Er) [J/(cm2s)].

Thus, by changing the cone angle, one can control the radial and axial energy flows.
The interaction mode of intense BB with a transparent crystal dramatically changes after the ionization
threshold is achieved. The surface, where the real part of the permittivity is zero, εre = 0, separates
the dielectric (εre > 0) and plasma (εre < 0) regions. The gradient of the permittivity is directed along
the radius of a cylinder. The energy flow goes inward in the radial direction. Thus, the incident
wave splits into the evanescent and reflection waves. The resonance absorption occurs in the vicinity
of the zero-epsilon surface, creating a plasma wave (plasmon) propagating along the radius in the
direction to the axis of the cylindrical focal region. The evanescent wave decays along the radius in
the same direction. Thus, the zero-permittivity surface generates simultaneously coherent plasmons
and evanescent waves coming together (focusing) to the axis of the cylindrical focal region. One may
expect that coupling of evanescent waves and plasmons also contributes to the increase of the intensity
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and energy density near the axis in a way similar to that discovered in the studies of extraordinary
optical transmission (EOT) through sub-wavelength hole arrays [14].

The ideal diffraction free beam is the monochromatic Bessel beam [10], created via superposition
of plane waves, the wave vectors of which are evenly distributed over the surface of a cone. The Bessel
function of the first kind zero order, J0, is a sum of the Hankel functions of the first and second kind [15],
where the inward energy flow is balanced by the outward flow.

It was suggested [16] that the quasi diffractionless BB can be presented as the result of the
interference of two conical running Hankel beams, carrying equal amounts of energy towards and
outwards from the beam axis, yielding no net transversal energy flux in the BB. The interference
of two Hankel beams with different amplitudes creates unbalanced BB where the net radial energy
flux appears. Unbalancing creates the inward radial energy flux from the conical tails of the beam.
The study of stability in the frame of the non-linear Shrodinger equation (NLSE) equation revealed
that the Bessel-like solutions in pure Kerr media are unstable [17].

In the interaction of intense short pulse BB with a transparent dielectric at the intensity below
the ionization threshold, the BB apparently retains its balanced structure. After the plasma formation,
the energy flow directed inward to the axis is created due to absorption leading to destruction of this
balance. One may argue that after the ionization threshold, the Hankel function of the first kind might
be considered as an appropriate approximation of the field distribution near the axis of cylindrical
focus, being the exact solution of the Bessel equation describing the electric field increasing while
focusing. One may conjecture that the BB becomes unstable, tending to focus onto the cylindrical axis,
thus creating an energy density higher than a tightly-focused, but diffraction-limited Gaussian beam.

Let us now consider the relation between the pulse duration, absorption, focal region length
and laser-affected area length. In short intense BB interaction with the initially transparent medium,
the ionization threshold is reached at the axis of the focal volume where the intensity is maximum.
This occurs early in the pulse time close to the beginning of the elongated focal region. The intense pulse
converts the initially transparent material into strongly absorbing plasma practically at the moment of
its arrival at some space point. Therefore, the plasma region gradually increases along the axis as the
pulse proceeds until the end of the pulse. The last portion of light arrives after travelling through the
transparent crystal a distance tp × c/n. The laser-affected distance then reads Llas = (tp × c/n) cos θ

(θ is the half-cone angle; Figure 1). One can see now the difference between the BB-affected area in
a transparent medium (diffraction-free focus) and the laser-affected area in an intense short pulse
laser/crystal interaction. For sufficiently short pulses, the laser-affected area might be shorter than the
diffraction-free zone, Llas < Zmax. Thus, laser pulse duration might be another lever (along with the
cone angle) to control the energy deposition volume.

Experiments demonstrated that short intense BB could affect a much larger amount of material
producing solid-plasma-solid transformation (direct measurements) at allegedly a pressure of several
TPa (conclusions on the basis of the analysis of the experiments) [8,9]. J.Hu [18] measured the average
speed of the shock wave, vsw ≈ 60 km/s, during the cylindrical microexplosion, generated by the
BB in sapphire, by the pump-probe technique. The estimate of the driving pressure based on this
measurement, Psw = �0v2

sw = 14.4 TPa (�0 is the initial mass density of sapphire), gives the direct
experimental evidence of the extreme energy density created by the BB in the focal volume.

There are indications from theoretical studies [9] that the originally stable diffraction-free BB
at high intensity in the presence of strong ionization nonlinearity may become unstable. Now, it is
difficult to conclude if this may happen in a way similar to the self-focusing instability with Kerr-like
non-linearity (rather, not because the paraxial approximation is invalid in this case) or similar to
the instability of two unbalanced Hankel beams, which seems more relevant to the case (again, the
ionization non-linearity should be accounted for).

The oblique incidence, inherent for the formation of the BB and long focus, implies the possibility
of the surface wave (plasmon) formation and propagation along the zero-real-permittivity surface
at the same time with the plasmon moving radially due to the resonance absorption. The plasma
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wave may converge to the axis, contributing to the increase in the absorbed energy density. One may
conjecture if it might be relevant for some kind of Langmuir collapse.

It would be crucially important to find the electric field distribution up to the central axis in
order to determine the absorbed energy density. This requires a solution of the Maxwell equations in
cylindrical geometry coupled to material equations accounting for the change in the permittivity
(electrons” number density and collision rate) in accord with the intensity in any space/time
point. This is a formidable task; however, it can be clearly formulated for the numerical solution.
Different approximations may also be discussed.

It was demonstrated experimentally [18] that the Bessel beam-induced microexplosion in sapphire,
producing open-ended channel, proceeds as an axial-symmetric cylindrical explosion, and a mass
conservation was experimentally validated [19]. Therefore, the direct theoretical modeling of the
cylindrical explosion after the energy deposition of the BB beam inside a narrow on-axis cylinder also
can be performed in the frame of two-temperature plasma hydrodynamics in cylindrical geometry in a
way similar to as was done with the Gauss beam in spherical geometry [2].

3. Conclusions and Outlook

In conclusion, we should state that further progress in achieving and steering the high energy
density strongly depends on the future pump-probe experiments, which will register with time/space
resolution the history of the BB-generated microexplosion, processes of returning to the ambient
state and new phases’ formation. It is worth showing the time and space scales for the succession of
events comprising such a history that might in some approximation be extracted from the previous
studies [2,4,9].

Let us suggest the BB, 2 μJ, 800 nm, 150 fs, impinges a sapphire crystal several tens of microns
thick, creating a focal region of ∼30 μm long at the ten microns depth from the outer surface of
a sample. The stages of successive transformations are the following; the time count starts at the
beginning of the pump pulse:

1. The low intensity stage before ionisation threshold lasts a few fs at the beginning of the pulse;
2. As the ionisation threshold is attained, the cylindrical plasma region is created at the axis of the

focal region with a diameter less than a micron. One should note that the full length of the focal
region of 30 μm is reached at the end of the pulse, assuming that light propagates as in unaffected
sapphire with a speed of c/n ∼ 2 × 1010 cm/s;

3. The cylinder diameter of the energy absorption region to the end of the pulse allegedly might be
around the doubled absorption length in a dense plasma ∼60 nm;

4. The shock wave is created after the energy transfer from electrons to ions in a 7–10-ps time span;
5. The shock wave propagates during another 4–6 ps until it is converted into the acoustic wave,

effectively stopped by the cold pressure of the crystal (∼Young modulus of sapphire). The void
surrounded by the shell of compressed material is formed by the rarefaction wave;

6. The thermal wave of conventional heat conduction spreads into the laser-unaffected crystal,
cooling the laser-affected area down to the ambient conditions during tens of nanoseconds.
The material re-structuring occurs most probably during Stages 5 and 6. The whole area affected
by the heat from the laser-heated region is a cylinder with a length of around 32–34 microns with
a diameter of about 2–4 micrometers.

Thus, the whole area affected by the shock and heat waves from the energy deposition region
is a cylinder 30 microns long and a few microns in diameter. The time span for the whole process of
material transformation is around tens of nanoseconds. The recent arrival of X-ray free electron lasers
(XFEL) with a pulse duration as short as 7–15 fs and a photon energy of 8–10 keV currently available at
EuroXFEL at DESY in Hamburg and in SACLA XFEL at Spring-8 at Riken Institute in Japan creates
new opportunities for uncovering the mechanism of the formation of the new states of matter. Up to
17-keV pulses expected in the near future at the SLAC National Acceleration Laboratory at Stanford.
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All these new sources or coherent ultra-short X-ray radiation will be used to uncover the processes
involved in formation of such unusual material states. For such experiments, the tailored axial intensity
distribution of the optical BB pulses can be prepared using diffraction optical elements [20], which can
be made with a central hole for the co-axial fs-optical-pump and fs-X-ray-probe. To conclude, a light
(or X-ray) probe with a sub-picosecond duration and sub-micron spatial resolution may shed light
on the unusual formation of novel high-pressure phases starting from the “primeval soup” (warm
dense matter) to the solid state at the ambient conditions, being preserved and confined inside a bulk
of pristine crystal ready for further structural studies [7].
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Abstract: We report a systematical study on the liquid assisted femtosecond laser machining of
quartz plate in water and under different etching solutions. The ablation features in liquid showed
a better structuring quality and improved resolution with 1/3~1/2 smaller features as compared
with those made in air. It has been demonstrated that laser induced periodic structures are present
to a lesser extent when laser processed in water solutions. The redistribution of oxygen revealed
a strong surface modification, which is related to the etching selectivity of laser irradiated regions.
Laser ablation in KOH and HF solution showed very different morphology, which relates to the
evolution of laser induced plasma on the formation of micro/nano-features in liquid. This work
extends laser precision fabrication of hard materials. The mechanism of strong absorption in the
regions with permittivity (epsilon) near zero is discussed.

Keywords: femtosecond laser; silica; Laser materials processing; nonlinear optics at surfaces

1. Introduction

Femtosecond (fs) laser has proved to be an efficient tool for micro/nanomachining [1] in
micro-optics [2], micromechanics [3], microfluidics [4], organic light-emitting diode (OLED) display [5],
and micro-sensing [6]. Based on the nonlinear nature of light–matter interaction via multi-photon
and avalanche absorption [4,7], fs-laser machining is independent of the material’s hardness and has
been demonstrated on a wide range of metals, semiconductors, and dielectrics [8–10]. By intense
laser pulses focused with an objective lens, structures and patterns of 2D and 3D morphology have
been realized [2,8]. However, it also has disadvantages. The laser–matter interaction at the surface is
inevitably affected by the evolving ablation pattern of the fabricated structure due to the scattering
and absorption, also chemical modification [11]. The laser-induced ripples generated by an imprint of
a plasmonic wave [12,13] would greatly increase the surface roughness which can be desired depending
on application. Also, laser ablated debris randomly falling on the surface could enhance the light
absorption and scattering [9,14]. Especially when laser induced thermal effects are pronounced [15,16],
debris is difficult to wash out after laser fabrication. To solve these problems, fs-laser-assisted etching
method [17,18] and liquid-assisted fs-laser machining [19,20] have been proposed as two possible
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solutions. The former method uses laser-induced selective etching to remove the modification area
without leaving debris. While the latter uses the laser induced shock wave and water plasma generating
cavitation bubbles to wash the debris. When a laser beam is focused on the sample surface through
the liquid, subsequent laser pulses are scattered by the bubbles which is a disadvantage for precision
machining [10]. For geometry when light is focused through a transparent substrate onto an interface
with liquid, light-induced backside wet etching (LIBWE) is realized as originally developed for
optical projection processing [21,22]. We adopted LIBWE for the direct laser writing. LIBWE delivers
a better surface morphology of fs-laser processed areas in liquid. However, the surface quality
(smoothness) after laser-assisted etching would suffer from loss in resolution and departure from the
initial design due to chemical enhancement of material removal. Although debris can be removed in
the liquid-assisted fs-laser machining, surface roughness is affected by the periodic structures [23].

In this paper, we report a systematical study of liquid assisted fs-laser machining of quartz plates
in water, KOH, and HF solutions as explored in LIBWE geometry. The obtained micro-holes in liquid
have a better morphology and a smaller diameter (1/3~1/2) compared with those fabricated in air.
It has been found that the formation of laser induced periodic structures was decreased in solutions.
Due to the redistribution of oxygen at the laser ablation site, chemical reactions affected formation of
the induced periodic structures and provided better control over surface modification.

2. Materials and Methods

The schematics of the employed experimental laser microfabrication system are shown in Figure 1.
A regeneratively amplified Ti:sapphire laser was used, which delivered pulses with a duration of
100 fs (FWHM), center wavelength of 800 nm, and repetition rate of 500 Hz. The diameter of the
beam was approximately 6 mm, and then expanded to 18 mm with a beam expander, which was
composed of two lenses with focal lengths of −50 mm and 150 mm. The laser beam was focused
onto the upper surface (in contact with solution) through the sample using an objective lens (50×
magnification, numerical aperture NA of 0.7 and aperture of 9 mm). The pulse energy was measured
at the exit pupil of the objective lens. A quartz plate, 1-mm-thick, was mounted on a 3D translation
stage with a positioning resolution of 0.1 μm (Figure 1). The upper surface was in contact with various
solutions: deionized water, KOH (5% and 40% by mass ratio), and HF solution (2% or 5 mol/L). In this
LIBWE case, the focused spot would not be influenced by bubble formation during laser fabrication.
The laser fluence of the incident pulses was continuously tuned using a variable attenuator, while the
laser pulse number was controlled by a shutter with a temporal resolution of 1 ms, which made it
possible to obtain a single pulse.

Figure 1. Schematics of the liquid-assisted femtosecond laser precision-machining system. The 50×
magnification objective lens was uses, RF is the reflector. A CCD (charge-coupled device) was used for
real-time observation of laser processing.
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After laser fabrication, the sample was cleaned in an ultrasonic bath with KOH solution (40%,
mass concentration) at room temperature, which removed all the debris from the surface thoroughly.
After cleaning, the morphology of the ablated region was obtained with a scanning electron microscope
(SEM, JSM-7500F, JEOL Ltd., Akishima-shi, Japan). At each machining parameter, a 5 × 5 hole-array
was fabricated and all the results were the average of these 25 dots.

3. Results and Discussion

At first, the morphology of the holes fabricated with different laser pulse energies and pulse
numbers were investigated after fabrication in air and deionized water. As shown in Figure 2, the laser
pulse energy was set from 68 nJ to 107 nJ and the pulse number was changing from N = 1 to 100.
Apparently, it indicates that the size of the holes ablated in deionized water was much smaller than
those produced in air ambient (in LIBWE geometry). The interior of holes made in deionized water
were relatively cleaner. In air, an unstructured ablation hole was observed at one pulse regardless
of the pulse energy. Grating-like ripples with an orientation perpendicular to the laser polarization
(the normal ripples) [24] were found around the irradiated regions at exposures above five pulses and
68 nJ/pulse energy. It is worth noting that a smaller ablation hole with diameter of about 120 nm was
observed in the center of the irradiation region at 5–10 pulses of 68 nJ. There was still a pronounced
ablation hole at the center for exposure by five pulses of 94 nJ and 107 nJ, which may be due to the
competition between laser ablation and ripple formation as discussed later in more detail. When the
pulse number was more than 10, laser induced ripples dominated the morphology regardless of the
laser pulse energy.

 

Figure 2. Scanning electron microscope (SEM) images of holes induced in air (a) and water (b) by
different number of pulses varied from 1 to 100 and pulse energy ranging from 68 nJ to 107 nJ. Scale bars
are 2 μm.

In water, the ablated products may interact and undergo chemical modifications in a short time
after the laser pulse, especially inside the cavitation bubble [25]. Compared with air, the atom density
of water is three orders of magnitude higher and confines the laser shock energy and plasma plume
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to a smaller region. As aforementioned (Figure 2a), ablation holes were observed with a smaller
diameter after the first pulse regardless of the pulse energy. However, the hole formation by the
ablation continued till 100 pulses at 68 nJ, 40 pulses at 81 nJ, 40 pulses at 94 nJ, and 10 pulses at 107 nJ
and dominated laser structuring and material removal. Competition between direct hole formation
by laser ablation and ripple formation was refined on larger areas and larger numbers of laser pulses.
Ripples were printed directly on the surface as the ablation hole changed from circular, to elliptical,
to linear and, finally, along the linear central feature (Figure 2b). This revealed a systematic change of
surface modifications when all focusing conditions are same.

The diameter of the ablated area with the pulse number in air (a) and in water (b) is shown in
Figure 3. In air, the diameter increased quickly with the pulse number below 30 pulses and then
maintained saturation until 100 pulses. In water, the diameter changed much slower as the pulse
increased at energies of 68 nJ, 81 nJ, and 94 nJ. However, it went up linearly with pulse accumulation at
107 nJ, which could also be observed in Figure 2b. The ablation threshold fluences of the quartz plate
in air and water were evaluated by investigating the dependency of the ablated size (squared diameter,
D2) on the irradiation pulse energy. By fitting the data according to the equation (assuming Gaussian
intensity profile) [26]

D2 = 2ω2
0 ln(Ep/Eth) (1)

where ω0 is the beam waist (radius) at the focal plane and Eth is the threshold energy. The ln(Eth) could
be obtained as asymptotic value when D2→0. The threshold fluences, φth, could be calculated for the
peak amplitude

φth = 2Eth/πω2
0 (2)

For a single shot, the calculated threshold pulse energies were about 46.4 nJ and 35.7 nJ in air and
in water, respectively, which corresponded to the fluences of 2.3 J/cm2 and 5.3 J/cm2, respectively.

Figure 3. Diameter of the ablated area with pulse number in air (a) and water (b). Diameter is defined
as a recognizable surface damage cross section in SEM images.

Laser induced periodic structures were found depressed in water as shown in Figure 2 with more
details in Figure 4. Taking the period at 68 nJ, for example, the period observed at the ablation center
at 5 or 10 pulses is around 150 nm. It quickly increased to around 260 nm at 30 pulses. Then it kept the
saturation value up to 100 pulses. If the pulse energy increased, as shown in the Figure 4b, the center
period at 50 pulses was around 289 nm at 81 nJ. While as a case in water, the period at 45 pulses and
68 nJ was around a slightly larger period of 300 nm. This is attributed to the stronger ablation which
induced structures deep into the sub-surface volume. The induced nanostructures were formed by the
accepted model of a standing wave at the interface of the active plasma (excited) layer and silica host
(the refractive index around 1.48) rather than at the silica–air interface. The ambient refractive index
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has been demonstrated to be an important factor to the period of the induced structures; the smaller
the refractive index, the larger the period [27,28].

 

Figure 4. Laser induced periodic structures in air. (a) The period evolution at 68 nJ; (b) period at
50 pulses and 81 nJ in air; (c) period at 50 pulses and 81 nJ in water.

From the cross-section, it can be seen that the depth of periodic structures extended a micrometer
into silica. Interestingly, the structures become squeezed with smaller periods at larger depths,
expandable by the effective medium theory, i.e., a larger effective refractive index more far from the
ablated interface.

The redistribution of the oxygen revealed lower concentration in the center but higher at the
ablation border by energy disperse spectrum (EDS) measurement, as shown in Figure 5a. In the water,
the morphology in cross section was different. The ablation hole without nanostructures extended
deep into the bulk. However, the oxygen presented a similar distribution as that in the air ablated
samples (Figure 5b). Ablation of silica evolves via building up of the electrostatic field between the fast
removed electrons from the surface and lagging ions. High temperature and pressure conditions are
created [29], which would cause phase changes and ion separation during the stage of hydrodynamic
movement after an ultra-short laser pulse.

 

Figure 5. O and Si content along the depth of ablated surface (a) in air and (b) in water. The background
SEM image has the same axial and lateral scales as the compositional plot.

The laser ablation process caused elemental redistribution, which is the most probable reason for
selective etching of the ablated area and non-ablated area [30]. For example, the formed nanogratings
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in air would become different with larger nanovoids but could be made smooth after HF etching for
10 min, as shown in the second line in Figure 6. Slow etching at room temperature becomes accelerated
by the ablation which is known also in LIBWE to cause cavitation (hence surface disintegration under
negative tensile pressure). The ablation holes become rounder and deeper at the same pulse energies
as compared with those in water (lines one and two in Figure 6).

 

Figure 6. Comparison between ablations in different solutions. The pulse energy for each is 68 nJ and
the scale bar denotes 2 μm.

The morphologies of laser ablation in the etching solutions were very different for the HF and
KOH: the surface becomes cleaner without laser induced ripples. Nanovoids of elliptical shape similar
with those water but with a nanogaps extending perpendicular with the laser polarization were
observed for KOH and HF. This can be attributed to the electronic heat conductivity enhancement
along the electrical component of the oscillating light E-field which facilitates chemical reaction and
thermal diffusion [31]. E-field control of electronic transport during laser irradiation (rather diffusional
all directional spreading) is expected to manifest itself as enhanced chemical etching of material
deposition and can be linked to the convectional mechanisms in liquid environment [32].

Femtosecond laser machining is discussed as ‘cold processing’ [33] due to having a smaller heat
affected zone. However, this is achieved due to well-controlled energy deposition and high intensity
with temperatures reaching more than 500 ◦C [29] at the irradiated area, especially in the cavitation
and bubble formation mode. High temperature enhances chemical reactions such as etching in KOH
and HF solutions via the standard Arrhenius activation mechanism. The reaction in HF acid is more
effective in material removal as compared with KOH since reaction product K2SiO3 is less dissolvable
compared to SiF4.

A unique feature of the laser ablated patterns is the well-centered hole formation especially
recognizable with smaller numbers (N = 5) of pulses (see Figures 2 and 6). The pronounced central
deeper ablation holes can be explained by the energy deposition. The strongest light absorption takes
place at the regions where permittivity (epsilon) is near zero (ENZ) [34]. This occurs at the very central
part and can explain the formation of stronger ablation which is localized into the sub-diffraction
area. Since ENZ regions depend on the permittivities of the host as well as the free electron plasma,
this feature of strong localization of ablation can be engineered and will be the focus of future studies.

4. Conclusions

In summary, we have systematically investigated the interaction of fs-laser pulses with fused
quartz (silica) in air, water, KOH, and HF solutions in LIBWE geometry. Smaller holes and smooth
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surface were obtained in water and water solutions. The threshold in water had a similar decreasing
trend with pulse accumulation. In addition, laser induced periodic structures were less pronounced
in water. Etching enhancement along the E-field of a linearly polarized laser beam was observed in
the laser ablation in solution, which is attributed to the thermal effect enhanced chemical reaction
and E-field enhanced electronic conductivity. Our systematical investigation opens up prospects for
a better controlled high precision nano-/micro-scale fabrication of hard and chemically inert materials.
The mechanism of energy deposition into the ENZ regions is discussed.
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Abstract: The technique of laser ablation in liquids (LAL) has already demonstrated its flexibility
and capability for the synthesis of a large variety of surfactant-free nanomaterials with a high purity.
However, high purity can cause trouble for nanomaterial synthesis, because active high-purity
particles can spontaneously grow into different nanocrystals, which makes it difficult to accurately
tailor the size and shape of the synthesized nanomaterials. Therefore, a series of questions arise
with regards to whether particle growth occurs during colloid storage, how large the particle size
increases to, and into which shape the particles evolve. To obtain answers to these questions, here,
Ag particles that are synthesized by femtosecond (fs) laser ablation of Ag in acetone are used as
precursors to witness the spontaneous growth behavior of the LAL-generated surfactant-free Ag
dots (2–10 nm) into different polygonal particles (5–50 nm), and the spontaneous size separation
phenomenon by the carbon-encapsulation induced precipitation of large particles, after six months of
colloid storage. The colloids obtained by LAL at a higher power (600 mW) possess a greater ability
and higher efficiency to yield colloids with sizes of <40 nm than the colloids obtained at lower power
(300 mW), because of the generation of a larger amount of carbon ‘captors’ by the decomposition
of acetone and the stronger particle fragmentation. Both the size increase and the shape alteration
lead to a redshift of the surface plasmon resonance (SPR) band of the Ag colloid from 404 nm to
414 nm, after storage. The Fourier transform infrared spectroscopy (FTIR) analysis shows that the
Ag particles are conjugated with COO– and OH– groups, both of which may lead to the growth
of polygonal particles. The CO and CO2 molecules are adsorbed on the particle surfaces to form
Ag(CO)x and Ag(CO2)x complexes. Complementary nanosecond LAL experiments confirmed that
the particle growth was inherent to LAL in acetone, and independent of pulse duration, although
some differences in the final particle sizes were observed. The nanosecond-LAL yields monomodal
colloids, whereas the size-separated, initially bimodal colloids from the fs-LAL provide a higher
fraction of very small particles that are <5 nm. The spontaneous growth of the LAL-generated metallic
particles presented in this work should arouse the special attention of academia, especially regarding
the detailed discussion on how long the colloids can be preserved for particle characterization and
applications, without causing a mismatch between the colloid properties and their performance.
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The spontaneous size separation phenomenon may help researchers to realize a more reproducible
synthesis for small metallic colloids, without concern for the generation of large particles.

Keywords: laser ablation in liquids; particle growth; carbon encapsulation; polygonal particle;
core-shell particle; surfactant-free

1. Introduction

Laser ablation in liquids (LAL) is increasingly gaining worldwide attention as a newly emerging
bottom-up and top-down combined technique for novel nanomaterial synthesis, offering diverse
applications including optics and biology [1–4]. In particular, the LAL-synthesized nanomaterials
possess a higher purity than the counterparts synthesized by wet-chemistry techniques [1], because
surfactants or stabilizers are not required for colloid synthesis, which makes them very attractive and
competitive for catalytic applications [5–8]. High-purity nanomaterial means that a large amount
of active sites are exposed to the surrounding reactants or nanoparticles (NPs), which is actually a
double-edged sword in nanoscience [7]. This is because spontaneous particle growth [9–12] may occur,
which can increase the difficulty in accurately controlling the sizes [13–16] and the shapes [17–21] of
the as-prepared nanomaterials.

Six mechanisms have been proposed for the growth of the LAL-generated nanomaterials,
including LaMer-like growth [9], coalescence [22], Ostwald ripening [10], particle (oriented)
attachment [18,23–25], adsorbate-induced growth [18,26], and reaction-induced growth [17]. Unlike
the wet-chemistry synthesis method, where particle growth terminates when the seed concentration
drops below the critical concentration [27], the particle growth can be sustained during the entire
period of LAL, because every pulse ablation produces new seeds for particle growth. This is the
reason novel football-like AgGe microspheres [17], with sizes up to 7 μm, can be obtained by LAL.
Another difference from the conventional wet-chemistry techniques is the possibility of inducing
multiple growth processes to generate different nanostructures. For example, large (>100 nm) hollow
Mn3O4 spheres are formed from ca. 20 nm cubic particles that are assembled from smaller 5–8 nm
smaller particles after a long-period LAL [18]. Previously, the investigation on particle growth has
mainly been on the fragmentation of large metallic particles, such as Pt [10] and Au [11] into 2~3 nm
particles, and then their evolution over time is observed. No attempt has been made to study the
growth of the metallic particles just after laser irradiation, which occupies the dominant position in all
three liquid-phase laser synthesis methodologies, LAL, laser fragmentation in liquids (LFL), and laser
melting in liquids (LML) [1].

LAL is currently most frequently implemented in a batch chamber where the ablation is often
accompanied by LFL when the particles enter the beam path in the liquids [1]. The fragmentation
behavior of the particles may become dominant when implementing the LAL for a long period.
Long-period LAL means that the LAL should last more than half an hour, in order to generate highly
saturated colloids in a limited volume of liquids [9]. In this case, a large amount of active surfactant-free
particles are generated by LFL, which increases the chance for the particles to encounter each other by
Brownian motion, and then to grow overtime during storage, transportation, and when employed
in applications. If growth does occur, then it should attract special attention from academia, because
until now, the characterization and application of metallic particles such as Ag NPs [28–31] have
been seldom described in the literature. Therefore, it is not clear whether the size information shown
in the literature has been obtained from either freshly prepared colloids or after a certain period of
growth. The particle growth of the metallic particles is also accompanied by the shape transformation
into nonspherical nanostructures, such as nanowires [10,11]. Tsuji’s group reported that the post
laser irradiation of LAL-generated Ag colloids in either a citrate [32], polyvinylpyrrolidone (PVP)
aqueous solution [33], water [34], or acetone-water mixed solution [35] may cause the formation of
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nanoplates and nanorods during colloidal aging [36]. However, it is still unknown whether the Ag
particles synthesized by long-period LAL can still grow into polygonal products, and the maximal
size at which the particle growth terminates is also unknown, especially in the case of LAL in organic
solvents, where the solvent decomposition definitely occurs to generate a large amount of carbon or
hydrocarbons, which may precipitate on the active particles to terminate the particle growth.

In this paper, one hour long-period LAL of Ag in acetone, using a femtosecond laser (fs-LAL),
was implemented to investigate the particle growth behavior. Laser powers of 300 mW and 600 mW
were used to change the productivity of the Ag colloids, as well as the amount of both ultra-small
particles and large particles with sizes less than and greater than 10 nm, respectively. The variation
in the surface plasmon resonance (SPR) band of the Ag colloids during storage was recorded using
UV-VIS spectroscopy, while the particles’ sizes before and after the six month storage were analyzed
using transmission electron microscopy (TEM), both of which provide evidence for particle growth
and newly discovered size separation phenomena. The surface chemistry of the Ag NPs was analyzed
using Fourier transform infrared spectroscopy (FTIR), to identify the chemical groups that may be
responsible for the particle growth. This study was complemented by nanosecond (ns) laser ablation
to demonstrate that particle growth is not limited to fs-LAL. Finally, the scenarios for both the particle
growth and the size separation phenomena are proposed.

2. Results and Discussion

2.1. Femtosecond Laser Ablation

It has been reported that the redshift of the SPR peaks for the Ag NPs is often indicative of
an increase of the particle size [37] via either particle ripening or coalescence, thus giving indirect
evidence for particle growth. In our experiments, the variations in the absorption spectra of the fresh
Ag colloids synthesized by LAL at laser powers of 300 mW and 600 mW, were recorded within 32 h,
with a time interval of 30 min, as shown in Figure 1a,b. As the aging time increases, in both cases,
the colloidal SPR peaks redshift from 404 nm to 410 nm, which suggests the spontaneous particle
growth during colloidal storage. The higher SPR peak intensity of Ag colloids synthesized at 600 mW
compared with those synthesized at 300 mW, indicates that the LAL at a higher laser power gives rise
to a slightly higher productivity of the colloids. A slight increase in the SPR peak intensity with aging
is observed in both cases, which is attributed to the increased concentration of the Ag NPs, caused by
the evaporation of acetone. After six months of storage, during which time the growth was already
terminated, the absorption spectra of the colloids were characterized again, as shown in Figure 1c,d.
It is clear that the evaporation of the acetone further increases the colloidal concentrations, even though
the colloids were sealed with acetone in glass containers. To compensate for the evaporated acetone,
the colloids were diluted with additional acetone, and characterized (pink and blue curves in Figure 1c).
The magnified SPR peaks in the wavelength range of 360–500 nm show a further redshift to 414 nm
in both cases, which indicates that particle growth should continue even after the 32 h of storage.
The inset figures in Figure 1c show photographs of the colloids in acetone after six months of storage.
Both of the Ag colloids are orange colored. The higher concentration of Ag colloids prepared at a
higher power is evident from the darker orange color. These colors are different from the light yellow
color of the Ag colloids reported previously [38], probably due to the much higher concentration of
Ag colloids presented in this work. Particle precipitation was also observed at the bottom of the glass
containers. Therefore, a subsequent analysis of both of the stable colloids in liquids, and the particles
precipitated at the bottom of the glass containers, was performed.
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Figure 1. Absorption spectra for Ag nanoparticles (NPs) synthesized by laser ablation of Ag in
acetone, and then stored for various periods. Upper: spectra for samples prepared at a laser power of
(a) 300 mW and (b) 600 mW, and stored within 32 h (insets: enlarged spectra in the wavelength range
of 360 nm to 500 nm for samples stored for 0 and 32 h). Lower: spectra for (c) samples prepared at laser
powers of 300 mW and 600 mW, and stored for six months (inset: photos of aged Ag NPs in acetone),
and (d) enlarged spectra in the wavelength range of 360 nm to 500 nm (black and red curves: as-aged
colloidal samples; pink and blue curves: diluted as-aged samples prepared by the addition of pure
acetone to the colloids).

Figures 2 and 3 show the TEM images and the calculated size distributions of the fresh and six
month aged Ag particles generated by LAL, at the laser powers of 300 mW and 600 mW, respectively.
In accordance with the redshift of the SPR peaks, shown in Figure 1a,b, particle growth indeed occurs
(Figures 2a–f and 3a–f), especially for ultrasmall particles with sizes less than 10 nm. The average
sizes of the fresh Ag particles synthesized at 300 mW and 600 mW were evaluated to be 5.9 ± 7.6 nm
and 5.9 ± 12.2 nm (Figure 3g), respectively, which confirmed that the average particle size was almost
independent of the laser power. However, a greater amount of particles larger than 10 nm were
generated at a higher laser power of 600 mW (Figure 2a vs. Figure 3a), as indicated by the increased
ratio between the big and small particles (Figure 2g vs. Figure 2h). The majority of the Ag NPs are in
the range of 1–10 nm, occupying ca. 90% of the total amount for both of the cases. A further subdivision
of the size distributions of the Ag NPs shows that most of the particles are ca. 2 nm (Figures 2c
and 3c). After six months of storage, the average sizes of the Ag colloids increase to 7.4 ± 7.6 nm and
7.8 ± 8.2 nm, respectively. In the case of the colloids synthesized at 600 mW, a significant decrease in
the large particles was observed (Figure 3a,d).
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Figure 2. TEM images (a–f) and size distributions (g,h) of fresh (a–c,g) and six month (d–f,h) aged Ag
particles, synthesized by laser ablation of Ag in acetone, at a laser power of 300 mW.

In both cases, the number ratios of the as-aged colloids with sizes in the range of 10–20 nm
increased to 12–14% after 6 months of storage. The number ratios of the as-aged colloids with a
diameter of 20~30 nm were almost the same as those of the fresh colloids (Figure 2g,h and Figure 3g,h).
The number ratio of the as-aged colloid with a diameter of 30~40 nm increased slightly for the as-aged
300 mW LAL colloid, but decreased for the as-aged 600 mW LAL colloid. The number ratios of the Ag
NPs with diameters larger than 40 nm were less than 1%, which is almost negligible for both cases,
so it is difficult to quantify the variation in the number ratios of the colloids. However, a comparison
of the particle morphologies of the fresh and as-aged colloids clearly shows that the number ratio of
the particles larger than 40 nm did not change significantly (Figure 2a vs. Figure 2d) after six months
of storage for the 300 mW LAL colloid, but did decrease significantly for the as-aged 600 mW LAL
colloid (Figure 3a vs. Figure 3d).
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Figure 3. TEM images (a–f) and sizes distributions (g,h) of fresh (a–c,g) and six month (d–f,h) aged Ag
particles, synthesized by laser ablation of Ag in acetone at laser power of 600 mW.

In more detailed observations of large particles, regardless of them being fresh (Figure 4a–c)
or six months aged colloids (Figure 4d–f) prepared at laser powers of 300 mW and 600 mW,
the carbon-encapsulated particles with core sizes ranging from 25 nm to ca. 200 nm, and a carbon shell
thickness of 3~10 nm are all found, as shown in Figure 4. Some smaller particles were captured by the
carbon shells, which led to the formation of Ag@C-Ag truffle-like aggregates. The crystalline structure
of the Ag cores was confirmed by X-ray diffraction (XRD) characterization, as shown in Figure 5a.
The featured peaks of the colloids fit well with the standard card for Ag (ICCD No. 03-065-2871).
The presence of the carbon shells was verified by Raman spectroscopy observation of both the D-band
(1360 cm−1) and G-band (1582 cm−1) peaks of carbon (Figure 5b). The ratio of the D-band to the
G-band peak intensities was calculated to be 0.98. The G-band is associated with the ordered graphite
(sp2) structure, while the D-band is related to the disordered graphite layers, such as soot, chars,
glassy carbon, and evaporated amorphous carbon [39]. Consequently, it can be concluded that the
carbon shells possess high ratios of disorders. According to Robertson [39], the carbon shells that
are composed of both crystalline graphite and amorphous carbon can be assigned to diamond-like
carbon (DLC), a metastable form of carbon. Because of the presence of abundant hydrogen, which are
generated from the LAL-induced acetone decomposition, it is highly possible that other products,
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such as hydrogenated amorphous carbon (a-C: H) and tetrahedral amorphous carbon (ta-C) [39] also
form during LAL. Nevertheless, their existence cannot be confirmed by the Raman spectrum, shown
in Figure 5b. The identification and quantification of different carbon disorders will be a focus of our
future studies.

 

Figure 4. TEM images of the Ag@C core-shell particles observed in (a–c) fresh and (d–f) six month
aged colloids synthesized by laser ablation in liquids (LAL), at laser powers of 300 mW (a,d) and
600 mW (b,e). The TEM images in (c,f) show the Ag@C-Ag composites from the fresh and the six
month aged colloids.

 

Figure 5. (a) XRD pattern and (b) Raman spectrum of the LAL-synthesized Ag NPs.

Some polygonal Ag nanocrystals, such as triangular (Figure 6d), pentagonal (Figure 6c,f),
hexagonal (Figure 6a,d,f), octagonal (Figure 6b,e), and some spherical particles with sharp edges,
(Figure 6f) were observed, of which the sizes were in the range of 5–50 nm, similar to the Ag
nanocrystals prepared by the reduction of AgNO3 [40]. The maximal sizes of the newly grown
Ag nanocrystals are much smaller than the 100~500 nm crystals obtained by the post-irradiation of the
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LAL-generated Ag spheres [33], which indicates that the surrounding carbon atoms may cover the
newly formed nanocrystals and inhibit their further growth into larger particles. The following results
provide evidence for the spontaneous growth of small particles into nonspherical Ag nanocrystals:
(1) the amount of the ultrasmall particles, of 2–3 nm in diameter, is significantly decreased after storage
(Figure 2g,h and Figure 3g,h); (2) polygonal particles are not surrounded by ultrasmall particles
(Figure 6), unlike the spherical Ag NPs encapsulated by carbon shells (Figure 4); and (3) previous
reports show that the size of the Ag NPs that correspond to an SPR band of 414 nm is around 30 nm [41],
which is much larger than the ca. 8 nm (Figures 2h and 3h) of the six month aged Ag colloids with
the same SPR position (Figure 1c,d) in this work. Considering that the polygonal Ag nanostructures,
such as the hexagonal and triangular Ag nanoplates, often have a higher SPR band position than the
Ag spheres with the same sizes [42], it is reasonable to deduce that the formation of the polygonal
particles is the main contribution to the redshift of the SPR band during the storage of the colloids,
rather than a change of the particle size. From the occurrence of particle growth, the building blocks
(fresh ultrasmall Ag NPs) should be surfactant-free, which facilitates the attachment and ripening of
ultrasmall particles into various polygonal nanoparticles, with the growth direction governed by the
surface bindings [9,18], which will be discussed below.

 

Figure 6. (a–f) Polygonal particles obtained after six months of storage of the colloids.

To determine the surface groups that may direct the particle growth into the polygonal particles,
the six month aged Ag particles were analyzed using FTIR, and the results are shown in Figure 7.
The vibration bands at 1165 cm−1 and 1250 cm−1 are assigned to the wagging and the rocking
vibrations of CH2, respectively, while the peaks at 1375 cm−1 and 1734 cm−1 are assigned to the
stretching vibrations of C–H alkane [43] and C=O [44], respectively. The broad peak between
3000 cm−1 and 3500 cm−1 is because of the OH stretching [44]. The broad bands of 2061~2158 cm−1

and 2325~2343 cm−1 are related to the stretching vibrations of the adsorbed CO [45,46] and CO2 [47]
molecules, respectively. Therefore, the CO-metal [48] and CO2-metal complexes [49], such as Ag(CO)n

(n = 1~3) [50] and Ag–O–C–O, may be generated during LAL (Figure 7b). The three vibration peaks
at 2902 cm−1, 2932 cm−1, and 2960 cm−1, are due to the CH stretching from the alkyl groups [44].
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The FTIR analysis indicates that the acetone molecules are decomposed into CO2, CO, alkanes, and OH–
groups during LAL, which may either strongly adsorb onto the Ag NPs or interact with the Ag NPs to
form Ag(CO)n or Ag(CO2)n complexes. As a result, the colloids are endowed with ultrahigh stability,
which enables them to self-stabilize, even after six months of storage. Tsuji’s group confirmed that
shape transformation from the Ag spheres into prisms is not induced by acetone molecules, but should
be caused by water molecules. In the present case, considering the absence of water molecules in the
liquids, the OH– formed by the acetone decomposition and reconstruction is one possible candidate
to cause the anisotropic growth of Ag particles [35] via the Ostwald ripening process [33]. Chemical
adsorbed carboxylate (COO–) groups may be another candidate to trigger the selective Ag crystal facet
growth during ripening [51].

Figure 7. (a) FTIR spectrum of the six month aged Ag NPs and the (b) magnified spectrum where the
peaks of Ag(CO)n (n = 1–3) complexes are located.

The optical images of the six month aged colloids show that some particles have already
precipitated during storage (inset images in Figure 8c,f). In comparison with the particle morphologies
of the fresh and six month aged colloids synthesized by LAL at a laser power of 600 mW (Figure 3a,d),
it is also clear that the amount of particles with diameters larger than 40 nm decreased dramatically
after a long-period storage (Figure 3g,h), which is due to the precipitation of larger particles. Figure 8
shows the TEM images of the precipitated particles prepared at laser powers of 300 mW and 600 mW
after six months of storage. The precipitated particles are mainly particles larger than 40 nm, which
are encapsulated by carbon to form particle networks, which also encapsulate a certain amount of
particles with sizes less than 40 nm, so that the number ratios of the ultrasmall colloids (1–10 nm)
decrease (Figures 2h and 3h). Despite the precipitation induced by the carbon capture, the number
ratios of the colloids with sizes of 10–20 nm still increase, and the number ratios of the colloids with
sizes of 20–30 nm remain almost unchanged. This means that the continuous supplement of the Ag
NPs with sizes of 10–30 nm as a result of the particle growth of the ultrasmall surfactant-free Ag
NPs occurs. An analysis of the change in the colloidal size distribution after six months of storage
(Figure 2g,h and Figure 3g,h) led us to conclude that the colloids synthesized by LAL at higher powers
possess a higher ability to separate the Ag colloids with sizes less than 40 nm. This is because more
carbonaceous substances are generated at 600 mW, and these can then easily capture the large particles
to form aggregate and precipitate over time, whereas the 300 mW LAL generates fewer carbon clusters,
so that the size separation ability decreases, making it less efficient to separate the particles larger
than 40 nm. The carbon ‘captors’ that originate from the LAL-induced decomposition of acetone have
three forms, the carbon shells of Ag@C particles that capture small Ag particles to form truffle-like
aggregates (Figures 4c and 8c), the active wandering carbon clusters that gradually precipitate on
particles to induce the formation of particle networks (Figure 8b,e), and the carbon nanosheets (Figure 9)
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that mainly capture the ultrasmall Ag particles with sizes less than 10 nm (Figure 9d–f). Recently,
Escobar-Alarcón showed that the LAL of graphite in water could produce carbon nanosheets [52],
in which they proposed that graphene exfoliation was the formation mechanism for carbon nanosheets.
However, in our case, carbon comes from the decomposition of acetone molecules during LAL. Hence,
the carbon nanosheets should form by the self-assembly of carbon clusters inside liquids, which can also
explain the irregular structure shapes of nanosheets shown in Figure 9 and in Escobar-Alarcón et al. [52].

 

Figure 8. Precipitated particles after the six month storage of the Ag colloids, synthesized by
femtosecond LAL at laser powers of (a–c) 300 mW and (d–f) 600 mW, respectively. The arrows shown
in the optical images in the insets (c,f) indicate the particle precipitation after six months storage.

 

Figure 9. (a–f) TEM images of the carbon nanosheet formed during storage of the colloids.
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Overall, the particle growth followed by the size separation phenomena was determined to
occur during storage. The scenario is summarized in Figure 10. After long-period LAL, a large
amount of Ag (orange colored spheres) and C (black colored spheres) clusters together to generate
large Ag@C core-shell particles (Figure 10a). During the colloidal storage, the growth of ultrasmall
surfactant-free Ag particles of 1–25 nm in diameter occurs through the Ostwald ripening mechanism
(Figure 10b,c). Meanwhile, the soft carbon shells of large particles capture the surrounding small
particles to form Ag@C-Ag aggregates. The aggregated particles precipitate at the bottom of the
container (Figure 10b,c). The precipitation of the large particles cause the size distribution of the Ag
particles in the supernatant to narrow by carbon encapsulation, which is termed size separation in this
work. The self-size separation, with the aid of the large particle precipitation by carbon-encapsulation,
can offset the disadvantage of the increased amount of large particles that are formed at a higher
laser power, thus allowing a higher-productivity synthesis of metallic colloids with the uniform size
distribution with that synthesized by the LAL at a lower laser power. The sediments may be technically
separated by centrifugation or filtering to yield stable, monomodal Ag colloids in acetone.

 

Figure 10. (a–c) Schematic of particle growth into polygonal nanocrystals, followed by the size
separation of ultrasmall particles by large particle precipitation, due to carbon encapsulation. In the
liquids, Ag and carbon are denoted by orange and black colored spheres, respectively.

2.2. Nanosecond Laser Ablation

Nanosecond laser ablation of Ag was performed in acetone for comparison, so as to investigate
whether the spontaneous size separation and growth evolution into the polygonal crystals are specific
for the fs-LAL, or whether they occur at a significantly longer pulse duration. Figure 11 shows the
absorbance spectrum of the Ag NPs synthesized by the ns laser ablation of Ag in acetone, and that of
the colloid after storage for five weeks. The SPR position of the Ag colloids was slightly redshifted
from 400 nm to 407 nm after five weeks of storage, accompanied by the broadening of the SPR peak.
Both indicate the change of the colloidal properties. Figure 12 shows the morphologies of the fresh
and the aged Ag NPs, and their size distributions. Compared to the fresh Ag colloids with an average
size of 8.93 ± 2.7 nm, the Ag NPs size was slightly increased to 11.1 ± 3.9 nm after storage for five
weeks. Regarding the ultrasmall Ag NPs of 1–10 nm, the average size is increased from 7.5 ± 1.5 nm
to 8.2 ± 1.3 nm after long-term storage. A significant decrease in the number ratio of the 1–10 nm
particles from 68% to 47%, and the dramatic increase in the number ratio of the 10–20 nm particles
from 22% to 50% (Figure 12g,h), provide evidence for the gradual growth of hte ns laser-synthesized
Ag NPs in acetone during storage. The observation of more polygonal nanocrystals from the five
week aged Ag colloid (Figure 12f) compared with the fresh colloid (Figure 12c) indicates that particle
growth is always accompanied by the shape alteration of the metallic particles, regardless of the pulse
duration used for colloid synthesis. Particle growth and simultaneous shape alternation are considered
to constitute the main reason for the redshift and broadening of the SPR band (Figure 11).
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Figure 11. Absorption spectra for Ag NPs synthesized by ns laser ablation of Ag in acetone and then
stored for five weeks.

 

Figure 12. TEM images (a–f) and sizes distributions (g,h) of fresh (a–c,g) and five week (d–f,h) aged
Ag particles synthesized by ns laser ablation of Ag in acetone at a pulse energy of 150 mJ.
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However, compared to those particles synthesized by fs-LAL (Figures 2a–f and 3a–f), the carbon
shells were almost negligible for the ns-LAL generated Ag NPs (Figure 12a–f). No big particles larger
than 40 nm were observed, which indicates that the fs-LAL, at high fluences (170 and 191 J/cm2 for
300 mW and 600 mW, respectively), causes more severe degradation of the acetone molecules than
the ns-LAL at a low laser fluence (3 J/cm2). An FTIR study on the LAL in tetrahydrofuran showed
that the carbonylic compounds were dominantly generated during ns-LAL, whereas the more olefinic
species were dominantly generated during fs and picosecond (ps) laser ablation; therefore, the fs-LAL
created more hydrophobic species [53]. If such hydrophobic species are also preferably formed during
fs-LAL in acetone, then this could explain why their lower solubility triggers phase separation
(into soft carbon shells, adsorbed on hydrophobic metal Ag), which supports the aggregation and
sedimentation processes.

Regarding the polydispersity of the colloid, fs-LAL at high intensities leads to the formation
of large Ag droplets jetting off the molten metal layer. This jetting is caused by Rayleigh instability,
with the droplets evident even in front of an expanding cavitation bubble boundary [54]. These droplets
solidify as large particles, so that the size distributions from the fs-LAL show stronger bimodality
(even large spheres) compared to the ns-LAL.

Therefore, the ns-LAL in acetone yields colloids that are far less polydisperse than the fs-LAL.
However, after the sedimentation or size separation of the aged fraction, the final colloid in the
supernatant of the fs-LAL colloid has significantly smaller primary particles. Comparing the number
ratios of 1–10 nm ultrasmall particles (80–90% for fs-LAL, Figures 2g and 3g, vs. 68% for ns-LAL,
Figure 12g), it can be easily deduced that fs-LAL is more efficient than ns-LAL for the generation of
ultrasmall particles, at the expense of the mass yield lost during the size separation. In particular,
the histograms from the TEM measurements show that the fs-LAL supernatant will contain a
significantly larger portion of very small particles (<5 nm).

3. Materials and Methods

Silver colloids were synthesized by laser ablation of Ag in acetone by fs laser (FGPA μ

Jewel D-1000-UG3, IMRA America Inc., Ann Arbor, MI, USA), with a pulse duration, wavelength,
and repetition rate of 457 fs, 1045 nm, and 100 kHz, respectively. Two laser powers of 300 mW and
600 mW were adopted for the LAL. The spot sizes of the 300 mW LAL and 600 mW LAL were 15 and
20 μm, which gave the laser fluences were 170 of 191 J/cm2 for the 300 mW LAL and 600 mW LAL,
respectively. A circular Ag plate with a diameter of 10 mm and a thickness of 1 mm was placed inside
a glass dish filled with 8 mL acetone. The liquid thickness was ca. 5 mm above the target surface.
The fs laser beam was then focused on the Ag plate surface using a 20× objective lens (NA = 0.45,
Mitutoyo, Japan). An area of 3.5 × 3.5 mm2 was scanned using the parallel-line scanning method,
described by the authors of [55–57], with an adjacent line interval of 5 μm. The scanning speed was set
at 1 mm/s. Each ablation lasted 1 h to ensure long-period LAL [9].

The colloids that were just synthesized by the LAL, termed fresh colloids, were directly deposited
onto the TEM grids (EMJapan, U1015, Tokyo, Japan, 20 nm thick carbon films on copper grids) and then
characterized using TEM (Jeol, JEM-1230, Tokyo, Japan). UV-VIS spectroscopy (Shimadzu, UV-3600
Plus, Kyoto, Japan) was used to measure the absorption spectra during the colloidal aging every 30 min.
More than 500 particles were measured by ImageJ to calculate the average particle sizes of the colloids.
For the XRD (Rigaku, CuKα radiation (40 kV-30 mA), SmartLab-R 3kW, Tokyo, Japan) measurement,
the colloids were centrifuged by a centrifuge (Eppendorf, Centrifuge 5430, Hamburg, Germany) at a
rotation speed of 14,000 rpm for 10 min, and then deposited on a silicon wafer. The colloids were stored
and sealed in glass containers at room temperature. After six months of storage, both the colloids
in the liquids and the precipitated particles at the bottom of the glass container were characterized
using TEM and UV-VIS spectroscopy. The surface chemistry of the Ag particles was analyzed using
FTIR (Shimadzu, Prestige-21, Kyoto, Japan) and Raman spectrometers (LabRAM, He-Ne laser, 632 nm,
0.686 mW, Tokyo, Japan).
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The nanosecond laser synthesis of the Ag colloids was performed using a Nd:YAG ns-laser
(SpitLight DPSS250-100, InnoLas Laser GmbH, Krailling, Germany) at a pulse duration, wavelength,
repetition rate, and pulse energy of 11 ns, 1064 nm, 100 Hz, and 150 mJ, respectively. The detected
spot size on the target surface after ablation was 2.5 mm in diameter. The laser fluence is calculated to
be 3 J/cm2. The Ag target was placed inside a glass cuvette filled with 3 mL of acetone. The liquid
thickness above the target corresponded to the optical path (10 mm) of the glass cuvette used.
The experiments were performed under continuous stirring of the liquid, with irradiation of the
unfocused laser beam for 60 s. The colloids were characterized using UV-VIS spectroscopy (Thermo
Scientific Evolution 201, Tokyo, Japan) and TEM (Zeiss, Type EM 910, Oberkochen, Germany), directly
after synthesis and after five weeks of storage in sealed polypropylene tubes at room temperature.

4. Conclusions

The investigation of Ag colloids synthesized by the fs-LAL of Ag in acetone, at laser powers
of 300 mW and 600 mW, confirmed the spontaneous growth of the ultrasmall particles and the
spontaneous size separation during long-period storage. The FTIR spectroscopy analysis showed
that the CO and CO2 molecules are adsorbed on the Ag particles to form Ag(CO)n and Ag(CO2)n

complexes, which may contribute to the high stability of the supernatant Ag NPs. Carboxylate (COO–)
and hydroxyl (OH–) species also conjugate on the Ag NPs, which may be the reason for the anisotropic
growth of the Ag particles into the polygonal nanocrystals over time. Both the particle size increase
and the shape transformation into the polygonal nanocrystals caused a redshift of the SPR bands
from 404 nm to 414 nm. The carbonaceous species generated from the acetone decomposition and
pyrolysis during the LAL gradually adsorbed onto the large particles, and the soft carbon shells of the
Ag@C particles also captured smaller particles, to form Ag@C-Ag aggregates. Particle aggregation
and the formation of Ag–C networks significantly compromise the stability of the large Ag particles
and cause their gradual precipitation during long-period storage, which leaves ultrasmall particles
behind in the liquid supernatant. A higher size separation ability is endowed with the colloids
obtained by fs-LAL at a higher power (600 mW), which possibly benefits from a larger amount of
carbon captors, because of the stronger decomposition or pyrolysis of the solvent, which possibly
creates olefinic species with a low solubility in acetone. Such phase-separating, carbon-induced size
separation induced by the colloids themselves may be helpful to conquer the challenging issue of
the wide (i.e., bimodal) size distribution of the metallic particles generated by ultrashort-pulsed-LAL.
When the growth is terminated and mechanically fractionated from the supernatant as a precipitate,
the resulting supernatant of the fs-LAL-derived colloids bears a significantly higher fraction of very
small particles (≤5 nm), compared to the ns-LAL. On the other hand, the ns-LAL of the Ag in acetone
yields a monomodal particle size distribution with lower polydispersity, and the particle size also
grows during storage, but without size focusing via precipitation, because no thick organic shells were
observed by the TEM observation.

The particle growth is often neglected for the LAL-generated metallic particles. This must be taken
into account when characterizing the particle state by TEM and before using these particles for practical
applications. If the characterization and application were conducted at different times and particle
growth had occurred, then the mismatch of the particle properties and their performances, particularly
for size-sensitive applications such as catalysis and biology, would mislead the interpretation of all of
the experimental results.
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Abstract: There are few reports on zero-field-cooled (ZFC) magnetization measurements for Fe@FeOx

or FeOx particles synthesized by laser ablation in liquids (LAL) of Fe, and the minimum blocking
temperature (TB) of 120 K reported so far is still much higher than those of their counterparts
synthesized by chemical methods. In this work, the minimum blocking temperature was lowered to
52 K for 4–5 nm α-Fe2O3 particles synthesized by femtosecond laser ablation of Fe in acetone.
The effective magnetic anisotropy energy density (Keff) is calculated to be 2.7–5.4 × 105 J/m3,
further extending the Keff values for smaller hematite particles synthesized by different methods.
Large amorphous-Fe@α-Fe2O3 and amorphous-Fe@C particles of 10–100 nm in diameter display a soft
magnetic behavior with saturation magnetization (Ms) and coercivities (Hc) values of 72.5 emu/g
and 160 Oe at 5 K and 61.9 emu/g and 70 Oe at 300 K, respectively, which mainly stem from
the magnetism of amorphous Fe cores. Generally, the nanoparticles obtained by LAL are either
amorphous or polycrystalline, seldom in a single-crystalline state. This work also demonstrates
the possibility of synthesizing single-crystalline α-Fe2O3 hematite crystals of several nanometers
with (104), (113), (116) or (214) crystallographic orientations, which were produced simultaneously
with other products including carbon encapsulated amorphous Fe (a-Fe@C) and Fe@FeOx core-shell
particles by LAL in one step. Finally, the formation mechanisms for these nanomaterials are proposed
and the key factors in series events of LAL are discussed.

Keywords: hematiteα-Fe2O3; core-shell; blocking temperature; superparamagnetism; laser ablation in liquids;
femtosecond laser; single-crystalline
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1. Introduction

The newly emerged technique of laser ablation in liquids (LAL) [1–5] has proven to be valid
for the synthesis of a large variety of colloids resulting from material removal of the substances [6].
With specific targets, simply changing the liquids for LAL allows the easy alteration of colloidal
properties such as sizes [7,8] and phases [9–11]. For the synthesis of magnetic particles by LAL,
the most frequently investigated material is Fe, whose results have turned out to be very diverse
depending on experimental conditions [2], in which nanosecond (ns) lasers were typically used.
For example, Vahabzadeh and Torkamany made use of ns lasers at fundamental and 2nd harmonic
wavelengths (1064 nm and 532 nm) to ablate Fe in water for the formation of Fe3O4 and FeO
particles, whose saturation magnetizations (Ms) and coercivity (Hc) were 22.5 emu/g and 11.5 Oe
and 14.8 emu/g and 22 Oe [12], respectively. These values were much lower than those of bulk
magnetite (Ms = 92 emu/g and Hc = 500–800 Oe). Zeng et al. prepared FeO nanoparticles by ns
laser fragmentation in liquid (LFL) of Fe using a water/poly(vinyl pyrrolidone) (PVP) solution [13].
Amendola et al. obtained FeOx (Fe3O4, FeO, α-Fe) nanoparticles with an Ms of 100 emu/g by ns LAL
in water [14]. Pandey et al. found that the ns LAL of commercial Fe2O3 powders in doubly distilled
water improved the hematite particle crystallinity and increased Ms from 0.024 to 3.41 emu/g [15].
Svetlichnyi et al. found that the Hc of the FeOx (Fe, Fe2O3 and Fe3O4) nanoparticles synthesized by ns
LAL of Fe in water increased from 144 Oe to 370 Oe when the measurement temperature was reduced
from 300 K to 77 K [16]. Ismail et al. showed that the Ms values of 16.3–20.3 emu/g for the magnetic
iron oxide (Fe3O4, α-Fe2O3, FeO and ε-Fe2O3) nanoparticles synthesized by ns LAL in SDS aqueous
solution were larger than 13.8–16.2 emu/g for FeOx (Fe3O4, α-Fe2O3, ε-Fe2O3) particles synthesized
by ns LAL in dimethylformamide (DMF) at the same laser energies [17]. Meanwhile, Kanitz et al.
employed a femtosecond (fs) laser for LAL of Fe and reported that the products changed depending
on the adopted solutions: α-iron, wüstite and magnetite were synthesized in water, α-iron, cementite
and FeOx in methanol, amorphous-Fe and α-Fe mixture in ethanol and acetone, and amorphous-Fe@C
core-shell particles in toluene [18]. Their Ms and Hc values were measured to be 23, 80, 60, 67 and
14 emu/g, and 77, 92, 65, 56, and 52 Oe at 300 K, respectively. Santillán et al. synthesized FeOx (Fe3O4,
γ-Fe2O3 or α-Fe) by fs laser (120 fs, 1 kHz, 800 nm) ablation of Fe in water, by which Ms, number density,
magnetic radius and total radius of 49.3 emu/g, 2.9 × 1018, 1.1 nm, 1.9 nm, respectively, were obtained,
which were different from the magnetic properties (26.7 emu/g, 3468 μB and 0.7 × 1018, 1.5 nm, 3.2 nm)
of the particles obtained by LAL in a trisodium citrate aqueous solution [19]. Most of these works
mainly focused on the hysteresis curves to reveal the dependence of magnetic properties on the phases
of LAL-prepared FeOx or Fe/FeOx particles. Little attention has been paid to the zero-field-cooled
(ZFC) and field-cooled (FC) curves including the information about blocking temperature (TB) which is
closely related to the product of particle size and magnetic anisotropy energy density essentially defining
the energy barrier between two easy axes of magnetization [20].

Amendola et al. observed a blocking temperature TB = 200 K of FeOx particles synthesized by
the ns-LAL of Fe in water [14]. Franzel et al. reported that Fe3O4 and Fe3C synthesized by picosecond
(ps) LAL of Fe in ethanol had a blocking temperature TB = 120 K [21], much lower that of FeOx particles
synthesized by ns-LAL, which was due to the generation of higher ratios of smaller particles by ps-LAL.
As is well known, a low TB value (<100 K) is a good indicator for superparamagnetism arising from
small particles [22,23]. The endowment of superparamagnetism to the as-prepared magnetic particles
often requires the particle size to be around or less than 10 nm [24]. To date, the minimum blocking
temperature of LAL-generated Fe@FeOx or FeOx particles is still above 100 K [21]. Due to the fact
that smaller FeOx particles often possess lower blocking temperatures [20], the synthesis of ultrasmall
Fe@FeOx and FeOx particles by LAL is essential to lower the blocking temperature below 100 K.
To this end, fs-LAL is a better choice than ps- and ns-LAL because of the phase/Coloumb explosion
mechanism for fs-LAL rather than the thermal ablation mechanism for ns-LAL [25].

Despite many reports on the fs-LAL of Fe and studies on the magnetic properties (Ms, Mr

and Hc) of the products [11,18], the ZFC/FC curves were not measured. To fill this gap and
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to further lower the blocking temperature of Fe@FeOx possessing superparamagnetic properties,
the fs-LAL of Fe in acetone was performed. XRD, high-resolution transition electron microscropy
(HRTEM), energy-dispersive X-ray (EDX), selected area electron diffraction (SAED), fast Fourier
transform (FFT), X-ray photoelectron spectroscopy (XPS) and Raman characterizations were performed
to clarify the composition of the as-prepared particles. TEM analysis was performed to display
the particle morphologies and calculate the size distribution of the colloids. Both ZFC/FC and hysteresis
curves of the synthesized magnetic particles were measured, from which TB, Ms, Mr and Hc values
were determined.

2. Materials and Methods

Colloids were synthesized by laser ablation of a Fe sheet (99.45 wt % Fe, 0.42 wt % O, 0.13 wt
% C) using a fs laser system (FGPA μJewel D-1000-UG3, IMRA America Inc., Ann Arbor, MI, USA).
The pulse duration, wavelength and repetition rate of the laser system were 457 fs, 1045 nm and 100 kHz,
respectively. An Fe sheet with dimensions of 20 mm × 20 mm × 1 mm was placed inside a glass
container and then immersed in 8 mL acetone for LAL. The liquid thickness above the target surface
was kept at 5 mm. Then, a fs laser beam was focused on the Fe sheet surface by a 20× objective lens
(numerical aperture (NA) = 0.4, Mitutoyo, Kawasaki, Japan) and scanned over an area of 3.5 × 3.5 mm2

using the scan method described in [26–28] with a line interval of 5 μm and a scan speed of 1 mm/s to
ablate the Fe sheet. The ablation process lasted around 1 h. The average laser power was set to 600 mW.
The spot size was 26 μm. The peak irradiance and laser fluence were calculated to be 1.13 × 109 W/m2

and 113 J/cm2, respectively.
The colloids were directly deposited onto TEM grids (EMJapan, U1015, Tokyo, Japan, 20 nm thick

carbon films on copper grids) after LAL without any pre-treatment and then characterized using TEM
(Jeol, JEM-1230, Tokyo, Japan) operating at 80 kV. HRTEM and STEM-EELS (scanning transmission
electron microscopy–electron energy loss spectroscopy) were performed with a JEM-ARM200F
(Jeol, Tokyo, Japan) equipped with third-order aberration correctors for both illuminating and imaging
lens systems operated at 200 kV. For XRD and magnetic property measurements, the colloids with liquids
were centrifuged by a centrifuge (Eppendorf, Centrifuge 5430, Hamburg, Germany) at a rotation speed of
14,000 rpm for 10 min. The precipitated particles were then collected in a cuvette and dried in a freeze
dryer (Rikakikai, S-1000, Eyela, Tokyo, Japan). The dried particles were deposited on an amorphous
glass plate (10 mm × 10 mm × 1 mm) for XRD, XPS and Raman characterizations. The composition of
the particles was analysed using XRD (Rigaku, CuKα radiation (40 kV-30 mA), SmartLab-R 3kW, Tokyo,
Japan). The surface chemistry of the particles was analysed by XPS (Thermo Scientific, ESCALAB 250,
Tokyo, Japan) and Raman spectroscopy (LabRAM, Hiriba, He-Ne laser, 632 nm, 0.686 mW, Tokyo, Japan).
A zeta-potential and particle size analyzer (ELSZ-2PL, Photal, Osaka, Japan) was used to measure the zeta
potential of the fresh colloid and the colloid stored after 3 weeks. UV-vis spectroscopy (Shimadzu, UV-3600
Plus, Tokyo, Japan) was used to measure the absorption spectra of colloids.

Magnetic properties of the particles were measured in He gas atmosphere using
the superconducting quantum interference device (SQUID) magnetometer (Quantum Design, MPMS
XL7, San Diego, USA). The dried 26.5 mg Fe@α-Fe2O3 particle powder was filled into a capsule,
which was then placed into the magnetometer. Zero-field-cooled (ZFC) magnetization was measured
by cooling samples in a zero magnetic field and then increasing the temperature from 5 K to 300 K
with magnetization-temperature data recorded every 5 K at an applied field of 50 Oe. Field-cooled
(FC) curves were recorded by cooling the samples from 300 K to 5 K with a constant field of 50 Oe.
The field dependence of the magnetization (hysteresis loop) was recorded up to ±70 kOe at T = 5 K
and ±10 kOe at T = 300 K, respectively.
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3. Results

3.1. Material Property

After drying on TEM grids, the particles synthesized in acetone form a particle network
(Figure 1a–c), connected by a large amount of small clusters, which is a typical phenomenon after
ferro-fluidic colloid drying [29–34]. The average size of the particles is estimated to be 5–6 nm
(Figure 1d). Small particles with sizes of less than 10 nm occupy more than an 87% number frequency
of all of the particles. In particular, small particles with a ~90% number frequency of 1–10 nm are in the
majority, with the highest number frequency at 4–5 nm (Figure 1f–i). The large particles are in the form
of core-shell particles with a shell thickness of ca. 6 nm (Figure 1c). No crystalline peak was observed
in the XRD spectrum (Figure 1e), similar to the case of the nanomaterials obtained by LAL of Cu in
acetone [35]. This is either due to the low amount of particle powders used for the XRD spectrum or
due to the too-small crystallites of the particles [35]. Actually, we used several mg particles for XRD
characterization. With the same amount, a well featured XRD spectrum of Ag particles synthesized by
LAL of Ag in acetone has been observed [36], which indicates that the particles synthesized by LAL of
Fe in acetone are in very low crystallinity.

Figure 1. (a–c) TEM images of the particles synthesized by the laser ablation of Fe in acetone at 400 mW.
(d) Size distribution of the synthesized particles. The inset figure shows the detailed size distribution
in the range of 0–10 nm. (e) XRD pattern of the synthesized particles, where no peaks were detected,
probably due to the low crystallinity of the particles and a large amount of carbon clusters. (f,g) and
(h,i) black field and white field scanning transmission electron microscopy (STEM) images of small
particles, respectively.

To confirm the compositions of small clusters and core-shell particles, the distribution of Fe, C,
O elements in the nanoblends was analyzed by EDX as shown in Figures 2 and 3. As indicated by
TEM image (Figure 2a) and the Fe and O elemental distributions (Figure 2c,e), the small clusters
were identified as FeOx. Besides this, a certain amount of carbon was also detected (Figure 2b,d).
However, given that the particles were deposited on the carbon membrane of a TEM grid, it is difficult
to differentiate whether the detected carbon comes from the particles or not.

Apparent evidence for the generation of carbon during LAL was witnessed by HRTEM
characterization (Figure 3a,f,g) and EDX analysis (Figure 3b–e). Both amorphous carbon (Figure 3b,d,f)
and onion-like carbon (Figure 3b,d,f,g) were discovered, which encapsulated amorphous Fe particles
to form the amorphous-Fe@carbon (a-Fe@C) core-shell particles (a representative particle is shown
with an arrow marked in Figure 3b). Facilitated by the adhesion of different carbon shells, a-Fe@C
core-shell particles gradually evolve into a particle network (Figures 1a–c and 3g). This phenomenon is
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consistent with previous reports that LAL in organic solvents often causes the decomposition of solvent
molecules and results in the formation of carbon-encapsulated particle networks [10,37]. Amorphous
FeOx clusters (Figure 3a–e) were also generated, which surrounded big core-shell particles to facilitate
the formation of particle network. Figures 2a–e and 3a–e also indicate that, besides a-Fe@C core-shell
particles, large Fe@FeOx core-shell particles with diameters of tens of nm are produced by LAL of Fe
in acetone.

Figure 2. (a) TEM image and (b–e) EDX mapping of small clusters. (b) TEM image of mixed elements
of (c) Fe, (d) C and (e) O images.

 

Figure 3. (a) TEM image and (b–e) EDX mapping of a Fe@FeOx core-shell particle. (b) TEM image of
mixed elements of (c) Fe, (d) C and (e) O images. (f,g) TEM images of the Fe@C particles.

To better understand the compositions of Fe@FeOx core-shell particles, a core-shell particle was
selected as the representative particle for HRTEM, SAED and FFT characterizations, as shown in
Figure 4a–c. To further clarify the crystallinity in different regions, HRTEM images of seven domains
of FeOx shells and one larger domain of an Fe core were displayed in Figure 4d–k. The SAED pattern
of the core-shell particle indicates that the core-shell particle has a low crystallinity since only two
diffraction rings were observed (Figure 4b), which fits well with the (104) and (214) planes of α-Fe2O3

(ICSD No. 01-089-0597). FFT analysis gives more information about the crystallinity of the core-shell
particle, which indicates that two more planes of the (113) and (116) planes of α-Fe2O3 are also present.
Figure 4d–h display the HRTEM images of different crystal domains in the FeOx shell which possess
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(104), (113), (116) and (214) planes of α-Fe2O3 with interplanar distances of 0.270, 0.217, 0.170 and
0.150 nm, respectively. Besides α-Fe2O3, another diffraction ring belonging to a crystal plane with an
interplanar distance of 0.300 nm was also detected, which can be assigned to the (220) plane of Fe3O4

(ICSD No. 01-089-0950). It is noteworthy that (i) the crystals in the FeOx shell are mainly single crystalline;
and (ii) the quality of the single-crystallinity is not particularly good because many defects among
the crystal planes are obvious (Figure 4d–g,l–o). One domain of the FeOx shell is almost completely
amorphous (Figure 4j). As concluded from Figure 4d–h, the FeOx shell is composed of many α-Fe2O3

single-crystalline crystals with different crystallographic orientations. Regarding the Fe core, it is totally
amorphous (Figure 4k). That is why no peak was detected during XRD characterization (Figure 1e).
Regarding the dominant small particles, four crystalline domains outside the Fe@FeOx particle are shown
in Figure 4l–o. The interplanar distances of 0.217, 0.217, 0.217 and 0.270 nm of these crystalline domains
are well indexed to (113), (113), (113) and (104) planes of α-Fe2O3. As indicated by HRTEM analysis,
it is clear that single-crystalline α-Fe2O3 nanocrystals with different crystallographic orientations are
abundant in the nanoblends.

 

Figure 4. (a) High-resolution transition electron microscropy (HRTEM) image of a Fe@FeOx core-shell
particle, (b) selected area electron diffraction (SAED) and (c) FFT analysis of the core-shell particle.
HRTEM images of (d–j) α-Fe2O3 shells, (i) Fe3O4 shell and (j) amorphous FeOx shell and (k) amorphous
Fe core, respectively. (l–o) Single-crystalline α-Fe2O3 crystals. Inset images in (k,n) show the FFT
image indicating an amorphous structure and the inverse FFT image of the structure showing clearer
crystal planes, respectively. The scale bar in the inset image of (n) is 0.5 nm.
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Raman spectroscopy shows seven peaks at 220.9, 239.5, 286.0, 401.4, 495.9, 606.7, 659.4, 812.0, 1050,
1099.4, 1297.7 and 1603.0 cm−1 (Figure 5) associated with α-Fe2O3, in accordance with the conclusion from
HRTEM analysis (Figure 4) that α-Fe2O3 is the main crystalline product. Besides the peaks corresponding
to α-Fe2O3, another small peak is also observed at 1584.7 cm−1, which can be assigned to the G-band of
carbon and therefore indicates the presence of a large amount of carbon in the particles, in accordance with
the HRTEM images shown in Figure 3f–g and XPS analysis which show that the outermost 5 nm-thick
surfaces of the as-prepared particles are composed of 72.22% C, 1.29% Fe and 26.49% O. The high C ratio
and low Fe and O ratios suggest that a higher ratio of carbon/carbon-byproduct clusters are generated by
the laser-induced decomposition of acetone molecues. High-resolution XPS Fe 2p, O 1s and C 1s spectra
are shown in Figure 6. After peak fitting, the ratio of sp2/sp3-C was calculated to be 0.89. The sp2 and
sp3 carbons correspond to an ordered graphite (sp2) structure and disordered graphite layers (e.g., soot,
chars, glassy carbon, and evaporated amorphous carbon [36,38]), respectively. Thus, more than half of
the C that precipitates on Fe@Fe2O3 particles is crystalline because the sp2/sp3 ratio is less than 1, in
accordance with the HRTEM images shown in Figure 3f–g, where onion-like carbons with some defects
appear as shells to embed a-Fe particles inside. When both sp2 and sp3 C states are mixed in particles,
diamond-like carbon (DLC) [39] structures are considered to be generated. DLC structures should be
a typical product of LAL in organic solvents since they were also observed from other nanomaterials
obtained by the LAL of different metals (e.g., Ag [36], Mo [39], Ti, [40], Ta [41], Nb [41], Hf [41], Mo [41]
and Co [37]) in organic solvents. Peak fitting of C 1s (Figure 6c) shows that 15.91% and 21.90% of the
carbon have C=O and C–O bonding, respectively, which is due to adsorbed acetone molecules and their
decomposition byproducts. From the XPS Fe 2p spectrum (Figure 6a), only the binding energies that
correspond to Fe3+ (711.2 eV and 724.9 eV) and Fe0 (707.3 eV and 720.1 eV) are observed, which come
from α-Fe2O3 and a-Fe, respectively. Because of abundant C–O and C=O bindings on the particle surfaces,
only a small amount of Fe-O binding can be deconvoluted from the O 1s spectrum (Figure 6b). Both XPS
and Raman spectra support the conclusion from HRTEM analysis that α-Fe2O3 is the dominant phase of
the crystalline particles.

 

Figure 5. Raman spectrum of the particles obtained by the laser ablation in liquids (LAL) of Fe in acetone.
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Figure 6. High resolution XPS (a) Fe 2p, (b) O 1s and (c) C 1s spectra from the colloids synthesized by
laser ablation of Fe in acetone.

The synthesized Fe@α-Fe2O3 andα-Fe2O3 particles were unstable with gradual particle precipitation
at the bottom of the glass container (right optical image inset in Figure 7a) during the colloid storage.
As a result, the absorbance spectrum of the colloid downshifted (Figure 7a) and the optical transparency
of the colloid increased after 3-week storage (left and middle optical images inset in Figure 7a).
Additionally, the zeta potential values of the colloid decreased from −34.88 mV to −27.95 mV after
3-week storage, which indicates the decreased stability of the colloid. The zeta potential is indicative
of the difference in the electric potentials between the charges of the species which strongly adsorb on
the particle surface and those (with the opposite sign) of the diffuse layer in the dispersing medium [42].
It is often considered that the colloids with a zeta potential value smaller than −30 mV or larger than
30 mV are stable, while those with zeta potential values in the range of −30~30 mV are unstable [3].
Hence, in principle, one would expect that the stable particles with larger charges remain well dispersed
while those with lower charges precipitate. However, in our case, the zeta potential value of the colloids
decreased over time, which indicated that the gradual aggregation of nanoparticles occurred during
colloidal storage. The magnetic properties among magnetic particles and the “capture” behavior of
both carbon shells (Figure 3a) and free carbon clusters [36] cause colloidal aggregation and precipitation
during storage. Considering the excellent long-term (six-month) stability of Ag colloid produced by
LAL in acetone [36], it is highly possible that the magnetostatic interaction among magnetic particles is
the main reason to be responsible for the colloidal aggregation and precipitation.

 

Figure 7. (a) Absorption spectra for the fresh colloid (red curve) synthesized by laser ablation of Fe in
acetone at 600 mW and (b) the colloid stored for 3 weeks (black curve), respectively. Inset images in (a) are
optical images of the fresh colloid (left) and the colloid stored for 3 weeks (middle), where the precipitation
of the colloid (as indicated by white arrows in the right optical image) causes the downshift of
the absorbance spectra. (b) Zeta potential curves of the fresh colloid and the colloid stored for 3 weeks.

Compared with the techniques of laser target evaporation in gases and laser ablation in air
whereby metal-oxide [43,44] is produced, LAL is better at the synthesis of Fe@C and Fe@FeOx core-shell
particles and further indicates a new way to synthesize single-crystalline iron oxide particles.
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3.2. Magnetic Properties

The magnetic properties of the Fe@α-Fe2O3 particles prepared in acetone are presented in
Figure 8. To reveal the relationship between magnetization and temperature, ZFC and FC curves of
the as-prepared nanomaterials were measured. The ZFC curve in Figure 8a shows a broad maximum
peaking at 52 K, followed by a plateau and a subsequent gradual increase from 250–300 K suggesting
two different fractions of particles. The FC branch exhibits an almost linear increase of the magnetic
moment with decreasing temperature from 300 K to 5 K. Figure 8b,c show the magnetic hysteresis
loops at 5 K and 300 K with saturation magnetization MS = 72.5 emu/g and 61.9 emu/g, respectively.
The magnification around zero field delivers coercivities of HC = 160 Oe at 5 K and 70 Oe at 300 K.

Figure 8. Magnetic characterization of the Fe@α-Fe2O3 particles synthesized by laser ablation in
acetone. (a) ZFC/FC curves in 50 Oe, (b,c) hysteresis curves at 5 and 300 K. (d) Magnified hysteresis
curves at 5 and 300 K.

The structural and morphological studies above reveal a mixture of Fe@α-Fe2O3, Fe@C, and α-Fe2O3

particles (Figures 2–4) which can be split into two size regimes. The sizes of large Fe@α-Fe2O3 and
Fe@C core-shell particles with a number frequency of about 10% are in the range of 10–100 nm,
with the maximum diameter of the distribution being 30 nm (Figure 1d). α-Fe2O3 particles are
significantly smaller, with a medium size of 4–5 nm (Figure 1d), at a number frequency of about 90%.
For the magnetometry of magnetic powders, magnetization is the ratio of the magnetic moment with
respect to mass of particles in different size regimes. Taking identical mass densities as a rough estimate,
the relative mass fraction of the large particles is calculated to be 87%–93%. Further consideration of
the significantly smaller magnetization of α-Fe2O3 of 1 emu/g as compared to amorphous Fe with MS

> 100 emu/g [45] further reduces the relative magnetic signal from α-Fe2O3. This means that the vast
majority of the magnetic signal stems from the larger particles while the smaller are expected contributing
less than 1% in the saturated state.

Therefore, the saturation magnetization of MS = 72.5 emu/g and 61.9 emu/g at 5 K and 300 K,
respectively, is considered to mainly stem from the amorphous Fe cores of large a-Fe@FeOx core-shell
particles. This deduction is also helpful in understanding the magnetic properties (MS = 67 emu/g at
300 K) of a-Fe@C and Fe3O4 nanoblends synthesized by fs-LAL of Fe in acetone under other conditions
(35 fs, 800 nm, 5 kHz, 800 μJ/pulse) [18]. The remanence to saturation ratio (Mr/Ms), also called
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the saturation magnetization ratio, was calculated to be ca. 0.1, which was smaller than that (0.5) expected
theoretically for randomly oriented single domain grains [46], which indicates the presence of a significant
amount of superparamagnetic small particles, domain walls in large particles, and the occurrence of
antiferromagnetic interactions [47]. Here, all the above may add to an overall low remanence. It is well
known that α-Fe2O3 is weakly ferromagnetic or antiferromagnetic [48], and its presence as the shell
material endows antiferromagnetic properties to the Fe@α-Fe2O3 particles while the small α-Fe2O3

particles are expected to be superparamagnetic at 300 K and thermally blocked at 5 K (see discussion
below). The interfacial magnetic interactions between ferromagnetic cores and antiferromagnetic
shells [49,50] may also endow high orbital magnetic moment to LAL-synthesized a-Fe@α-Fe2O3 particles.
For the metallic a-Fe core, Grinstaff et al. have confirmed that glassy a-Fe is a soft ferromagnetic material
with MS = 152 emu/g and Hc = 160 Oe at T = 5 K [45]. While Hc fits well to the present results,
the lower MS can be explained by the mixture of amorphous Fe, the weakly ferromagnetic α-Fe2O3,
and the unknown but significant amount of C in the sample. Thus, the remanent magnetization mainly
originates from large Fe@α-Fe2O3 core-shell ferromagnetic particles with multi-domains, which cannot
rapidly demagnetize by domain formation in the absence of an applied field.

A more interesting phenomenon is the magnetic signature of small α-Fe2O3 particles, which results
in different ZFC/FC curves as compared to those of a-Fe@C particles synthesized by fs-LAL of Fe in
acetone under other conditions [18]. The broad peak with a maximum at 52 K is ascribed to the blocking
behavior of α-Fe2O3 particles on top of an almost constant signal in the interval of 5–250 K arising from
the larger Fe@α-Fe2O3 particles. The smallest particles of the Fe@α-Fe2O3 particles gradually cross their
blocking temperature TB with the temperature increasing above 250 K. At 300 K, however, only a minor
fraction of Fe@α-Fe2O3 is superparamagnetic, explaining the monotonous increase in the FC branch;
moreover, the interparticle interactions [51] among LAL-generated particles [43] of the magnetic core-shell
particles are supposedly not strong enough to cause collective magnetic freezing to enter a spin-glass state.

We do not observe any sharp change of the magnetization, which indicates the absence of
the Morin transition in α-Fe2O3. Previous reports have shown that in small α-Fe2O3 particles with
diameters below 19 nm (cf. Figure 1a–d), the Morin transition occurring in bulk α-Fe2O3 is smeared
out over a wide temperature range or even completely suppressed [52,53]. This leads to weakly
ferromagnetic α-Fe2O3 for all considered temperatures. The blocking behavior with TB = 52 K
at the peak position can be translated to an effective magnetic anisotropy energy density Keff via
Keff·V = 25 kBTB with V the particle volume and kB Boltzmann’s constant. The factor of 25 is the
natural logarithm of the product of the measurement time window of SQUID magnetometry (10 s)
and the intrinsic attempt frequency of about 1010 Hz [53]. For 4–5 nm hematite nanospheres, as in
our cases, Keff is calculated to be 2.7–5.4 × 105 J/m3. Bödker et al. extracted an energy barrier of
300–600 K for 16 nm which translates to Keff = 0.5–1.1 × 105 J/m3 [53] and a strongly increasing Keff
when the particle size is reduced, reaching a maximum value of 2.4 × 105 J/m3 for 5.9 nm particles
at the smallest investigated diameter [54]. In this light, the obtained results for the 4–5 nm α-Fe2O3

particles convincingly extend the size dependence to smaller diameters.
Despite a very broad size distribution, the α-Fe2O3 particles synthesized by fs-LAL possess the lowest

blocking temperature of 52 K among all α-Fe2O3 particles synthesized by LAL [2]. The blocking
temperature of FeOx particles synthesized by the ns-LAL of Fe in water was ca. 220 K, which corresponds
to the particle size of 15 nm [14]. The ps-LAL of Fe in ethanol gave rise to the formation of Fe3O4/Fe3C
mixture colloids which had a bimodal size distribution with maxima at ca. 3 nm and ca. 12 nm [21].
Because of the generation of a greater amount of small particles by ps-LAL, the blocking temperature
down-shifted to 120 K when the applied field was 50 Oe [21]. According to the previously reported
relationship between the blocking temperatures and particle sizes [20], it is estimated that the average size
of Fe3O4/Fe3C mixture colloid obtained by ps-LAL in ethanol was ca. 9 nm. In the case of fs-LAL shown
in this work, the blocking temperature is further lowered to 52 K, which corresponds to the particle size
of ca. 4–5 nm for α-Fe2O3.
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3.3. Formation Mechanism

Considering the advantage of fs-LAL over ps-LAL, and ns-LAL enabling the synthesis of ultrasmall
magnetic particles with lower blocking temperatures, the formation mechanism of both Fe@C, Fe@FeOx

and ultrasmall α-Fe2O3 particles is here proposed to show the uniqueness of the fs-LAL process. The large
size difference between ultrasmall α-Fe2O3 clusters of several nm and large core-shell particles with sizes
ranging from tens of nm to 130 nm indicates that large particles do not form through particle growth
mechanism but form through ejection of large Fe particles during LAL [55]. The ultrasmall α-Fe2O3

particles less than 10 nm (Figure 5g) should form due to phase/Coloumb explosion mechanism for fs-LAL.
In contrast, owing to the thermal ablation mechanism, the sizes of the majority of the small particles
inside the cavitation bubble are already 12 nm for ns-LAL [56]. The particle growth after bubble collapse
often leads to a further increase in the particle sizes. Therefore, despite a small amount of large Fe particle
ejection due to thermal effects during fs-LAL, the main “cold” process of fs-LAL is more efficient at
generating ultrasmall particles than both ps- and ns-LAL.

Due to the plasma-induced decomposition of acetone molecules and the dissociation of the dissolved
oxygen (Figure 9a) [57], O radicals are generated during fs-LAL of Fe in acetone, which may react with
the surrounding Fe atoms (generated from plasma-induced target material atomization) to form FeOx

clusters (Figure 9b). However, due to the existence of limited oxygen, the main products generated from
the plasma phase are pure Fe clusters. The sizes of Fe and FeOx clusters may increase slightly during
bubble expansion (Figure 9c) by coalescence. Inside the cavitation bubble, reductive gases [58] such as H2,
CO and CH4 reduce FeOx, which results in the formation of pure Fe particles (Figure 8d). After bubble
collapses (Figure 8e), the outer parts of large Fe particles are oxidized into FeOx shells containing a large
amount of α-Fe2O3 domains (Figure 9g), while the ultrasmall Fe particles are oxidized into α-Fe2O3

particles (Figure 9f,g). Due to the difference in local temperature and pressure as well as the variation in
oxygen abundance around Fe particles, Fe particles crystallize into α-Fe2O3 or Fe3O4 single crystals along
different crystallographic orientations. It is also possible that (1) reductive gases in the cavitation bubbles
inhibit complete oxidation of Fe into FeOx and their further polycrystallization; (2) during bubble collapses,
the shock waves [59] render small α-Fe2O3 crystals with high kinetic energy to make them quickly eject
towards the already formed Fe@FeOx particles to be captured by FeOx shells as single domains.

Figure 9. (a–f) Schematic of formation mechanism for Fe@α-Fe2O3 particles by fs-LAL of Fe in acetone.
Oxygen radicals that react with Fe atoms to from FeOx come from fs laser induced decomposition of
acetone and dissolved oxygen. Fe: grey color, C: black color, α-Fe2O3: red color, other FeOx phases: green
and blue color. Note that the shockwaves [59] generated during bubble collapse can push the already
formed α-Fe2O3 ultrasmall particles towards Fe@FeOx particles to be captured by the FeOx shells.

117



Nanomaterials 2018, 8, 631

Extremely superfast cooling of the molten Fe droplets inhibits their crystallization so that a-Fe
rather than crystalline Fe particles form after LAL. The cooling rate required for a-Fe formation ranges
from 105 to 107 K/s [60], which can be easily obtained during the ultrafast quenching of LAL-generated
plasma (thousands of Kelvin quenching within a submicro-second interval [61]). During the ejection
of the molten Fe particles from the ablated target, they interact with acetone molecules, as a case of
the electric explosion of steel in carbon-rich liquids [62,63], resulting in the formation of carbon atoms
and other carbonaceous byproducts, which then precipitate on Fe particles to form C-shells. During their
precipitation, Fe particles with high surface activity act as catalysts to facilitate the formation of onion-like
carbon shells. The presence of carbons on the Fe particles inhibits particle growth and coalescence [4] and
prevent surface oxidation, leading to the formation of Fe@C core-shell particles (Figure 3f–g).

Under the impact of the high-temperature and high-pressure environment in the plasma phase of
fs-LAL, the atomization/ionization of carbon impurities in the iron substrates and the decomposition
of the acetone molecules [64,65] occur simultaneously (Figure 9a), which leads to the formation of free
C clusters. Besides pure carbon, polycyclic structures may be also generated through the interaction
between Fe particles and organic solvents [63], which may precipitate on the already particles to make
them evolve into networks. In consequence, the stability of the colloids decreases during storage and
results in the precipitation of particles (Figure 7).

4. Conclusions

This work has demonstrated the capability of synthesizing large Fe@α-Fe2O3 and small α-Fe2O3

particles which are practically completely split in the size histogram. Four to five nanometer α-Fe2O3

particles exhibit a low blocking temperature of 52 K by fs-LAL in acetone, among the lowest ever achieved
by LAL. From superparamagnetic blocking, an effective magnetic anisotropy Keff = 2.7–5.4 × 105 J/m3

has been estimated which extends previous investigations convincingly towards smaller hematite
particle sizes. Surprisingly, most small α-Fe2O3 particles were single-crystalline, and so the possibility
of synthesizing single-crystalline particles by LAL was demonstrated. Because of the dominant mass
of large Fe@α-Fe2O3 and Fe@C particles (10–100 nm), all nanoblends show a soft magnetic behavior
with saturation magnetization (Ms) and coercivities (Hc) values of 72.5 emu/g and 160 Oe at 5 K
and 61.9 emu/g and 70 Oe at 300 K, respectively, which mainly originate from amorphous Fe core
particles. Previously, ZFC/FC curves were seldom investigated as compared to hysteresis curves for
LAL-generated magnetic particles. Here, it was shown that the blocking temperatures in the ZFC curves
can be used to estimate the sizes of small magnetic particles.
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Abstract: Shape- and size-controlled metallic nanoparticles are very important due to their wide
applicability. Such particles have been fabricated by chemosynthesis, chemical-vapor deposition,
and laser processing. Pulsed-laser deposition and laser-induced dot transfer use ejections of molten
layers and solid-liquid-solid processes to fabricate nanoparticles with a radius of some tens to
hundreds of nm. In these processes, the nanoparticles are collected on an acceptor substrate. In the
present experiment, we used laser-interference processing of gold thin films, which deposited
nanoparticles directly on the source thin film with a yield ratio. A typical nanoparticle had
roundness fr = 0.99 and circularity fcirc = 0.869, and the radius was controllable between 69 and
188 nm. The smallest radius was 82 nm on average, and the smallest standard deviation was 3 nm.
The simplicity, high yield, and ideal features of the nanoparticles produced by this method will
broaden the range of applications of nanoparticles in fields such as plasmonics.

Keywords: femtosecond laser; interference; laser processing; melt; nanoparticle; gold; thin film

1. Introduction

Shape- and size-controlled metallic nanoparticles have a variety of applications in the fields of
plasmonics, catalysts, biology, etc. Such nanoparticles have been fabricated by chemosynthesis [1,2],
chemical-vapor deposition [3], electron-beam lithography [4], laser processing, etc. In laser processing,
pulsed-laser deposition (PLD) [5–7] and local melting of thin films have been employed, with the latter
technique using melting and re-solidification of the film [8–11]. For area processing by a Gaussian
beam, the particle sizes are dispersed due to the Rayleigh instability criterion [8]. On the other
hand, localization of the melt area by patterned illumination using a mask to avoid the effects of the
Rayleigh instability results in a relatively uniform size distribution [9–11]. In this case, the thin film is
ablated through the mask, and the rest of the source thin film melts, shrinks, and forms nanoparticles.
The laser-interference processing technique has also been applied to metallic thin films. Using this
technique, liquid structures such as nanodrops [12–15], nanobumps, and nanowhiskers [13–17] have
been fabricated for cases where the thermal-diffusion length is short when compared to the period of
the interference pattern. In these processes, motions of the liquid source metal are induced periodically
in space by the interference pattern, and nano-sized structures freeze simultaneously after photon
and emission of radiation. We call this mechanism the solid-liquid-solid (SLS) [16], in contrast to the
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vapor-liquid-solid (VLS) mechanism that is used to generate one-dimensional (1D) nanomaterials [18].
In nanowhisker generation, nanodrops detach from the nanowhiskers and remain on the source target,
but they blow off before morphological measurements can be carried out. In some other experiments,
a single-focus spot has been employed in the laser-induced dot transfer (LIDT) technique [19–22].
This is a variation of the laser-induced forward transfer (LIFT) technique [23–25] where a nanoparticle
from a source film is caught on an acceptor substrate.

In the present experiment, we collected gold nanoparticles directly on the source target without
requiring an acceptor substrate (Laser-Induced Dot caught On Source target; LIDOS). We measured
the morphologies of the nanoparticles using scanning electron microscopy (SEM) without any cleaning
of the target. We analyzed the dependence of the size distributions of the nanoparticles on parameters
such as the film thickness and fluence. The results that we obtained are supported by a model that
explains the formation mechanism.

2. Materials and Methods

Our experimental setup is shown in Figure 1. We used a femtosecond laser beam (IFRIT, Cyber
Laser, Tokyo, Japan) operating at 785 nm with a 240 fs (full-width at half-maximum, FWHM) pulse
width. The beam was split by a diffractive optical element, which was optimized to the wavelength
(the diffraction efficiency was approximately 60%) to generate four first-order diffracted beams.
The four beams were focused on the surface of the target via a demagnification system, for which
the focal lengths of the achromatic lenses were f1 = 300 mm and f2 = 40 mm. The original beam
diameter was 6.0 mm (FWHM at 1/e2), which was de-magnified to 0.8 mm. The zeroth-order beam
was dumped. The correlation angle was θ = 16.7◦, and the period of the interference pattern was
Λ = 19.3 μm. For this experiment, we chose a gold thin-film target, which has surface-plasmon
resonance [26] and stability. We deposited the films on silica-glass substrates by magnetron sputtering
and was electrically insulated from the earth. All of the experiments were performed using a single
shot of laser irradiation at atmospheric conditions. We imaged the surface structures of the films using
SEM (JEOL, JSM-7400FS, Tokyo, Japan).

Figure 1. Experimental setup. The pulse width of the laser was 240 fs and the wavelength was 785 nm.
DOE (diffractive-optical element) split four 1st order diffracted beams. f1 = 300 mm and f2 = 40 mm.

3. Results and Discussion

Figure 2 shows a top view of the structures fabricated with different film thickness. The target-film
thickness, the average fluence over the interference pattern, the average radius and its standard
deviation (s.d.) are summarized in Table 1. The precise lattice structures with Λ = 19.3 μm period
were determined by the interference pattern. For the thinner film of 40 nm thickness, the nanoparticles
were found to lie on the source target at random locations, as shown in Figure 2a-1. The circular black
holes are the areas from which the particles were ejected and through which the substrate surface
appeared. Figure 2a-2 is a magnified view of Figure 2a-2, and demonstrates that particles with good
roundness could be fabricated. The average radius of the nanoparticles was 188 nm, and the standard
deviation was 7 nm. The yield ratio, which is the number of nanoparticles relative to the number of
holes, was 83% in the field of view in Figure 2a-1. Figure 3 shows a high-resolution SEM (HR-SEM)
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image of the same field with 100,000× magnification. The surface of the nanoparticle was smooth,
and some nanostructures smaller than 10 nm adhered to the surface; these may have been smaller
nanoparticles that had condensed from the gold vapor. The radius of this nanoparticle was 174.8 nm.
The circularity fcirc and roundness fr of the nanoparticle were defined by the following equations:

fcirc = 4πS/P2 (1)

fr = 4S/(2a)2, (2)

where S is the surface area of the nanoparticle; P is the perimeter; and 2a is the length of the major axis,
assuming the shape to be an ellipsoid. For this nanoparticle, we obtained fcirc = 0.869 and fr = 0.99,
so it was a fairly round sphere with a slightly rough surface. Note that fcirc is affected by the resolution
of the SEM.

Figure 2. Scanning electron microscopy (SEM) images of the target surface with different film thickness.
(a-1) 40 nm; (b-1) 50 nm; (c-1) 60 nm; and (d-1) 100 nm, and their magnified images on right column:
(a-2) 40 nm; (b-2) 50 nm; (c-2) 60 nm; and (d-2) 100 nm. The experimental parameters and results are
summarized in Table 1. The white bars in the images on the left and right columns represent 5 μm and
500 nm, respectively.

Table 1. Parameters and results for the experiments shown in Figure 2, Figure 3, and Figure 6. In the
case of Figure 2c, nanoparticles should adhere to the edge of holes of the film and not be separated.
In the case of Figure 2d, the nano-structure was nano-projecting, not nanoparticle.

Parameter
Figure 2(a-1,a-2),

Figure 3
Figure 2(b-1,b-2) Figure 2(c-1,c-2) Figure 2(d-1,d-2) Figure 6(a-1,a-2) Figure 6(b-1,b-2) Figure 6(c-1,c-2)

film thickness (nm) 40 50 60 100 30 40 40
fluence (mJ/cm2) 73.2 73.2 73.2 73.2 58.6 58.6 169.9

averaged radius (nm) 188 170 82 69 n.d. 137 138
standard d. (nm) 7 3 5 9 n.d. 10 27
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Figure 3. Observation with high-resolution scanning electron microscopy (HR-SEM) of a single
nanoparticle shown in Figure 2a-1. The film thickness was 40 nm, and the fluence was 73.2 mJ/cm2.
The radius was 175 nm. The white bar in the image represent 100 nm.

When the film thickness was 50 nm, smaller nanoparticles were fabricated, as shown in
Figure 2(b-1,b-2). Most remained on the lower left sides of the holes, but the reason for this is
not known. The yield ratio was 93%. The standard deviation of the radius was 3 nm, which was the
smallest dispersion in this experiment. When the film thickness was 60 nm, smaller nanoparticles
always remained on the lower right edges of the holes, as shown in Figure 2(c-1,c-2). The yield ratio
of the field of view was 100%. When the thickest film of 100 nm was used, only the textured surface
of the gold film was seen, as shown in Figure 2(d-1,d-2). White spots, which show the existence of
projecting structures, could be seen at the centers of the depressions in the processed area. Owing to
the thickness of this film, none of these depressions punched through to expose the substrate.

The radius as a function of film thickness is summarized in Figure 4. The smallest film thickness
was 40 nm. The radius of the nanoparticles was smaller than 200 nm in all cases. It is apparent that the
radius of the nanoparticles decreased as the film thickness increased from 40 to 60 nm. The results
that we obtained are supported by a model that explains the formation mechanism, as shown in
Figure 5 [16,27,28]. For every thickness, the films were almost opaque at 785 nm. As the thermal
conductivity of gold at room temperature is far higher than that of silica glass, the temperature
distribution along the substrate is normal inside the gold film levels immediately. As a result, the rise
in temperature is inversely proportional to the mass of the film, as illustrated in the top curves in the
figure. For the thinner film shown in Figure 5a, the region at temperatures above the melting point
(Tm.p. = 1064 ◦C) was wider than that for the thicker films, as illustrated in Figure 5b,c. The molten layer
was launched from the substrate by the reaction to volumetric expansion during the solid-to-liquid
phase transition, as shown in Figure 5a-i. It was then squeezed and formed a nanoparticle due to
surface tension, as in Figure 5a-ii. It solidified because of cooling by photon emission, and could then
be pulled by electrostatic forces and adhered to the target surface, as shown in Figure 5a-iii. Most of
the nanoparticles adhered to the metal surface because of the metallic bond. However, when the film
was too thin, as shown in Figure 6(a-1,a-2), the region simply boiled away.
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Figure 4. The radii of the nanoparticles as a function of film thickness. The fluence was 73.2 mJ/cm2.
The error bars reflect the s.d.

For the film thickness of 50 nm, the temperature was lower, which resulted in a less-effective
launch, as shown in Figure 5b-i. A nanoparticle is formed at the top center of the molten layer because
of surface tension, as illustrated in Figure 5b-ii. If it freezes at this time, it can form a nanodrop on a
hollow bump [12], or a nanowhisker [16,17], which is left after the nanoparticle detaches. The resulting
nanoparticles are left on the processed area or squeezed to the edges of the holes by surface tension,
as illustrated in Figure 5b-iii and shown in Figure 2b,c. For a film thickness of 100 nm, a hole could
not be punched through the gold film at the given fluence, as shown in Figure 2(d-1,d-2). In this case,
the motion of the molten layer resulted in a textured film surface, as shown in Figure 5c-i–c-iii.

Figure 5. Schematic illustration of the solid-liquid-solid (SLS) process. Each panel illustrates the
temporal change of a spot in an interference pattern. The correspondence with the results shown in
Figure 2 is noted on the bottom. From (a–c), the thickness of the film is listed as following: (a), 40 nm;
(b), 50 and 60 nm; (c), 100 nm.
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Figure 6. SEM images of the target surface. (a-1) film thickness was 30 nm, and fluence was 58.6 mJ/cm2;
(b-1) film thickness was 40 nm, and fluence was 58.6 mJ/cm2; (c-1) film thickness was 40 nm, and fluence
was 169.9 mJ/cm2. Pictures on the right column are the corresponding magnified images: (a-2) film
thickness was 30 nm, and fluence was 58.6 mJ/cm2; (b-2) film thickness was 40 nm, and fluence
was 58.6 mJ/cm2; (c-2) film thickness was 40 nm, and fluence was 169.9 mJ/cm2. The experimental
parameters and results are summarized in Table 1. The white bars in the images on the left and right
columns represent 5 μm and 500 nm, respectively.

The radius of the nanoparticles as a function of the fluence are summarized in Figure 7 for a
film thickness of 40 nm. The radius was smaller than 200 nm in all cases. It is interesting that mixed
nanoparticles such as singles and twins were produced, as shown in Figure 6(b-1,b-2). In Figure 7,
data for single particles are plotted. It is interesting that the formation of twins or multiple droplets
in a string is seen also in the behavior of water solutions [29]. The process of drop detachment was
controlled in those experiments by dissolving polymeric molecules, thus changing the viscoelasticity of
the solution. In our case, it may be possible to control multiple-nanoparticle formation by changing the
material, e.g., using silver, chromium and alloys to obtain different values of viscoelasticity. When the
fluence was at the highest value that we employed, 169.9 mJ/cm2, the process caused more spattering.
As can be seen in Figure 6(c-1,c-2), the standard deviation of the radius was highest, 27 nm.

Figure 7. Radius of nanoparticles as a function of fluence. The film thickness was 40 nm. The error
bars reflect the s.d.
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We now compare this method with others. The roundness of the nanoparticles produced in this
experiment was excellent, and the radius controllable between 69 and 188 nm. In PLD, the radii of the
nanoparticles that condensed from the gas phase ranged from a few nm to some tens of nm [5,6]. On the
other hand, the droplets fabricated by PLD were some hundreds of nm in radius [7]. Using LIDT,
nanoparticles with radii smaller than 250 nm can be fabricated [19,30]. Electron-beam lithography is
utilized for fabricating aligned nanoparticles a few nm in diameter [4]. Chemosynthesis can be used
to fabricate nanoparticles and nanorods with radii of a few nm in both structures [1]. In summary,
this technique is a good alternative to PLD or LIDT, and can generate nanoparticles with radii of tens
or hundreds of nm via the SLS process.

4. Conclusions

Using the SLS process, we successfully fabricated gold nanoparticles with radii of tens to
hundreds of nm and good roundness-which were subsequently deposited on the source substrate-using
irradiation through the interference pattern of a fs laser. The film thickness and fluence were the
key parameters for controlling the sizes of the nanoparticles, with a thinner film resulting in a larger
nanoparticle radius. The smallest radius was 82 nm on average, and the smallest standard deviation
was 3 nm. A typical nanoparticle was found to have roundness fr = 0.99.

Compared with the methods such as chemosynthesis, VLS and PLD, SLS is useful for fabricating
pure and uniform nanomaterials. No catalyst or chemosynthetic solution is required, and a more
uniform size distribution will result in better plasmonic resonance properties. We anticipate that
different source materials such as metals, alloys, and non-metals with plasticity can produce
nanoparticles using the SLS mechanism. The process is very simple and does not require cleaning,
temperature control, evacuation, purification, etc. These advantages will broaden the range of
applications for such nanoparticles.
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Abstract: Simultaneous emission of the THz wave and hard X-ray from thin water free-flow was
induced by the irradiation of tightly-focused femtosecond laser pulses (35 fs, 800 nm, 500 Hz) in
air. Intensity measurements of the THz wave and X-ray were carried out at the same time with
time-domain spectroscopy (TDS) based on electro-optic sampling with a ZnTe(110) crystal and a
Geiger counter, respectively. Intensity profiles of the THz wave and X-ray emission as a function of
the solution flow position along the incident laser axis at the laser focus show that the profile width of
the THz wave is broader than that of the X-ray. Furthermore, the profiles of the THz wave measured
in reflection and transmission directions show different features and indicate that THz wave emission
is, under single-pulse excitation, induced mainly in laser-induced plasma on the water flow surface.
Under double-pulse excitation with a time separation of 4.6 ns, 5–10 times enhancements of THz
wave emission were observed. Such dual light sources can be used to characterise materials, as well
as to reveal the sequence of material modifications under intense laser pulses.

Keywords: femtosecond laser; intense laser; water; THz wave; time-domain spectroscopy; X-ray;
ablation; double-pulse excitation; plasma; z-scan; intensity enhancement

1. Introduction

An intense (>1013 W/cm2) femtosecond laser at near-IR (photon energy ∼1 eV) and matter
interaction [1–3] induce highly-nonlinear optical processes and result in photon conversion to an X-ray
of several-keV [4], as well as to a THz wave at meV [5] in association with the white light continuum
in the visible spectral range [6]. Strong laser ablation of solid and solution targets also occurs, which
is usually associated with the production of laser plasma [7]. Studies of such photon conversion
mechanisms for different applications [8–10] have been carried out separately for widely different
wavelengths. Experimental techniques based on the X-ray or THz wave have been contributing
immensely to basic physics and chemistry/material science [10–13], have expanded the understanding
of the basic mechanisms of intense laser-matter interaction and have contributed to laser-material
processing/printing [14].
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Gases [15–18], atomic clusters [19–21] and solids [22,23] have been used as targets for THz wave
emission from the laser-induced plasmas. Fast electron motions accelerated by laser ponderomotive
forces [15,18,19] and the four-mixing process induced by two-colour excitation [17] have been proposed
as THz emission mechanisms from laser-induced plasmas. Although such laser-induced plasmas of the
solid targets generate a powerful THz wave because of the high plasma densities, there are problems
with the instability of the intensity and a limitation in the successive delivery of laser irradiation
to the target. The use of liquids or solutions as targets is promising since solutions have moderate
atomic density (∼1022 cm−3) and ease of the delivery, but there have been no reports with liquid
targets (water) until recently [5,24]. As for intense laser-induced X-ray emission, it has been widely
studied with solids [15,25–28] and solutions [29–38]. One advantage of using solutions, e.g., water, as
a target sample is that a fresh and smooth surface can be easily prepared for each laser irradiation even
under intense laser irradiation at high repetition rates. Furthermore, the addition of solute chemical
agents such as electrolyte, CsCl for instance [39], with different concentrations or nano-particles, gold
for instance [40], with different shapes and sizes into water makes it possible to explore different
excitation/absorption mechanisms and to control the spectral characteristics of X-ray sources by
utilizing solute-dependent monochromatic characteristic X-ray lines and broad components mainly
based on bremsstrahlung.

Simultaneous emission of the THz wave and X-ray and combined usages of THz wave and
X-ray pulses have recently been introduced as readily-available table-top realisations [41]. To date,
experiments on such simultaneous emission with a Al-coated glass substrate [15] and gas targets,
He [15] or Ar [20], in vacuum chambers were reported. This type of work, though the numbers of such
reports are still quite limited, will be the first step for the discussion of the conversion of near-IR (eV)
laser photon energy into photons at the two ends of the spectrum, several-keV (X-ray) and meV (THz
wave), and will contribute well to other fields like material sciences. One important parameter for the
synchronized emission of the X-ray and THz wave for practical applications is their intensities. It has
been reported that chirped femtosecond laser pulses enhance THz wave emission from water [24] and
the X-ray from aqueous solutions [42]. In cases of X-ray emission from aqueous solutions, double-pulse
excitations [37,43] and the addition of solutes such as electrolytes [37] or gold nano-particles [40] to
water are also reported to be effective for the X-ray intensity enhancements. For THz wave emission,
one recent experimental study with double-pulse excitation to gas-clusters in a vacuum chamber [21]
was reported, but the inter-pulse delay time was limited to 0.5 ns. One advantage of the solution targets,
in addition to that described above, is the possibility of a transient solution surface roughening from
its original nano-smooth surface by a pre-pulse irradiation. Dynamic changes induced on the liquid
surface by plasma formation, capillary transient surface roughening instabilities and mist/droplet
formation associated with shock-wave expansion [44] contribute favourably to increased interaction
volume and augmented X-ray intensity up to more than an order of magnitude [37,43].

In this study, a simultaneous emission of the THz wave and hard X-ray in air using distilled water
as a target irradiated by tightly-focused near-IR femtosecond laser pulses and THz wave emission
enhancements under double-pulse excitation are presented.

2. Experimental Section

The experimental setup is shown in Figure 1a. A flat solution flow of distilled water with a
thickness smaller than 20 μm was prepared using a metal nozzle (Flatjet Nozzle LARGE, Metaheuristic,
Okayama, Japan), and the flow rate was regulated by a circulation pump (PMD-211, SANSO, Hyogo,
Japan) controlled by a conventional voltage regulator. The flow rate was set at <70 mL/min. The
nozzle was mounted to a rotational and 3D-automatic stages (KS701-20LMS, Suruga Seiki, Shizuoka,
Japan), and its position was finely set by a home-made LabView code, as reported previously [43].
Transform-limited femtosecond laser pulses (λ = 800 nm, >35 fs, 1 kHz, linearly-polarized, Mantis,
Legend Elite HE USP, Coherent, Inc., Santa Clara, CA, USA) were separated as two beams with different
polarizations by a half-wave plate (65-906, Edmund Optics, Barrington, NJ, USA) and a polarization
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beam splitter (47-048, Edmund Optics, Barrington, NJ, USA). Horizontally- and vertically-polarized
pulses were defined as the excitation pulse for X-ray/THz wave generation and the probe pulse for
the time-domain spectroscopy (TDS) for THz wave measurements [45,46], respectively. The repetition
rate of the excitation pulses was modulated by a wheel chopper (500 Hz, 3502 Optical Chopper,
New Focus, CA, USA) for TDS measurements, and the pulses were tightly-focused in air onto the
solution flow surface by using an off-axis parabolic mirror (OAPM, 1-inch diameter, the effective
focus length f = 50.8 mm, the reflection angle of 90 degrees and numerical aperture NA = 0.25,
47-097, Edmund Optics, Santa Clara, CA, USA). The incident angle of the excitation pulses along the
Z -axis to the solution normal was fixed at 60 degrees for the highest X-ray emission, as reported
previously [42]. Under these experimental conditions, each excitation pulse at a 500-Hz repetition rate
irradiates the fresh and flat solution flow. Experiments on double-pulse excitations with a pre-pulse
(vertically-polarized, 0.1 mJ/pulse, 4.6 ns in advance of the main excitation pulse) were also carried
out using an optical delay line (SGSP46-800, Sigma Koki, Tokyo, Japan).

Figure 1. (a) The experimental setup for the simultaneous measurements of THz wave (time-domain
spectroscopy (TDS)) and X-ray (Geiger counter). The femtosecond laser pulses (<35 fs, 800 nm, 500 Hz,
horizontally-polarised to the solution flow surface, i.e., p-pol.) were focused onto the solution flow;
ODL, optical delay line for TDS, L-plano-convex lens ( f = 50 cm). The thickness of ZnTe(110) crystal
for TDS was 1 mm; C, optical chopper (500 Hz) for TDS measurements. The parent focal lengths for
off-axis parabolic mirrors (OAPMs) (off-axis parabolic mirrors) were f = 50.8 mm (OAPM1, 1-inch
diameter), 101.6 mm (OAPM2, 2-inch), 152.4 mm (OAPM3, 2-inch) and 101.6 mm (OAPM4, 2-inch
with a hole in its centre for the probe), respectively. The distance between the laser focus and Geiger
counter was 12 cm. FM, flip-folding mirror for TDS measurements in the transmission direction. The
inset shows the close-up of the solution surface, the laser-water interaction region; (b) Representative
TDS signals from water flow when the laser intensity is 0.4 mJ/pulse in reflection and transmission
directions at the Z-position for the highest X-ray intensity and (c) their normalized spectra.

X-ray intensity was measured by a Geiger counter (SS315, Radhound, southern scientific, West
Sussex, UK). All the measurements were carried out in air under atmospheric pressure (1 atm) at
room temperature (RT = 296 K). Its observation angle was 15 degrees to the solution normal towards
the excitation side, and its distance from the laser focus was 12 cm. Therefore, it is certain that the
Geiger counter detects only X-ray, neither α- nor β-ray. THz wave signals were collected in reflection
(30 degrees to the solution normal, 90 degrees to the laser incident direction) and transmission
(along the excitation Z-axis) directions with two independent OAPMs (the reflected focal length
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f = 101.6 mm and 152.4 mm, the off-axis angle of 90 degrees, MPD249-M01, MPD269-M01, ThorLabs,
Newton, NJ, USA). As conventional TDS measurements, THz wave and the probe pulses after n
variable optical delay (TSDM60-20, OptoSigma, Tokyo, Japan) were focused to a 1 mm-thick ZnTe(110)
crystal (Nippon mining & metals Co., Ltd., Tokyo, Japan) by an OAPM (the reflected focal length
f = 101.6 mm, the off-axis angle of 90 degrees, MPD249H-M01, ThorLabs, Newton, NJ, USA) and
a plano-convex lens ( f = 50 cm), respectively. Lock-in measurements were carried out with a
balanced photo-diode (Model2307, New Focus, CA, USA) and a lock-in amplifier (SR830, Stanford
Research System, Sunnyvale, CA, USA). For measurements in the transmission direction, an additional
flip-folding mirror (FM) was set for the THz wave path to be bent; therefore, the total number of metal
mirrors for the transmission measurements was larger by one compared to that for the reflection.

One representative THz wave signal of water in reflection/transmission directions by the EO
sampling in TDS measurements is shown in Figure 1b. Detection efficiencies for the reflection and
the transmission directions, though their optical paths were shared partly, have not been calibrated;
therefore, the THz wave intensities and converted FFT spectra are not comparable quantitatively
between the signals in the two observation directions. A single cycle of the electric field oscillation was
clearly observed, and the vibration structure afterwards was also very distinct. This is reflected in their
Fourier-transformed emission spectra shown in Figure 1c as absorption bands at 1.1 and 1.4 THz due
to water vapour, as reported elsewhere [47]. Note that the spectra shown in Figure 1c are normalized.
This absorption is considered to be due to the water vapour in the atmosphere of the laboratory and
long-living micro-droplets (mist) formation in the vicinity of the water film induced by the laser
irradiation every 2 ms. The central frequencies of the observed THz wave were around 0.9–1 THz
for the reflection and the transmission. As discussed in detail below, the THz wave was emitted
from the area in the vicinity of the upstream-side of the air/water interface. In the transmission, the
THz wave transmitted through the water film. Water absorption in the THz wave region was well
studied recently, and a transmission experiment of the THz wave through 0.5 mm-thick water films
was recently demonstrated using TDS for precise measurements of temperature [48], the discussion of
which can be used for characterization of light-water interaction at high intensities. Under conventional
transmission conditions thorough 20 μm-thick water toward the transmission direction, but with the
incident angle at 60 degrees, the transmittance of the THz wave electric field intensity at 1 THz can
be estimated to be 0.64. Since water shows higher absorption at higher frequencies [48,49], the high
frequency components in the transmission are expected to be reduced compared with those in the
reflection. However, the observed spectra in the transmission showed a slight blue shift compared
to that in the reflection. It should be pointed out that the small shift can be due to an extrinsic effect
since the spectra obtained in the transmission and the reflection directions have not been calibrated in
this study. In the following, the relative intensities of the THz wave obtained in the identical direction
are discussed.

Under these conditions, X-ray and THz wave emission was induced at the same time and
measured simultaneously. Experiments were performed with different excitation laser intensities,
different solution positions along the Z-axis and under the double-pulse excitation. All the experiments
were carried out at atmospheric pressure at RT conditions.

3. Results and Discussion

3.1. Laser Intensity Dependences

Figure 2 shows the intensities of the X-ray and THz wave in the reflection and the transmission as
a function of the excitation laser intensity. The solution flow position along the Z-axis was optimized
for the highest X-ray intensity for each laser intensity. The highest intensity of X-ray was obtained when
the highest electron temperature, Te, was reached, hence for the strongest absorption of femtosecond
laser pulses. The X-ray emission in Figure 2a shows the slope γ = 2 scaling for this maximized
absorbed intensity. The absorbed energy density, Wabs, (per volume) is the relevant quantity that
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should be considered, since the free electron density, ne, is approaching the critical density, ncr, (plasma
reflection range) during the light absorption and Wabs ∝ ne

ncr
Fp, where Fp is the pulse fluence [43].

The absorbed energy density was defined by the mechanism of electron generation ne ∝ Im
p ∝ Fm

p
and determined by the corresponding exponent m (m = 1 for the linear absorption). The strongest
absorption took place when permittivity ε ⇒ 0 when material was transforming from dielectric to
metal-like [50]. Under these conditions, direct light absorption m = 1 was dominant regardless of the
initial nonlinearity required to excite free carriers and to decrease the real part of the permittivity. The
experimentally observed slope γ = 2 shown in Figure 2a of the X-ray intensity as a function of the
excitation laser intensity energy Ep (or Ip, Fp) was expected. This signifies a decreasing volume where
light was absorbed at the increasing electronic excitation. This was confirmed by femtosecond laser
ablation and etching where strong localization of modification took place at the very centre of the laser
irradiated spot [51].

Figure 2. Laser intensity dependencies of (a) X-ray and THz wave intensities (b) in the reflection and
(c) in the transmission. The laser polarization was horizontal to the solution flow, i.e., p-pol. During the
measurements, the solution flow position along the Z-axis was finely optimized for the highest X-ray
intensity at each laser intensity.

THz wave intensities measured in the reflection and the transmission are shown in Figure 2b,c,
respectively. For the 20 μm-thick solution flow, it showed different behaviours: THz wave emission in
the reflection was almost independent of the pulse intensity, while that in transmission was linearly
increasing ETHz ∝ Ep for the p-polarized laser excitation. At the used NA = 0.25, the geometric focus
diameter was d = 1.22λ/NA ∼ 3.9 μm, which for the smallest excitation laser intensity Ep = 0.1 mJ
defined the intensity Ip = Ep/(π(d/2)2tp) = 24 PW/cm2. The actual pulse intensity was considerably
lower than this calculation due to air breakdown and intensity clamping known in the filamentation of
femtosecond pulses [43]. Such high irradiance conditions are usually not explored in the studies of
THz wave emission, and low irradiance scaling is usually PTHz ∝ P2

l [52].
There have been controversial and various discussions on THz wave emission mechanisms from

laser-induced plasmas. As the first step for such discussions on water, however, it is meaningful to
learn discussions on similar experimental conditions with metal targets [52] to those in this paper
with water; under a grazing angle laser excitation, with flat solution flow and the THz wave radiation
from the flow surface. THz wave emission from solid flat surfaces under a grazing angle excitation,
α, (angle between the surface and the laser beam) was usually found to be much longer at ∼ 1 ps
(1 THz) than the excitation ultra-short laser pulse of tens of femtoseconds; the angle of incidence was
(α ∼ π/2) [53]. The excitation laser pulse was travelling on the surfaces at the velocity v = c/ cos α,
and the heated electrons emitted the THz field ETHz ∝ ∂Te/∂t ∝ E⊥/ sin α, where E⊥ is the light field
component perpendicular to the solid surface (p-component of the laser E-field), Te is the electron
temperature and c and t are the speed of light and time, respectively [52]. This Cherenkov-type
synchronism [52] explains THz wave emission in specular reflection, its polarization (defined by E⊥)
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and the angular dependence of the THz wave emission pattern on the light incidence angle for the s
and p−polarisations. The electron scattering mechanisms and their temperature dependence define
the strongly nonlinear scaling of the emitted THz power PTHz ∝ P4/(2−n)

l , where Pl is the laser pulse
power and n (n < 2) is the exponent defining the temperature dependence of the effective electron
collision frequency ν = ν0 + βTn [52]. Arguably, in the case of water, the plasma breakdown on its
surface acts like a metal mirror for the THz wave generated in the air breakdown region, as well as
from a plasma skin depth travelling on the flow surface at the slanted irradiation, as discussed above
(see the inset in Figure 1a). The transmission of the THz wave was weaker, but was linearly increasing
with the excitation laser intensity, as shown in Figure 2c. This is an indication of either a larger excited
volume or a higher temperature of electrons (considering that there was no strong difference in electron
scattering behaviour). The larger excited volume emitting the THz wave was one probable cause, since
the dependence of the THz wave emission on the axial position of optical femtosecond laser excitation
on the solution flow showed a wider axial width, as discussed next.

3.2. Z-Scan for THz Wave and X-ray Emission

Figure 3 shows the X-ray and THz wave intensity profiles at different solution positions along the
Z-axis when the excitation laser intensities were 0.2 and 0.7 mJ/pulse. The X-ray profile (Figure 3a)
showed an asymmetric feature with a longer tail to the upstream side. This reflects that the X-ray
emission mechanism was mainly related to laser-induced plasma formation [25]. When the solution
was set at the downstream side, the incident laser light was partly reflected by the self-induced plasma,
which resulted in the instantaneous degradation of X-ray intensity observed in the downstream side.
When the excitation laser intensity increased to 0.7 mJ/pulse (Figure 3c), the profile width became
broader from 44 μm to 50 μm with a broader tail, and this may indicate that the X-ray source size
became enlarged. X-ray emission spectra in the hard X-ray region from water under these experimental
conditions [38,39] showed a broadband emission due to bremsstrahlung with no characteristic lines
since such bands of oxygen and hydrogen are far in the longer wavelength region [54] and the estimated
electron temperature, Te, was up to 2 keV at the highest [38,39].

The peak position of THz wave emission in the reflection direction (Figure 3b) was almost the
same as that of X-ray emission though its width of THz wave emission was apparently broader at
225 μm compared with X-ray emission. This implies that there is a mechanism to enhance the THz
emission from the water plasma with low electron density and temperatures when the focal point
is far from the water film. One possible mechanism is the four-wave mixing/optical rectification
process [17] in which the second harmonic (400 nm) component of the white light continuum was
generated in air at the focal point by self-phase modulation and the residual excitation laser pulse
was mixed, which resulted in the enhancement of THz wave emission from the water plasma at the
far sides from the peak position. On the other hand, the profile width when the laser intensity was
0.7 mJ/pulse (Figure 3d) became as narrow as the width of the X-ray emission, which indicates that
the mechanism of laser-induced plasma formation dominated more in THz wave emission when the
laser intensity increased. THz wave emission from only air was negligibly small; however, when the
solution position was set far from the laser focus z > 200 μm at the downstream side, the emission
became relatively dominant, as shown in Figure 3b.

In the transmission, THz wave emission changed its nature from that in the reflection. When the
laser intensity was 0.2 mJ/pulse, intensity degradation at the peak position for THz wave emission
in the reflection was clearly observed (Figure 3b). In addition, local peaks at the upstream side
(z = −135 μm) and the downstream side (z = 24 μm) were observed as indicated by red arrows.
This feature may be assigned to the laser-induced plasma especially, at Z-positions close to the THz
wave emission peak in reflection; the laser-induced plasma reflected THz wave radiation. Under
this hypothesis, at the positions indicated by the red arrows, the plasma density reached its critical
density for THz wave, defined as ωp =

√
nee2/meε0, where ωp, ne, e, me and ε0 are the plasma cyclic

frequency, electron density, its mass and permittivity. The critical electron density ne = ncr was
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1.23 × 1016 cm−3 for 1 THz. The Debye length, λD, could be also estimated to be about 2.3 μm with Te

at 2 keV [38,39]. Similarly, when the laser pulse energy increased to 0.7 mJ/pulse (Figure 3d), such
features were clearly observed, and the position range along the Z-axis with the plasma density higher
than critical ncr = 1.23 × 1016 cm−3 was changed from Δz1 = 159 μm (0.2 mJ/pulse) to Δz2 = 229 μm
(0.7 mJ/pulse) along the Z-axis. As in the discussion of Figure 3b described above, the broad tails
at the upstream and the downstream sides can be assigned to optical coherent processes such as
four-wave mixing. Its relative intensity at the tails to the intensity close to zero-position was increasing
if compared to the case with 0.2 mJ/pulse (Figure 3b), which was considered to be the result of the
dominant plasma effect at the zero-position when the laser intensity was higher. Furthermore, similarly
to the case of the reflection shown in Figure 3b, THz wave emission from air became dominant when
the solution position was far from the laser focus and was observed as the constant THz wave intensity
at the solution position z > 250 μm at the downstream side. For all the excitation laser intensities, the
high reflectivity correlated with low transmittance of the water film target.

Figure 3. X-ray (a) and THz wave (b) intensities as a function of the flow position along the Z-axis when
the laser intensity was 0.2 mJ/pulse and 0.7 mJ/pulse (c,d); Red arrows in (b,d) for the transmission
indicate the Z-positions at (b) −135 μm and 24 μm (Δz1 = 159 μm) and (d) −167 μm and 62 μm
(Δz2 = 229 μm), respectively.

3.3. THz Wave Intensity Enhancements under Double-Pulse Excitation

One experiment for THz wave emission enhancements was performed under a double-pulse
excitation. Figure 4 shows X-ray emission (a) and THz wave emission (b,c) with the pre-pulse
(0.1 mJ/pulse, vertically-polarized, s-pol.) with the delay time of 4.6 ns in advance of the main pulse
(0.4 mJ/pulse, horizontally-polarized, p-pol.) irradiation. X-ray emission apparently showed an
intensity enhancement under the double-pulse excitation, as expected [37,38]. One additional peak
at the downstream side was also clearly discernible, as reported recently [43]. With a time delay of
4.6 ns between the pulses, the initial processes of water film ablation and transient surface roughening
under action of capillary forces and micro-droplet formation (mist) at the close position to the initial
location of the solution surface, all induced by the pre-pulse irradiation, caused a more effective
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coupling of the main pulse with such a modified solution surface. The enhancement was caused by
multiple scattering, local refocusing of light by droplets and the perturbed surface, which resulted in
the X-ray intensity enhancement, which can reach an order of magnitude and is useful for practical
applications. THz wave emission in the reflection (Figure 4b) was also enhanced about five times,
and the profile width under the double-pulse excitation became narrower at 52 μm as compared with
the 106 μm width under the single-pulse excitation. The profile of THz wave emission along the
Z-axis under the double-pulse excitation showed only a single peak at the centre as in the case of the
single-pulse excitation, which was different from the profile of X-ray emission with the additional peak
at the downstream side. This is consistent with requirement of thermal gradients lasting ∼1 ps for
∼1 THz emission, which are less likely on a fragmented water film, while X-ray emission is maintained
by hot plasma and geometrical factors are less important. A detailed investigation is needed using
time-resolved shadowgraphy to reveal the geometrical evolution of the disintegrating water surface. In
the case of THz wave emission in the transmission, the profile showed an apparent change (Figure 4c),
namely the intensity was enhanced more than ten times, and the profile along the Z-axis changed to a
single peak from the profiles with a dip at its centre, as shown in Figure 3b,d. Under the pre-pulse
irradiation condition, transient surface roughness, droplet (mist) formation and hole formation on
the solution flow were expected at a delay time of 4.6 ns [37]. These initial processes of laser ablation
induced by the pre-pulse irradiation may cause the enhancements of THz wave emission especially in
the transmission direction.
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Figure 4. Z-position-dependent intensities of the X-ray in log-scale (a), the THz wave in the reflection
(b) and the transmission (c) under the double-pulse excitation condition. Filled circles are under the
single-pulse excitation condition, and open circles are under the double-pulse excitation condition,
where the laser intensities for the main excitation pulse (horizontally-polarized, p-pol.) and the
pre-pulse (vertically-polarized, s-pol., 4.6 ns in advance of the main pulse) were 0.4 mJ/pulse and
0.1 mJ/pulse, respectively.

4. Conclusions and Outlook

This study reports the demonstration of the dual X-ray and THz wave simultaneous emission
from water flow irradiated by focused femtosecond laser pulses in air. Different characteristic features
of THz wave emission, which are associated with X-ray emission, in the reflection and the transmission
under the single-pulse excitation were clearly revealed. Enhancements of THz wave emission under
the double-pulse excitation up to 5–10 times were also shown and indicated that further enhancements
of THz wave emission are expected by optimizing the laser excitation conditions. Another option as
laser parameters to enhance THz wave emission is laser chirp [24] or double-colour excitation with
the fundamental and the second harmonic, expecting efficient augmentation of energy delivery to the
target via an optical process such as four-wave-mixing [17]. Various solution samples can be utilised as
targets, since X-ray emission from water is also enhanced by the addition of electrolyte [39] and gold
nano-particles [40]. Other materials such as bismuth [55] and copper [56] can be also used as targets
at the tested high-irradiance conditions. Interaction of the X-ray or THz wave with matter originates
with electrons at keV or meV, in other words with electrons bound in inner-shells or with structural
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absorption resonances, respectively. Based on the basics, X-ray and THz wave science and technology
for spectroscopy and imaging have made their progress independently [57,58]. Under experiments
in water or at atmospheric pressure, ultrasound emission is also expected [59], and super-resolution
photoacoustic imaging is also further developed [60]. With synchronized X-ray and THz wave emission
as introduced in this paper, not only for the basic mechanism study on THz wave emission from
aqueous solutions based on laser-plasma dynamics, but also combined synchronous usages of X-ray
and THz wave or ultrasound are expected to contribute well to studies on nanomaterials from the
nano-scale viewpoints to macro-scales.
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