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Abstract: Liquid drops on deformable soft substrates exhibit quite complicated wetting behavior as
compared to those on rigid solid substrates. We report on a soft wetting behavior of Co nanoparticles
(NPs) on a sapphire substrate during pulsed laser-induced dewetting (PLID). Co NPs produced by
PLID wetted the sapphire substrate with a contact angle near 70◦, which is in contrast to typical
dewetting behavior of metal thin films exhibiting contact angles greater than 90◦. In addition, a
nanoscale γ-Al2O3 wetting ridge about 15 nm in size and a thin amorphous Al2O3 interlayer were
observed around and beneath the Co NP, respectively. The observed soft wetting behavior strongly
indicates that the sapphire substrate became soft and deformable during PLID. Moreover, the soft
wetting was augmented under PLID in air due to the formation of a CoO shell, resulting in a smaller
contact angle near 30◦.

Keywords: soft wetting; deformation of substrate surface; pulsed laser-induced dewetting; wetting
ridge; Co thin films

1. Introduction

The nature of a substrate affects the wettability of a liquid drop on top greatly. On a
rigid substrate, the contact angle of a droplet, a measure of wettability, can be predicted
from Young’s equation relating the balance among the interfacial tensions involved in
solid–vapor, solid–liquid, and liquid–vapor in the horizontal plane [1,2]. On the other
hand, on a liquid substrate force balance, both in- and out-of-plane direction should be
considered, and the Neumann’s triangle has been employed in determining the contact
angle [3–7]. Interesting physical phenomena have been reported in the wetting on a soft
deformable substrate with intermediate properties between solid and liquid [5–19]. For
example, a wetting ridge, a microscopic protrusion of the substrate at the contact line, was
reported. The deformation and the elastic restoration of the substrate fundamentally alter
substrate–droplet interactions [5–12].

Dewetting of metal thin films on a solid substrate is a complicated process involving
various energetic factors such as surface energy, gravity, fluid dynamics, and molecular
interaction as well as kinetic limitations [20–24]. Theories based on atomic and molecular
dynamics have predicted that a metal film thinner than a critical thickness dewetts into
nanoparticles (NPs) [21,22,25,26], and models such as grooving, spinodal, and Ostwald
ripening have been proposed to explain experimental observations [22,26–29]. Most of
these considerations are under the assumption that the substrate remains rigid. The
dewetting of metal thin films is also sensitive to ambient gas that alters the wettability and
the chemical state of the resultant metal NPs on the substrate. Under an oxygen ambient,
complete or partial oxidation of a metal NP might occur during dewetting, resulting
in an oxide shell surrounding the NP [30,31]. Noble metals such as Au and Pt are not
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easily oxidized, but typical transition metals, including Co, are significantly influenced
by oxidation during dewetting. Furthermore, the interfacial reactivity between the metal
thin film and the substrate and the existence of an interlayer are important in determining
the morphology and the wettability of the NPs because they change the interfacial energy
balance greatly [32,33]. Understanding the oxidation and the presence of interfacial layers
is essential to elucidate the dewetting scenario and the wettability associated with the
balance of surface and interface energies.

Recently, pulsed laser irradiation has been utilized to produce metal NPs through
dewetting of a thin film [22,28,34–38]. Pulsed lasers with pulse widths ranging from ns to
fs can be used for laser induced self-assembly. An fs pulsed laser can reduce unexpected
damage around the irradiated target due to reduced thermal diffusion [34], while an ns
pulsed laser can effectively induce photothermal effects [22]. Thin films are momentarily
heated above the melting temperature under a single ns laser pulse and melted into a
liquid state, and then dewetted into nanostructures [22,34,39,40]. During the rapid cooling
following the pulsed laser irradiation, the nanostructures solidify into various crystal
structures where their phase diagram and kinetic limitations play key roles [34,35,39,41].
On the other hand, the morphology determined by the wetting kinematics, including
liquid state surface tension and fluid dynamical effects, is typically preserved after rapid
cooling. Often, truncated spherical shaped NPs are observed after a number of pulsed
laser irradiations [28,34,35,42]. In many cases, therefore, the final morphology of a metal
NP after pulsed laser-induced dewetting (PLID) is deeply related to the behavior of a
liquid metal nano-droplet on a substrate. Thus, PLID offers a way to investigate wetting of
nanoscale liquid metal droplets on a substrate.

In this study, we report on the deformation of a rigid substrate during PLID and its
consequences on the wetting behavior of a metal NP. We investigated the morphology
and the crystal structure of the NPs produced by the PLID of Co/sapphire (0001) thin
films under vacuum and atmospheric conditions. A nanoscale γ-Al2O3 wetting ridge and
an amorphous Al2O3 interlayer were observed in high-resolution transmission electron
microscopy (TEM) images, which indicates that the sapphire substrate became soft and
deformable during pulsed laser irradiation. Furthermore, Co NP wetted the sapphire
substrate with a contact angle of 71.3◦. We attribute these observations to the laser-driven
fluid-like behavior of the sapphire substrate, which suppresses the dewetting of Co thin
films on top. This soft wetting, wetting on a deformable substrate, was augmented under
the PLID in air due to the formation of a Co-oxide shell.

2. Materials and Methods

The Co thin films were deposited using the electron-beam evaporation technique on a
sapphire (0001) single crystal wafer on which Co thin films typically grow epitaxially. The
thicknesses of the Co films were estimated to be 10 nm from X-ray reflectivity measurements.
A frequency doubled Q-switched Nd:YAG laser (Quantel, Brilliant ultra100) irradiated
the samples placed in a vacuum chamber. The 532 nm doubled frequency beam was
separated from the beam of the fundamental frequency using a dichroic mirror and used
to heat the specimens. Although the 532 nm laser was not the most suitable for light
absorption of Co thin films, it is very effective to introduce the PLID of Co thin films, as
previously reported [22]. The pulse duration was 8 ns, and the repetition rate was 20 Hz.
The fluence of a single pulse was measured to be about 340 mJ/cm2. The selected fluence of
340 mJ/cm2 was efficient in forming wetting ridges and interfacial layers between Co thin
film and sapphire substrate. It also induced dramatic morphological changes in the growth
of nanostructures compared to fluences near the threshold of about 100 mJ/cm2 [22]. The
number of pulses was controlled at 10, 20, 50, 100, and 200 pulses because the PLID of
Co thin films is best represented in this series. Two sets of samples were prepared to
investigate the dewetting behavior of the resulting NPs and the effect of oxidation on the
microstructure. One set was irradiated under vacuum and the other under dry air. For
samples irradiated in vacuum, the sample chamber was kept at 5 × 10−5 Torr.
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Changes in the surface morphology as a function of the laser pulse were examined
by scanning electron microscopy (SEM, Hitachi, S-4800, Tokyo, Japan) to determine the
dewetting of Co thin films into NPs during PLID. The crystal structures of the as-deposited
and the laser-irradiated samples were investigated by synchrotron X-ray diffraction (XRD)
measurements that were carried out at the 5D beamline of the Pohang Light Source-II
in Korea. Typical θ–2θ scan profiles were recorded. The atomic structures of individual
NPs were examined by TEM (FEI, Talos F200X, Thermo Scientific, Hilsboro, OR, USA).
A focused-ion beam (FIB) process was used to prepare a thin cross-section of the 200-pulsed
samples irradiated under both vacuum and atmospheric conditions for TEM measurements.
Prior to the FIB process, a capping layer consisting of carbon and Pt layers was deposited to
protect the NPs. The elemental distribution and the chemical composition of the NPs were
investigated by energy-dispersive X-ray (EDX, Super-X EDS system, Thermo Scientific,
Hilsboro, OR, USA) analysis during the TEM measurements.

3. Results and Discussion

Figure 1a,b shows the XRD profiles measured from the samples irradiated under
vacuum and atmospheric conditions, respectively. In addition to the sharp peak detected at
QZ = 2.902 Å−1 corresponding to the sapphire (0006) Bragg diffraction, the as-deposited Co
thin films show a Co (111) Bragg peak at QZ = 3.088 Å−1 [(JCPDS #78-0431). The presence of
an interference fringe originating from the finite film thickness of 10 nm indicates the high
crystallinity of the Co thin films [43]. As predicted, the Co thin film was epitaxial to the
sapphire (0001) substrate (data not shown). For samples irradiated under vacuum, the Co
(111) Bragg peaks became sharp and intense, indicating that the domain size of crystalline
Co increased with increasing the number of pulses. This behavior is typical of Co NPs
produced using PLID. Note that a peak at QZ = 2.767 Å−1 was detected in the samples
irradiated under vacuum that could be assigned to the γ-Al2O3 (222) Bragg diffraction,
which is discussed with the TEM results later. Meanwhile, for samples irradiated under
atmospheric conditions, the Co (111) Bragg peaks disappeared while the CoO (111) Bragg
peaks appeared. This indicates that, during PLID, the host Co thin film became oxidized
in air.
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Figure 1. Series of XRD profiles of the samples irradiated in vacuum (a) and air (b). Observation of 
the γ-Al2O3 (222) peak is associated with the formation of the γ-Al2O3 wetting ridge. 

Figure 1. Series of XRD profiles of the samples irradiated in vacuum (a) and air (b). Observation of
the γ-Al2O3 (222) peak is associated with the formation of the γ-Al2O3 wetting ridge.
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The changes in the surface morphology as a function of the laser pulse were inves-
tigated by analyzing top-view SEM images shown in Figure 2. The samples irradiated
under vacuum (Figure 2a–c) and atmospheric conditions (Figure 2d–f) show the similar
surface morphological evolution exhibiting dewetting from a thin film. The dewetting
process complies with the grooving model, as evidenced by the hole formation and the
Rayleigh instability of the rims [22,26,35]. By analyzing the size distribution of the NPs, it
was evident that the average NP diameter decreased with increasing the number of pulses
under vacuum but increased under air. The former can be explained by the fragmentation
and the evaporation of the NPs [22,44], while the latter case is associated with the effects of
oxidation, including the Kirkendall effect [45,46].
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Figure 2. SEM images depicting the morphological evolution from a Co thin film to nanoparticles (NPs) through pulsed
laser-induced dewetting (PLID), which follows the grooving model. Samples were prepared in vacuum (a–c) and air (d–f).
Inset in (a) is SEM image of an as-deposited Co thin film.

The morphology of the Co NPs exhibited signatures of the soft wetting, the wetting
phenomena observed on a deformable substrate. Figure 3 shows a TEM image together
with the EDX mappings of CoK, OK, and AlK emissions of a 200-pulsed sample. The NP
obtained by the PLID in vacuum was a pure Co NP in the overall shape of truncated-
hemisphere, as illustrated by the CoK mapping image in Figure 3b and by the lattice image
and the corresponding fast Fourier transform (FFT) pattern shown in Figure 3e,f, respec-
tively, as expected in a typical PLID of a metal film. The Co NP shows a polycrystalline
microstructure consisting mostly of the <111> domains oriented along the surface normal
direction with an atomic layer spacing of approximately 0.203 nm. Remarkably, however,
we found a few features of the soft wetting at the boundary separating the Co NP and the
sapphire substrate. First of all, the substrate was deformed into a shape similar to the one
predicted in the macroscopic theories of soft wetting [5–12,33], as indicated by the arrow in
Figure 3a. The length scale of deformation, however, was only about 5 nm. Furthermore,
we found a wetting ridge, the concave meniscus located at the contact line where the Co
NP, the substrate, and the vacuum space meet, as highlighted in the inset of Figure 3d
(also in Figures S1 and S2 in the Supplementary Material). The wetting ridge was mostly
aluminum oxide, as confirmed in the EDX images shown in Figure 3b–d. The height of the
wetting ridge was approximately 15 nm.
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Figure 3. TEM results of an individual Co NP in the 200-pulsed sample irradiated under vacuum. (a) Low-magnification
TEM image. Corresponding energy-dispersive X-ray (EDX) mapping images of CoK (b), OK (c), and AlK (d) emissions
are illustrated. The inset in (d) shows the left corner of the wetting ridge near the contact line obtained with a higher
magnification. The wetting ridge consists of Al and O. (e) High-resolution TEM image. (f) Fast Fourier transform (FFT)
pattern of the Co crystalline domain corresponding to (e). (g) High-resolution TEM image highlights the amorphous Al2O3

interlayer between the Co NP and sapphire substrate.

Generally, the deformation of a substrate has been reported in liquid droplets on soft
substrates including liquids and gels [5–19]. The existence of the wetting ridge and the
substrate deformation indicates that the sapphire substrate, which was originally rigid,
became soft during the pulsed laser irradiation and exhibited fluid-like behavior. According
to a thermal modeling of Co thin films on SiO2 supported by experimental data [22], the
melting threshold laser fluence of a 10-nm-thick Co film is about 100 mJ/cm2, which is less
than the fluence employed in this study. The Co NPs formed after a number of pulsed laser
irradiations were presumed to remain in a liquid state for a few tens of ns after following
pulse irradiations [22,34,39–41]. Furthermore, the sapphire near the interfacial region to
Co NPs was likely to melt momentarily or to become soft. An 11-nm-thick Co/SiO2 is
predicted to reach about 2500 K under a fluence of 100 mJ/cm2, which is even above the
melting point of sapphire [22]. The 5-nm-thick interfacial layer distinguishable in Figure 3a
suggested that the top surface of the sapphire be liquified momentarily, which was frozen
into an amorphous interfacial layer during rapid cooling, as supported by a high resolution
TEM image shown in Figure 3g. It is noted that the morphological changes such as wetting
ridge and interfacial layer formation of sapphire substrate were mostly affected by thermal
energy driven by photothermal heating of Co NPs. The direct absorption of the 532 nm
laser on the sapphire substrate was negligible.

We interpret that the observed wetting ridge magnified in Figure 4a was due to the
deformation of the softened sapphire substrate induced by the Co liquid nano-droplet
whose shape was mostly preserved during rapid cooling after the pulsed laser irradiation.
We think that the liquid aluminum oxide was pulled up by the capillary force at the contact
line between the Co nano-droplet and the sapphire substrate, which formed the wetting
ridge. In addition, the formation of the wetting ridge can be discussed in terms of atomic
diffusion in the liquid state or grooving through defects at the Co/sapphire interface
during PLID. These are associated with very small elastic distortion and local diffusion to
equilibrate the energy balance at the triple line [47–49]. When the Co NPs on the sapphire
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surface were heated to melting point of Co NPs, the impurities could also cooperate with
the Al vacancies on sapphire substrates. This improved the diffusivity of alumina to form
wetting ridges during pulsed laser irradiation [47–49]. Moreover, the amorphous Al2O3
interlayer showed double-convex shape due to higher surface energy compared to Co and
sapphire substrate [50].
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The deformation of the substrate suppressed the dewetting of Co NP, which was
signified by the contact angle smaller than 90◦, as indicated in Figure 3a. The contact angle
(θ), estimated using a simple relation, h = r (1 − cosθ), where h (102 nm) and r (150 nm) are
the height and the radius of the hemisphere, respectively, was about 71.3◦, indicating that
the system was in the wetting (θ < 90◦) rather than the dewetting (θ > 90◦) regime. This
value is significantly smaller than the contact angle of noble metal NPs such as Au and Pt
produced in PLID, which are usually larger than 110◦ [34,42,51].

The wetting ridge froze into the crystalline γ-Al2O3 phase during rapid cooling following
a laser irradiation, which is in contrast to the fact that the interlayer became amorphous. As
shown in Figure 4a, atomic planes of 0.455 nm spacing were observed, corresponding to the
(111) planes of γ-Al2O3 crystal. The FFT pattern shown in Figure 4b exhibits the diffraction
pattern of a face centered cubic (FCC) structure with a lattice constant of 0.79 nm in the
[110] zone axis, which also confirms the existence of the γ-Al2O3 phase. For comparison,
the FFT pattern of the sapphire substrate displayed in Figure 4c shows the symmetry of
α-Al2O3 clearly distinguished from that of the γ-Al2O3. The presence of the γ-Al2O3 crystals
is consistent with the XRD results (Figure 1a).

The soft wetting behavior was more pronounced in the NPs produced by a PLID of a
Co film in air, as illustrated in the TEM and the EDX mapping images in Figure 5. A thin
truncated hemispherical NP is observed in the TEM image in Figure 5a, which also shows the
deformation of the sapphire surface associated with an amorphous Al2O3 interlayer similar
to the Co NPs produced in vacuum. The EDX mapping analysis shown in Figure 5b–d,
especially the OK emission (Figure 5c), shows not only the formation of the CoO shell but
also the localized CoO domains within the NP. The high-resolution TEM image shown in
Figure 5e represents the atomic structure of the CoO shell and the Co domains in the NP.
The thickness of the CoO shell was estimated to be approximately 2 nm. The formation of
a CoO shell indicates an oxidation process via the Kirkendall effect [45,46]. The CoO shell
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passivates the surface, preventing the diffusion of oxygen atoms into the core at an early stage.
On the other hand, Co atoms in the core diffuse into the surface of the CoO shell and are
then oxidized, which results in an increase in the diameter of the NPs, consistent with the
SEM results in Figure 2. In contrast to the CoO NPs formed via thermal annealing through
the Kirkendall effect [45,46], no voids or CoO domains were present in the core NPs. It is
worth noting that void formation during the nanoscale Kirkendall effect is a nucleation-type
phenomenon that occurs only when the oxide shell is thicker than its critical thickness [52].
We also assumed that the 200-pulsed sample showed the initial oxidation state of Co NPs
rather than a fully oxidized state. As a result, the CoO shell observed in this paper was too
thin to initiate hollowing.
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To estimate the wettability of NPs produced under atmospheric conditions, θ = 30.7◦

was calculated using the values h = 56 nm and r = 400 nm. This value is significantly smaller
than the contact angle of 71.3◦ for Co NPs (Figure 3). The height of the wetting ridge was
also reduced to about 10 nm. This can be attributed to the combined role of the CoO
shell and the deformation of the substrate surfaces. We believe that the oxidation of NPs
significantly suppressed the dewetting of Co thin films during PLID. In other words, the
initially formed CoO shell (a thin capping layer of 2 nm in this study) served as a frame for
dewetting, which ultimately led to a smaller contact angle. This is conceptually similar to
previous reports on the effective prevention of dewetting using a capping layer [31,53,54].

4. Conclusions

In summary, we observed soft wetting behaviors in the Co NPs on a sapphire substrate
produced by PLID. NPs produced by PLID both in vacuum and in air wetted the sapphire
substrate with contact angles of 71.3◦ and 30.7◦, respectively. We found that high-power
pulsed laser irradiation softened the sapphire substrate, and the presence of a Co nano-
droplet introduced the deformation of sapphire substrates signified by a nanoscale γ-Al2O3
wetting ridge as well as a thin amorphous Al2O3 interlayer. The deformation of the
substrate surfaces was critical in suppressing the dewetting of the resultant NPs in PLID.
Furthermore, the CoO shell formed by oxidation played an important role in making the
contact angle of CoO NPs smaller. We expect the soft wetting behavior reported here to be
observed in other metal droplets during PLID. Co NPs with controlled size distribution
can be implemented for surface-enhanced plasmonic applications and high-sensitivity
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magnetic devices. Co oxide NPs can also be applied to batteries, as they have a lot of
oxygen vacancies that can improve redox chemical activity. This study provides a guide
for studying various phenomena in laser–matter interactions, such as nano-bubbling and
complex fluid-like behaviors in nanostructures.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-4
991/11/2/268/s1, Figure S1: (a) Low-magnification scanning TEM image and (b) EDX mapping
image of a Co NP. Wetting ridges are clearly observed at the contact line. Figure S2: TEM and EDX
mapping images highlighting the left corner of the wetting ridge near the contact line. (a) Scanning
TEM image. EDX mapping images of (b) CoK, (c) OK, (d) AlK emissions. The color map in (e) clearly
shows the wetting ridge.
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