Chapter 7
Superwicking Surfaces Produced
by Femtosecond Laser

A.Y. Vorobyev and Chunlei Guo

Abstract Modifying material wetting properties using femtosecond laser surface
nano/microstructuring has recently become an actively studied area due to many
promising applications. In this chapter, we overview briefly the newly emerged fem-
tosecond laser-based approaches for modifying the wetting properties of materials
and describe recent developments in producing a novel type of surface structures
that transform a regular surface of solids to superwicking. This novel type of the
surface structure is an array of parallel nanostructured microgrooves. In a gravity
defying way, water runs vertically uphill on the created superwicking surfaces. The
fast self-propelling motion of the liquid is due to strong capillary force generated
in the surface structure. The unique wetting and wicking properties of these novel
materials may find a wide range of applications in nano/microfluidics, optofluidics,
lab-on-chip technology, fluidic microreactors, chemical sensors, biomedicine, and
heat transfer devices (e.g., heat pipes for cooling of electronic devices).

7.1 Introduction

In nature, there are numerous examples of biological materials with remarkable
wetting properties due to surface nano/microstructures. Examples are the leaves of
water-repellent plants such as Lotus (Nelumbo nucifera) and Lady’s mantle (Al-
chemilla mollis), which are superhydrophobic due to a combination of micro- and
nano-structures on the surface of their leaves [1, 2]. Due to their superhydrophobic-
ity, these plants have self-cleaning properties, known as “Lotus effect”. When water
drops roll over the leaves, they pick up dust particles and remove them when rolling
off the leaves. Another example is the surface nano/microstructures on the wings
of the Morpho butterfly that have two wonderful functions, the generation of the
structural blue color and making the wing surface superhydrophobic/self-cleaning
similar to Lotus plant [3].
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Surface morphology of a solid is a factor that influences the wetting proper-
ties of materials. Modification of wetting properties of materials using surface
nano/micro structuring has been extensively studied in the past [4-8]. Traditionally,
surface textures for altering the wetting properties are prepared using photolithog-
raphy [8], electron beam lithography [9], wet chemical etching [10], and plasma
techniques [11]. Recently, a new approach based on femtosecond laser surface
nano/microstructuring has been developed for modifying the wetting properties of
various materials [12—17]. This novel approach has become an active research area
due to a number of advantages and many promising applications. The advantages
of the femtosecond laser approach include: (i) ability to process a large variety of
materials (metals, semiconductors, glasses, and polymers), (ii) simplicity, and (iii)
capability to process complicated shapes with the size of the textured surface area as
small as a tightly focused laser spot, i.e., down to about 10 pm, or as large as needed
when a raster scanning of the laser beam is used.

Modification of wetting properties using femtosecond laser has been first demon-
strated in Refs. [12, 13], where silicon wafers were treated with high-intensity
ultrashort laser pulses in SFg environment to produce quasi-ordered arrays of conical
microspikes. Folowing the laser surface treatment, Zorba et al. [13] produced super-
hydrophobic silicon. A water contact angle as high as 160° was reported. The authors
of Ref. [12] produced superhydrophobic silicon by coating the conical microspikes
with a layer of fluoroalkylsilane molecules. The authors of Refs. [18, 19] have
found that depositing various functional coatings on the laser-nano/microstructured
silicon allows producing engineered surfaces with wetting properties that can be
changed by external stimuli (light, electric field, and pH). Effects of various sur-
face textures induced by femtosecond laser pulses on wetting properties of platinum
has been studied in [14]. The studied surface textures included irregular nanostruc-
tures, periodic surface structures, and hierarchical structures (combinations of nano-
and micro-structures). It has been found that laser-structured surfaces become hy-
drophobic or even superhydrophobic for some textures. For example, a water contact
angle as high as 158° was observed on the hierarchical surface structures. A detailed
study of the wetting properties of stainless steel and titanium alloy following fem-
tosecond laser surface structuring has been performed in [15]. It was observed that
the treated surfaces are hydrophilic immediately after femtosecond laser process-
ing but subsequently become superhydrophobic with time. The dramatic change in
wetting behavior was attributed to accumulation of carbon on the laser-treated sur-
face. The authors of Ref. [20] have studied the wetting properties of polymethyl
methacrylate (PMMA) following femtosecond laser ablation. In this study, both
hydrophilic and hydrophobic surfaces were produced depending on laser fluence.
The hydrophobic surfaces were generated at a low laser fluence between 0.4 and
2.1 J/cm?, while hydrophilic surfaces were produced at a laser fluence in the range
of 2.1-52.7 J/cm?. Different wetting behavior of the laser-treated PMMA was ex-
plained by laser-induced chemical bond changes, not to the produced surface texture.
A superhydrophobic surface texture on poly(dimethylsiloxane) (PDMS) following
femtosecond laser processing has been reported in Ref. [21]. The fabricated superhy-
drophobic surface had a contact angle higher than 170° and sliding angle less than 3°.
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The authors of Ref. [22] altered initially hydrophilic surface of polyethersulfone to
superhydrophobic through femtosecond laser-induced both structural and chemical
modifications.

Recently, novel superwicking surfaces have been created using direct femtosecond
laser writing. These novel materials can make liquids run vertically uphill against the
gravity over an extended surface area. Furthermore, they exhibit superhydrophilic
and superwetting properties. The unique wetting and wicking properties of these
novel materials may find a wide range of applications in thermal management,
nano/microfluidics, optofluidics, lab-on-chip technology, fluidic microreactors,
chemical sensors, and biomedicine. In this chapter, we overview the recent develop-
ments in producing superwicking surfaces and describe their potential applications.

7.2 Basic Idea of Wicking Structures and Their Fabrication
Using Femtosecond Laser

The creation of superwicking structures using a femtosecond laser has been pre-
viously reported in [16, 23, 24]. The basic idea of wicking structures produced in
[16, 23, 24] is as follows. The capillary effect in a pipe is a well known phenomenon
demonstrated in Fig. 7.1a. A much less known fact is that the capillary force is also
generated in a half-pipe as illustrated in Fig. 7.1b. Therefore, through engraving an
array of paralel microgrooves on a surface of a solid, one can fabricate a wicking
(capillary) surface of a large area as schematically shown in Fig. 7.1c. However, the
capillary force in the half-pipe is much smaller than in the pipe [25]. Therefore, for
enhancing the capillary action in the microgrooves, the authors of Refs. [16, 23, 24]
used femtosecond laser nanostructuring of the surface of the microgrooves. The
machanism of enhancing the capillary action in the microgrooves through nanos-
tructuring of their surface is explained as follows. It is known that the capillary
action of various capillary systems depends on the hydrophilicity of the surface that
is in contact with the liquid. For example, the maximum capillary rise of a liquid in
the tube is given by [26]

_ 2ycos®
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h (7.1)

where v is the liquid-air surface tension, 6 is the contact angle, p is the density of
liquid, g is the gravitational acceleration, and R is the tube radius. The formula (7.1)
shows that the smaller the contact angle 8 (the higher hydrophilicity), the stronger
the capillary action.

Following the Wenzel model, the wetting of a rough surface is described by
relation [4]

cos0* = rcosf (7.2)
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Fig. 7.1 Basic idea of producing the wicking (capillary) surfaces

where 0* is the apparent contact angle on a rough surface, r is the roughness factor
(the ratio of the actual surface area to the geometrically projected area on the hori-
zontal plane), and 0 is the contact angle on a smooth horizontal surface of the same
material (Young contact angle). Since r is always greater than 1, the surface tex-
ture enhances the hydrophilicity of an originally hydrophilic surface (6 < 90°) and
enhances the hydrophobicity of an originally hydrophobic surface (6 > 90°). Since
the materials used in capillary systems are intrinsically hydrophilic, the texturing
of the surfaces that are in contact with the liquid will enhance the hydrophilicity
(reduce the contact angle 9) and thereby will enhance the capillary action. Over
the last few years, the direct femtosecond laser surface nano/microstructuring has
been established as a versatile approach for controllable producing a large variety
of surface structures at nano- and micro-scales on metals, semiconductors, glasses,
polymers, and other materials [27—43]. Therefore, the femtosecond laser is a very
efficient tool for producing the microgrooves with nanostructured surface. A typical
setup used for producing the capillary microgrooves with nanostructured surface is
shown in Fig. 7.2. Pulses from a femtosecond laser are focused by a lens onto a
sample mounted on a computer-controlled XY-translation stage. A beamsplitter and
joulemeter are used for monitoring the femtosecond laser pulse energy. An elec-
tromechanical shutter is used to block the laser beam in raster scanning. A neutral
density filters are used to vary laser fluence incident on the sample. The femtosecond
laser setup shown in Fig. 7.2 is suitable for producing a single microgroove when
sample is translated along the X- or Y-axis, or an array of parallel microgrooves over
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Fig. 7.2 Typical experimental setup for producing microgrooves on the surface of solids

a large surface area when the sample is raster scanned. By varying the parameters
of the laser pulses incident upon the treated metal, the microgroove geometry can
be controlled. Commonly, the capillary microgrooves are produced in two steps. In
the first step, the microgrooves are produced using high laser fluence. In the second
step, the microgrooves surface is then nanostructured using low or moderate laser
fluence for achieving a maximum enhancement of the hydrophilicity. For some ma-
terials, even one-step processing can be sufficient for producing efficient capillary
microchannels due to nanostructures commonly left on the microgroove surface after
processing at high laser fluence. In the following section, we discuss the capillary
action of femtosecond laser fabricated superwicking structures.

7.3 Spreading of Liquids on Superwicking Surfaces

Glass is a widely used material in microfluidics, optofluidics, lab-on-chip technol-
ogy, and biomedical devices [44—46]. Although the glass is a transparent material,
it can be easily processed using tightly focused femtosecond laser pulses due to
nonlinear absorption of high-intensity light [47]. Figure 7.3a shows a photograph of
the femtosecond laser treated glass sample, where the superwicking structure is an
array of parallel microgrooves with a nanostructured surface. Figure 7.3b shows a 3D
optical image of the treated surface, where we can see that the microgroove period,
depth, and width are about 100, 32, and 28 pwm, respectively. Figure 7.3c and 7.3d
show the details of the surface structural features. One can see that the surface of both
ridges and valleys of the microgrooves has engraved nano- and fine micro-structures.
Figure 7.3d shows that the laser-induced nanostructures include both nanoprotrusions
and nanocavities, while fine microstructures include microcavities and microscale
aggregates composed of nanoparticles that fuse onto each other and on the glass
surface. The average size of superimposed fine microstructures is about 2.7 wm.
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Fig. 7.3 a Photograph of the femtosecond laser treated glass sample. b A 3D optical image of the
surface capillary microgrooves. ¢ and d fine micro- and nano-structural features on the microgrooves
[24]

The capillary action of the sample shown in Fig. 7.3 is demonstrated in Figs. 7.4
and 7.5. Figure 7.4 shows the spreading dynamics of a 3-p1 water droplet deposited
on the horizontally-positioned structured glass surface. For a comparison, the be-
havior of a 3-1 water droplet deposited on an untreated glass surface is also shown
in Figs. 7.4a, 7.4b, 7.4c, 7.4d, 7.4e, 7.4f. Figure 7.4 shows that the water spread-
ing is highly anisotropic on the treated area and it occurs preferentially along the
microgrooves. One can deduce from Fig. 7.4b that average initial velocity of wa-
ter front spreading is about 5.8 cm/s within the first 0.2 s. However, the spreading
velocity decreases with time, as seen from Figs. 7.4c, 7.4d, 7.4e, 7.4f. The exper-
iments with different volumes of water in the range of 1-6 wl show the similar
highly anisotropic spreading behavior. Figure 7.5 shows the spreading dynamics of
a 3-pl water droplet pipetted on the vertically-positioned glass sample with the mi-
crogrooves oriented vertically. The snapshots of water spreading shown in Figs. 7.5a,
7.5b, 7.5¢, 7.5d, 7.5e, 7.5f demonstrate that the water deposited on the bottom of
the groove area immediately sprints vertically uphill against the gravity. It is seen
that this gravity-defying uphill motion easily extends over several centimeters. This
experiment clearly demonstrates that the femtosecond laser processing makes a reg-
ular glass surface to be superwicking, with a driving force much stronger than the
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Fig.7.4 Spreading dynamics of water on a horizontally-positioned glass sample. The average water
spreading velocity is about 3.8 cm/s within the first 0.2 s and it reduces to about 2 cm/s for the time
interval of 1 s [24]

gravity. One can deduce from Fig. 7.5b, that the average water front spreading ve-
locity is about 3.8 cm/s within the first 0.2 s, and this velocity is lower than the water
spreading along the horizontal grooves in Fig. 7.4b. As seen in Figs 7.5a, 7.5b, 7.5c,
7.5d, 7.5e, 7.5%, the spreading velocity decreases with time similar to the case of
horizontal orientation of the microgrooves (Figs. [4], 7.4b, 7.4c, 7.4d, 7.4e, 7.4f).
In the past, fluid flow has been studied in various capillary systems such as tubes,
open surface grooves, and two-dimensional arrays of pillars. It has been shown by
Washburn [48] that flowing of a wetting liquid in a capillary tube follows a diffusion
law as z(f)ox (Dt)'/2, where z is the distance traveled by the liquid, ¢ is the time,
and D is the diffusion constant. Spreading of wetting fluids has been also studied in
open capillary systems, such as surface grooves [49-52] and two-dimensional arrays
of pillars [6, 8]. It has been shown that the spreading dynamics in open V-shaped
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Fig. 7.5 Dynamics of water running uphill against the gravity on a vertically-standing glass sample
with grooves oriented vertically. a—f Snapshots of water spreading vertically uphill with time [24]

grooves also follows the ¢!/ dependence [50]
2 = K(a,0)[yho/ult (7.3)

where K(«,0) is the geometry term with « and 6 being the groove angle and the
contact angle, y and p are the surface tension and viscosity of the liquid, and A
the groove depth. The authors of Refs. [6, 8] have demonstrated that the Washburn-
type dynamics also holds on surfaces textured with regular arrays of pillars. There
is a general consensus that a structured surface can be viewed as a network of open
capillaries, where the liquid spreading from a reservoir usually follows the Washburn-
type scaling law z o< (D1)'/? [6, 8, 49, 50, 53, 54]. In contrast to previously studied
open grooves, the surface of the open grooves produced by ultrafast laser has a
highly hierarchical structure. Figure 7.6 shows a plot of the uphill travel distance z
as a function of ¢'/2 for the vertically standing glass sample shown in Fig. 7.5. It is
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Fig. 7.6 Uphill distance traveled by water front as a function of #/2 [24]

seen that the water spreading distance linearly depends on !/2 despite of extremely
sophisticated surface topology. This observation indicates that the Washburn-type
t'/2 dynamics is indeed universal for the various capillary systems. The structure
of the open capillary systems produced by femtosecond laser [16, 23, 24] can be
considered as composed of two substructures: (1) an array of microgrooves and (2)
irregular structures on nano- and fine micro-scales superimposed on the surface of the
microgrooves. Therefore, the capillary action of the laser-produced open capillary
systems is a combined capillary effect from both substructures. Thus, the texture
on the microgroove surface plays two roles. First, it enhances the hydrophilicity
of the microgroove surface. Second, it generates its own capillary flow. Previously,
Bico et al. [55] have modeled capillary rise in a tube with a surface textured by a
designed regular roughness. Their model predicts two different capillary rises in a
tube decorated with regular spikes: one inside the entire volume of the tube and the
other only inside the spikes. The liquid spreading in the spikes forms a film that
spreads faster than the main meniscus, causing a broadening of the liquid front. Is
this also holds for femtosecond laser produced open microgrooves is not yet studied.

At present, the superwicking effect has been demonstrated for a number of solid
materials, including glass, silicon, metals, and biological hard tissues [16, 23, 24, 56,
57]. Recently, wicking surfaces have been produced using nanosecond laser pulses
[58].
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7.4 Potential Applications of Capillary Superwicking Structures

Areas of potential applications of the capillary superwicking materials produced by
femtosecond laser processing include cooling devices, nano/microfluidics, optoflu-
idics, lab-on-chip technology, fluid microreactors, biomedicine, and biochemical
sensors. Below, we give a short overview of some applications.

As devices and components in electronics, telecommunication, and computers
become smaller and smaller, the demand for miniaturized high-performance cooling
systems becomes important. Currently, the heat flux at both the chip and module
levels of packaging can be so high (> 1000 W/cm?) that it exceeds the practical
limit of the traditional air-cooling. To combat this problem, microfluidic cooling
of the chips is actively pursued. Tuckerman and Pease [59] have demonstrated that
a microchannel heat sink integrated into a silicon chip is capable of dissipating a
circuit power density of 790 W/cm?. Presently, the microchannels in IC microfluidic
heat sinks are commonly fabricated using deep reactive ion etching. One can expect
that the laser fabricated capillary channels with textured surfaces will enhance the
cooling performance of microchannel heat sinks by optimizing both nanostructure-
induced turbulences in the microchannels and surface wettability. Cooling through
liquid-vapor phase transition is potentially the most efficient way to dissipate high
heat flux due to a high latent heat of the liquid-vapor phase transition. In the case
of two-phase (flow boiling) microfluidic cooling, the superwicking microchannels
can improve the cooling performance through larger surface area, enhancing fresh
liquid refilling of the vapor bubble voids, and enhancing prevention of dry-out spots.
Furthermore, the superwicking microchannels can find applications in miniature heat
pipes for returning the working liquid from the condenser back to the evaporator.

In microfluidic systems, a pump is the most expensive and complicated compo-
nent with a high failure rate. Therefore, passive microfluidic systems, where fluids
are driven by capillary wicking action, are beneficial. The strong capillary action of
the microchannels fabricated by the femtosecond laser [16, 23, 24] is a promising
way to produce efficient capillary-driven microfluidic-based devices. Furthermore,
this technique is promising for the fabrication of various other microfluidic compo-
nents. For example it can be used for fabricating T- and Y-micromixers, where the
microchannels with bas-relief structures, such as ribs [60] and staggered-herringbone
grooves [61] on the floor and walls, are used for enhanced mixing of solutions in
the microchannels through enhancing chaotic advection. Another potential applica-
tion of this novel laser technique is the fabrication of capillary-driven microvalves
that are used in microfluidic biochemical devices for stopping and delaying fluids in
the microchannels. Operation of these passive capillary microvalves is based on an
abrupt change in the geometry and wetting properties of the capillary microchannels
[62, 63]. The femtosecond laser technology can be also used for fabricating separators
[64] and capillary pumps [65]. Moreover, this laser technology has a great potential
for the fabrication of superior autonomous microfluidic capillary sensing systems,
where all required operations (pumping, valving, separating, and synchronization)
are capillary-driven, without any external actuators [66]. Since the femtosecond laser
technology of producing microfluidic systems and their components can be easily
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integrated into a Computer Numerical Control (CNC) laser machine, this technology
is attractive from a commercialization point of view.

Good wettability of enamel and dentin surfaces is desirable in enhancing adhe-
sion of restorative materials in dentistry. At the present time, surface texturing of the
enamel and dentin surfaces through etching with an acidic or basic solution for im-
proving the wettability is a widely used approach in adhesive dentistry. In contrast to
the traditional chemical etching that produces random surface roughness, the authors
of Ref. [57] developed a new approach, which is based on producing engineered sur-
face structures using the femtosecond laser surface nano/microstructuring technique.
The engineered surface structure consists of an array of parallel microgrooves that
generate a strong capillary force. Figure 7.7a shows the photograph of the femtosec-
ond laser treated dentin specimen. The 3D optical image of the array of microgrooves
produced on the dentin specimen is shown in Fig. 7.7b. Fine structural details of the
microgroove surface are shown in Fig. 7.7c and 7.7d. The water contact angle be-
fore the laser treatment was measured to be 42° and 48° on the enamel and dentin
specimens, respectively. After laser treatment, the contact angle on the laser-treated
surface was measured to be ~ 0° for both the enamel and dentin specimens. This
means that the treated surfaces are superwetting [67]. The superwetting behavior
can be seen from Figs. 7.7e and 7.7f, where a 1 pl water droplet sprints vertically
uphill on a vertically standing laser-treated dentin surface. From these snapshots, the
average water spreading velocity on the vertical dentin surface can be deduced to be
about 21.7 mm/s within the first 0.2 s. From practical point of view, this means that
wetting occurs instantaneously. The method reported in Ref. [57] for controllable
enhancement of the wettability can be extended to human bones (because both the
human teeth and bones are mainly composed of hydroxyapatite) and can be also
used for the hydroxyapatite coatings of implants. This method for modifying the
wettability is also suitable for a variety of biocompatible materials used in dentistry,
medicine, biomedicine, and biosensing.

7.5 Conclusions

Over the past 7 years, significant progress has been made in applying femtosecond
laser nano/microstructuring technology to alter the wetting properties of materials.
It has been found that this approach is also capable of producing superwicking ma-
terials. The surface structure of these materials is an array of parallel microgrooves
extensively covered by nano- and micro-scale structures. The capillary action of the
created superwicking surfaces is so strong that the treated surfaces can make liquids
run vertically uphill over an extended surface area. The wicking dynamics follows
the classical square root of time dependence despite of a very complex geometry
of the created wicking surface structure. The superwicking effect has been demon-
strated on a number of solid materials, including glass, silicon, metals, and biological
hard tissues. The femtosecond laser technology is suitable for processing compli-
cated surface shapes at various dimensions. In contrast to commonly used surface
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front

Water drop
deposition

Fig. 7.7 a Photograph of a tooth with a laser-treated area on the dentin surface (a surface area
textured with the microgroove pattern is 2.2 (6 mm?). b 3D optical image of the laser-produced
microgrooves. ¢ and d SEM images showing fine micro- and nano-roughness on the surface of the
microgrooves. e and f Water spreading on the laser-treated dentin surface positioned vertically [57]

lithography techniques, the laser processing does not utilize chemical etchants and is
therefore free of chemical contamination. The superwicking materials produced by
femtosecond laser processing may find a wide range of applications in chromatog-
raphy, nano/microfluidics, optofluidics, cooling devices, lab-on-chips, biomedicine,
biochemical sensors, and fluid microreactors.
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