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: amethod based on laser induced periodic surface structure (LIPSS) is presented. In typical LIPSS,
multiple lines with a certain spatial periodicity, but often not well-aligned, were produced. In this
work, well-controlled and aligned nanowires and nanogrooves with widths as small as 40 nm and
60 nm with desired orientation and length are fabricated. Moreover, single nanowire and nanogroove
were fabricated based on the same mechanism for forming multiple, periodic structures. Combining
numerical modeling and AFM/SEM analyses, it was found these nanostructures were formed through
the interference between the incident laser radiation and the surface plasmons, the mechanism for
forming LIPSS on a dielectric surface using a high power femtosecond laser. We expect that our method,
in particular, the fabrication of single nanowires and nanogrooves could be a promising alternative for
fabrication of nanoscale devices due to its simplicity, flexibility, and versatility.

For the past decades, great progress has been achieved in ultrafast laser fabrication including femtosecond laser
direct writing (FsSLDW)!-3, making it a powerful tool to create two and three dimensional (2D and 3D) microm-
eter and sub-micrometer structures®® for photonic®-8, biomedical®!’, microfluidic'"'2, and electronic applica-
tions'*'>. In FsSLDW, a femtosecond laser beam is tightly focused on the surface of or inside a material to remove
or modify materials and form desired shapes'®. By scanning the laser beam according to the designed routes, an
entire 2D or 3D structure can be obtained>®. While FSLDW is a convenient technique, the optical diffraction
barrier limits the resolution and feature sizes to hundreds of nanometers'”'8. There have been a great amount of
research efforts to improve the fabrication resolution, such as zone-plate lithography'*?, two photon lithogra-
phy??, and STED-DLW (stimulated emission depletion - direct laser writing)?*-?°. The resolution of zone-plate
lithography and two photon lithography is usually limited to about 150 nm and 100 nm?*??, respectively, and
STED-DLW involves more complex optical setups and photochemistry. On the other hand, with the discovery
of laser induced periodic surface structures (LIPSS, also termed ripples), feature sizes below the diffraction limit
were simply obtained?”*. LIPSS can be formed on surface of nearly all kinds of materials, including metals®>*!,
semiconductors®**, and dielectrics®*. These periodic structures typically are not well-aligned or sometimes
random. These structures have found many applications such as super hydrophobic surface®, cell culture sub-
strates”’, and nonvolatile organic memory devices®®. On the other hand, well-controlled, single structures will
have many other applications.

In this work, we demonstrate a method to produce well-defined structures with nano-dimensions. The under-
lying mechanism is the formation of LIPSS on a dielectric surface, through the interference between the incident
laser beam and the surface plasmons produced through a multi-photon absorption process. Electric-magnetic
and thermal simulations are carried out to confirm the mechanism of forming the nanostructures. Unlike other
LIPSS techniques where multiple, periodic lines and sometimes random structures are formed, this method has
the capability to create nanowires or nanogrooves with desired quantity, length, and orientation. Moreover, single
60 nm-wide nanogroove and single 40 nm-wide nanowire are obtained based on the same LIPSS mechanism.
This approach, in particular, the fabrication of single nanowire and nanogroove, could be a promising alternative
for high-resolution nanofabrication such as fabricating nanoscale devices due to its simplicity, flexibility, and
versatility.
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Figure 2. SEM images of the fabricated nanostructures. The incident laser fluences are (a) 0.03J/cm?,
(b) 0.02]/cm?, (c) 0.015]/cm? and (d) 0.01 J/cm?, respectively. The arrow E indicates the laser polarization
direction, arrow W indicates the writing direction, and all scale bars are 400 nm.

Results

The experimental set-up (Fig. 1 and Method) consists of a Ti: sapphire femtosecond laser, a beam delivery system,
a home-made high numerical aperture Fresnel’s zone plates as focusing optics, CCD imaging system for monitor
nanostructure fabrication process, and a piezo electric-stage and its control system. The sample is SU-8 (coated on
quartz), a negative tone, chemically amplified resist, which has applications in various of fields due to its excellent
planarization and processing properties as well as its mechanical and chemical stability*®. Other aspects of the
experiment are summarized in the Method and Supplementary Information.

Effects of incident laser power.  We first present the main experimental results: Fig. 2 shows the SEM
images of the nanostructures produced by our method. The scanning speed of the piezoelectric stage is 0.5 pm/s.
From the focused laser spot size and the laser pulse repetition rate, the number of pulses per laser spot is esti-
mated to be 40 million. The laser exposure fluence varies from 0.01~0.03 J/cm? (corresponding to peak intensity
0f 2.7 x 10"~8.1 x 10" W/cm?), 0.01 J/cm? for single nanogroove and 0.03 J/cm? for quadruple nanogrooves. The
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Figure 3. Effect of polarization direction on nanostructure fabrication. The incident laser fluence in (a,b,c)
are the same, 0.03 J/cm?, and the polarization directions are (a) vertical, (b) 45 degrees and (c) 85 degrees from
the vertical direction, respectively. The arrow E indicates the laser polarization direction, the arrow W indicates
the writing direction and all scale bars are 400 nm.

details of the calculations are shown in the Supplementary Information S2. The laser polarization direction is set
to be horizontal in the figure, and the writing direction (the direction for moving the sample on the piezoelectric
state with respect to the stationary laser beam) is vertical. In Fig. 2a—c, by decreasing the laser exposure fluence,
quadruple, triple, and double nanogrooves were obtained. In Fig. 2d, a single nanogroove with a width of 60 nm
was obtained, which is less than 1/6™ of the laser wavelength of 395 nm. The distance between the centers of two
adjacent nanogrooves is 180 nm, as shown in Fig. 2a. One can consider there is a nanowire between two nano-
grooves, whose width is measured to be 40 nm which is about 1/ 10t of the incident laser wavelength, and the dis-
tance between the centers of two neighboring nanowires is 120 nm, as shown in Fig. 2b. A single nanowire, also of
40 nm wide (surrounded by two nanogrooves), is shown in Fig. 2¢. In Fig. 2a-d, the directions of all nanogrooves
and nanowires are perpendicularly oriented to the laser polarization direction, and are in the same direction as
the writing direction.

Effects of laser polarization. The direction of laser polarization often plays a key role in determining the
outcome of laser fabrication. To investigate the effect of the laser polarization direction on nanostructures’ shape
and orientation, we change the polarization direction from horizontal to vertical, 45 degrees off vertical, and
85 degrees off vertical. The nanostructures obtained with these polarization directions are shown in Fig. 3. The
structures in Fig. 3a have many short horizontal ripples. The short ripples in Fig. 3b are 45 degrees off the hori-
zontal direction. In Fig. 3¢, with polarization direction of the incident laser beam not completely perpendicular
to the writing direction, nanogrooves and nanowires are formed but not continuous at the location shown in the
figure, as the front of the leftmost groove moves outside of the laser focused area, and a new nanogroove starts to
form from the right side. Combing Figs 2 and 3, we find that the direction of ripples (including nanogrooves and
nanowires) are always perpendicularly oriented to the laser polarization direction.

AFM images analysis. To further characterize these nanostructures, atomic force microscopy (AFM)
images were taken to observe their height profiles. Figure 4a shows the AFM image of a single groove. It is seen
that the nanogroove is within a gradually tapered, wider slot, which has a width of about 1 um at the surface.
Nanogrooves (and nanowires) are formed at the bottom of the slot, as shown in Fig. 4a,b. The width of nano-
groove in AFM image is 40 nm, which is smaller than in SEM image, 60 nm. This is due to the finite size of the
AFM tip, and the result of 40 nm is the convolution between the AFM tip and the actual topography. The tapered
slot and the nano-grooves/wires are formed before developing the SU-8, therefore, these structures are formed
through a thermal process: the laser power is sufficiently high to evaporate the SU-8 in and near the focal spot due
to the Gaussian intensity distribution and thermal transport. On the other hand, the nanogrooves and nanowires
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Figure 4. AFM image of nanostructures. The laser fluence is 0.01 J/cm?, (b) is the height profile of (a).

are formed due to the interference effect between the incident laser beam and the surface plasmons (SPs), similar
to the formation of LIPSS, which enhances the laser intensity locally. The single nanogroove is formed such that
only the central interference fringe receives sufficient intensity for evaporating the SU-8 and forming a groove.
After development, the profile of nanostructure has no change, since the SU-8 is a negative tone photoresist and
any SU-8 exposed to laser irradiation (but not evaporated) is cross-linked and remains on the substrate.

Discussion

We now discuss in details the mechanism for forming the nanogrooves and nanowires, but will first give a brief
overview of the mechanisms of LIPSS formation. Upon irradiation of solids with linearly polarized (femtosec-
ond) laser pulses, two distinct types of interference LIPSS patterns are usually observed, either parallel or per-
pendicular to the laser polarization direction?”?. The substrate material largely determines both the direction of
ripples relative to the polarization direction as well as the periodicity (A) of these ripples®. For strongly absorbing
materials such as metals***! and semiconductors®*?*, the orientation of ripples are generally perpendicular to
the incident laser polarization direction, and ratio of the periodicity of these ripples to the laser wavelength (X)
is usually in the range of 0.4 < A/X < 1. Hence, these ripples are called low-spatial-frequency LIPSS (LSFL). These
LSFLs are believed to be generated by the interference between the incident laser radiation and surface plasmons
caused by laser radiation?#’. LSFLs with orientation parallel to the polarization direction are usually observed
in dielectrics*, and polymers materials*>*!. These LSFLs form when the incident laser radiation interferes with
scattered radiation from the substrate*2. However, LSFLs with orientation perpendicular to the polarization direc-
tion can also be formed in dielectric materials, when high enough incident (femtosecond) laser pulses generate
sufficient free electrons though multi-photon processes to cause the material acting metallically*»**. High spa-
tial frequency LIPSS (HSFL, A/X < 0.4) are prevailingly observed in dielectrics with orientations often perpen-
dicular®, but sometimes parallel to the polarization direction. The origin of the HSFL is still controversial,
with possible restructuring of ripples acting as a feedback mechanism which decreases the ripple spacing as
the number of laser pulses increases®®*. In our case, sufficient laser fluence (0.01~0.02 J/cm?) or peak intensity
(2.7 x 10~5.4 x 10" W/cm?) is applied to the dielectric material SU-8 to make it behave metallically, and the
nanostructures are formed due to the interference between the incident laser radiation and surface plasmons (see
Numerical computations part below and Supplementary Information S2 for details). Therefore, the nanostruc-
tures are perpendicular to the laser polarization direction.

We further use numerical computations to illustrate the mechanism for forming the nanostructure discussed
above. The computations consist of the following three parts: (1) the non-linear ultrafast pulse propagation in
photoresist and the resulting change to the dielectric function, (2) the electromagnetic (EM) calculations of the
interference effect, and (3) the temperature rise in the photoresist due to the absorption of the EM wave.

We modeled the non-linear propagation of the laser pulse inside SU-8 using a (2 + 1)-dimensional wave
propagation equation®’, and solved it simultaneously with the rate equation of the electron density. The electron
density was then used to compute the dielectric function described by the Drude model to obtain the dielectric
constant of SU-8. The details of the calculations are provided in the Supplementary Information S2. The incident
laser fluence used for these calculations range from 0.01~0.02 J/cm?, corresponding to the formation of single and
triple nanogrooves, respectively. For the laser power for forming a single nanogroove, the calculated free electron
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Figure 5. Computational results of electrical field (|Ex|*) distributions. (a) 0.01]J/cm? incident laser fluence,
(b) 0.02]/cm? laser fluence. The white arrows in the inset images indicate the laser polarization direction.
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Figure 6. Temperature distribution of the surface at the end of a single laser pulse for (a) laser fluence of 0.01 J/cm?
and (b) laser fluence of 0.02J/cm?.

density is 1.65 x 10?! cm ™3, which is very close to the critical electron density of SU-8 (1.67 x 10*! cm™) obtain-
ing from Drude model. Details of the Drude model calculation are provided in Supplementary Information S2.
Using this electron density, the dielectric constant is calculated to be e = —0.95 4 0.78i, which is close to the com-
monly accepted criterion for SPP excitation, Re(e) < —1%. The discrepancy can be caused by uncertainties in the
parameters used and inaccuracy in the numerical model. In addition, approximately 40 million pulses are applied
at every point. That many pulses will likely generate defects and increase absorption. As a result, more carriers
can be generated, leading to a more metallic behavior of the surface. This in turn will assist the formation of the
interference between surface plasmons and incident laser radiation.

Using the calculated dielectric constant, we then computed the electromagnetic field distribution using the
frequency-domain finite-element method (FEM)*® (see Supplementary information S3 for details). Figure 5 shows
the calculated electric field intensity profile along a cross section line of the nanogrooves, Fig. 5a for 0.01 J/cm?
incident laser fluence and Fig. 5b for 0.02 J/cm® The inset figures depict the electric field polarization direction
denoted by the white arrow and the electric field intensity distribution at the surface of the photoresist, and
the cross section is taken along the black line shown in the inset figures. The surface topography profile is also
included in the figures along with the electric field intensity profile. In Fig. 5a, the center peak has two high tips,
caused by light scattered from the groove edges. For the case shown in Fig. 5b, there are a center peak and two side
lobes caused by the interference effect. The distance between the center and each side lobe is about 180 nm, con-
sistent with the experimental observation. The fringes formed by the interference are perpendicular to the laser
polarization direction (inset in Fig. 5a,b), which is also consistent with the experiment results and the theoretical
explanation.

The temperature rise in the SU-8 was estimated using a finite element analysis, taking the result of laser
energy absorption profile from the electromagnetic calculation as the input (see Supplementary Information
S4 for details). With the incident laser fluence of 0.01J/cm?, the temperature rise at the center peak was found
to be about 350 °C (Fig. 6a), exceeds the boiled point of SU-8 (130 °C)*. With the increase in the laser fluence,
the interference effect between the incident and surface plasmons become more prominent, and when the laser
fluence increases to 0.02 J/cm?, the temperature rises at two side lobes reach 140 °C, also exceeds the boiling point
(Fig. 6b). Figure 6b also shows that the region where the temperature is the highest is located at the tip of the
groove, about 280 °C. This high temperature region at the groove tip, together with the two side lobes lead to the
forming of triple nanogrooves.

The explanation given above is further supported by noting the beginning and the end of the nanostructures.
At the beginning, there are no surface plasmons and no interference before any nanostructure is formed (surface
plasmons cannot be formed on a perfectly smooth surface). Without interference, the initial laser irradiation
produces somewhat random ripples as shown in Fig. 7a. Interference, and thus continuous nanogrooves and
nanowires are only formed after an initial period of laser irradiation, also shown in Fig. 7a. On the other hand,
when the writing of nanostructures is terminated by blocking the laser beam, the end of the nanostrcutures is a
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Figure 7. SEM images of nanostructure formation process. (a) Forming at the beginning of the
nanostructure which produces some random ripples until the stable interference is generated. (b) Well aligned
nanogrooves at the termination end of the nanostructure, the side nanogrooves are behind of the center
nanogroove. The arrow E indicates the laser polarization direction, arrow W indicates the writing direction, and
all scale bars are 400 nm.

representation of the laser power distribution at the instant when the laser irradiation is terminated. Figure 7b
shows the end of the triple nanogrooves, which are well-aligned, with no randomness as in Fig. 7a. However, the
center groove is leading the two side grooves, which is about 125 nm further along the scanning direction. This
in fact is consistent with the result of the EM and thermal simulations, where the highest intensities of the side
lobes are located about 120 nm behind the tip of the groove where the field intensity and the temperature are the
highest (Figs 5b and 6b). Therefore, the images showing the beginning and the end of nanowire formation are all
consistent with the mechanism of nanowire formation.

In conclusion, we developed a controllable method for fabricating nanostructures far below the diffraction
limit. We utilized the interference between the incident laser radiation and the surface plasmons formed from
multi-photon absorption to produce these nanostructures with tens of nanometers feature sizes. Multiple nano-
grooves with 180nm period and nanowires with 120 nm period were produced. Single nanostructures, 60-nm
wide nanogrooves and 40 nm-wide nanowires were obtained based on the same mechanism. Numerical calcu-
lations including ultrafast pulse propagation, electrical field distribution, and temperature rise agreed with the
phenomena observed in the experiments. Our approach has the capability to create single and multiple nano-
structures far below the diffraction limit with specific length and orientation, which can serve as a promising
nano-fabrication method for manufacturing nanostructured components and devices.

Methods

The schematic diagram of the experimental method is shown in Fig. 1, which consists of a femtosecond laser, a
beam delivery system, home-made high numerical aperture Fresnel's zone plates as focusing optics, CCD imag-
ing system for monitor nanostructure fabrication process, and a piezo electric-stage and its control system. A
Coherent Mira Ti: sapphire femtosecond laser which has a center wavelength of 790 nm, a repetition rate of
80 MHz and a pulse duration of 38 fs was used as the light source. A half wave plate was used to control the power
for the experiment and control the laser polarization direction. The laser beam was frequency doubled by a BBO
crystal to a wavelength of 395 nm and is then focused onto SU-8, which is the material we used for forming nano-
structures. The 395nm beam then goes through a telescope to reduce its diameter and increase the intensity on a
Fresnel’s zone plate, which focuses the laser beam onto the substrate. The zone plate has a focal length of 50 pm,
a numerical aperture of 0.95, producing a diffraction limited spot size of about 250 nm (see Supplementary
Information S1 for details). The substrate used for forming nanowire is 1 mm-thick quartz, and it is fixed on a
Mad City Labs piezoelectric stage. The piezoelectric stage scans in both the X and Y directions, and has a resolu-
tion of 0.1 nm and a typical noise of about 10 nm during operation. A CCD camera was used to verify the position
of the laser on the zone plates and monitor nanostructure fabrication.

The sample SU-8 2000.2 was spin-coated on the quartz substrate to a thickness of about 200 nm. The substrate
was first cleaned with acetone and isopropanol to remove debris and dust. SU-8 was then dropped cast onto the
substrate, spin-coated with 3000 rpm for 1 min, then soft-baked at 95°C for 1 min. After exposure, the sample was
immersed in SU-8 developer for 1 min and rinsed with isopropanol for 30 s. Nanostructures in exposed area were
observed by a Hitachi S-4800 Field Emission Scanning Electron Microscopy (FESEM) and a Thermo Microscopes
Autoprobe CP Atomic Force Microscope (AFM), and the widths were determined using SEM images in combi-
nation with an imaging software tool.
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