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ABSTRACT: We report the first study on the formation of structures
with micro- and nano-scopic periodic surface patterns created by the
spontaneous flow of liquid metal over thin metallic solid films. Minute
details of the flow of liquid gallium over gold are captured in situ at
very high magnifications using a scanning electron microscope, and a
series of experiments and microstructural characterization are
performed to understand the underlying principles of the liquid
flow and the pattern formation. This phenomenon is solely driven by
wetting, with little influence of gravity, and is aided by a tenacious
semi-solidus envelope of the intermetallic compound formed due to
the reaction between the liquid metal and the metallic substrate. This
complex flow creates highly periodic patterns with features ranging
from hundreds of nanometers to tens of micrometers, which can be
tuned a priori. We propose a model capturing the essential mechanics
of the ripple formation and apply it to simulate the formation of a single ripple, along with its essential asymmetry, that forms the
basis for generating the observed patterns.

1. INTRODUCTION
Pattern formation is one of the fascinating characteristics of
nature.1 Specifically, liquid flow-driven patterns are observed at
different length scales, varying from a few meters as in lava
flow,2 tidal bore,3 etc., to a few tens of micrometers in the case
of capillary waves.4 Often the principles of fluid mechanics and
thermodynamics are sufficient to understand the patterns
created by nature; however, translation of the same principles
at the lab as well as industrial scale to create patterns of
practical importance remains challenging and an exciting
endeavor. Hence, there remain only a few scientific studies on
pattern creation at the micro- and nano-scale.5,6 Here, we
demonstrate and study the spontaneous flow of liquid metals,
e.g., gallium (Ga) and tin (Sn), over thin solid films, e.g.,
platinum (Pt), gold (Au), etc., for continuous pattern
generation at a small length scale. Like lava flow, which occurs
at a large length scale, our study shows the formation of
tunable wave-like structures by the liquid metal at a small
length scale. Figure 1 demonstrates a few examples of the
diverse patterns of Ga and Sn that, for the first time, are
generated at a wide length scale, ranging from tens of
micrometers to hundreds of nanometers. Realizing that the
patterns shown in Figure 1 appear as “ripples”, we phrase
patterns produced as ripple patterns and the flow causing these
patterns as ripple flow for ease.
Each ripple pattern shown in Figure 1 is created in a single

step, with a high degree of repeatability, without requiring any
special environment and dedicated instrumentation. On the

contrary, creating three-dimensional patterns with sub-micro-
meter features requires high-end equipment, such as electron-
beam lithography (EBL), in conjunction with multiple
“masking-etching-writing” steps.7,8 Furthermore, the features
sizes, e.g., depth and width of trenches as well as the adjoining
hills, can be varied over orders of the length scales (e.g., the
trench width of hundreds of nanometers to tens of micro-
meters), and the patterns can be created over larger distances
(e.g., a few micrometers to a few centimeters). Given this
versatility and the potential application of these structures in
the diverse fields of optics, sensing, microfluidics, die-printing,
etc.,9,10 we conduct this study to understand the mechanism of
the formation of ripples. Previously studied techniques11−16

show novel methods of producing patterns using liquid metals.
However, a single-step process for creating patterns in ambient
conditions with features ranging from 100 nm to 10 μm is not
demonstrated in those studies. Compared to the study of the
liquid flow over an inert substrate, whose modeling is relatively
more straightforward,17 the flow of liquid metal on the wetting
and reacting substrate, as is the case of examples shown in
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Figure 1, is complex. The added complexity is due to the
solidification of chemically reacted species,18 concentration
gradient, and, at times, the oxidation of the liquid metal itself,
potentially forming a thick and stiff envelope over the flowing
liquid.19 It should be noted that, although wetting of liquid Ga
on thin films has been studied previously,20,21 these studies
neither discuss the ripple flow nor present the mechanism of
the formation of the ripple patterns. Rather, the previous
studies focused on the aspects like the formation of
nanoneedles of Ga and the mechanism of synchronized
spreading of Ga on thin films. To the best of our knowledge,
this is the first study dedicated to the formation of the ripples
and its mechanism.

2. EXPERIMENTAL PROCEDURE
For gaining insights into the steps of ripple formation, we
perform experiments inside an SEM. Hence, for simplicity
(related to heating, vapor pressure, contamination of chamber,
etc.), we choose to perform a detailed study on liquid Ga, even
though the formation of ripple patterns is not limited to this
system (e.g., see Figure 1f). The sample configuration, with the
relevant dimensions, is schematically illustrated in Figure 2a.
For a given experiment, the width, thickness, and type (Au or
Pt) of the thin film metal track are constant. The thickness of
the Au film varies in the range of 150−300 nm for different
samples, whereas the Pt film is in the range of 150 nm to 2 μm.
The thickness of Pt is kept slightly higher than that of Au
because the subsequent characterization involves focused ion
beam (FIB) milling, which damages very thin Pt films. The top
view of the sample after the photolithography and the
subsequent thin film deposition is shown in Figure 2b. The
width of the narrower region of the metal track in the sample,
wherein the flow behavior is studied in situ, varies in the range
of 4−35 μm. This sample configuration ensures the flow to be
one-dimensional, which is relatively easy to analyze and
understand.
Subsequently, a droplet of Ga with a diameter of ∼600 μm is

placed manually on the wider section of the metal-film

substrate (Figure 2c). Ga wets both Au and Pt at room
temperature, with both Ga-Pt22 and Ga-Au23 systems having
stable intermetallic compounds (IMC) at room temperature.
However, for forming good contact with the substrate film, Ga
is heated to ∼100 °C for a short time before the start of the in
situ experiment inside an SEM. There is no hard rule on
heating to a temperature of 100 °C. Heating at 50 °C will also
suffice the contact establishment process, however, at a slower
rate. Once Ga is molten, it starts to flow over the metal track
through the “open channel” (see Figure 2d).a More details of
the experimental procedure and imaging can be found in
Section S1.

Figure 1. Micrographs, obtained using a scanning electron microscope (SEM), showing numerous prospects of the structures with periodic
“rippled” surface patterns formed due to the spontaneous flow of liquid metals on solid metallic substrates (see Videos S1 and S2): patterns, with
feature sizes ranging over 2 orders of magnitude, formed due to the flow of liquid (a−d) Ga on the Pt substrate, wherein the substrate is heated, (e)
Ga on the Au substrate at room temperature, with the inset showing a feature at 10 times higher magnification, and (f) Sn on the Pt substrate at a
temperature of 400 °C. All patterns shown here were created in ambient air conditions and in a single step. These are the first set of micrographs
reporting metallic ripple structures at the micro- and nano-scale.

Figure 2. Specifics of the experimental procedure used to study the
formation of the ripple patterns on a metallic substrate (i.e., track):
(a) schematic illustration of the sample and SEM micrographs
showing (b) the top view of the metal track over which liquid Ga
flows, (c) side view of the Ga bead sitting on the wider section of the
metal track (also named as the “bead seat”), and (d) side view of the
flow of Ga from the wider section (i.e., bead seat) to the narrow
region.
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3. RESULTS: UNDERSTANDING THE RIPPLE
STRUCTURE

3.1. Nucleation and Growth of the Ripple. The
nucleation and growth of the ripple structure are shown in
Figure 3a through a series of time-lapse micrographs (see
Videos S1 and S2 for the ripple formation). Figure 3a reveals
that, as the flow front of Ga advances, the shape of the ripple
structure continues to evolve during the formation of
successive ripples. The acute angle formed by the tangent
drawn with the horizontal, as shown in the schematic (in the t
= 0 min micrograph of Figure 3a), is used to characterize the
evolution of the ripple shape as it forms and grows. We call this
angle the ripple structure angle, whose variation with time is
shown in Figure 3b. The ripple structure angle gradually rises
initially as the liquid metal moves forward followed by a rapid
increase and then a sharp decrease such that the ripple
structure angle varies in the range of 14−40° from the start to
the time the ripple remains at the front. It should be noted that

this drop in the angle is associated with the front surface of the
ripple. The rest of the structure, which is behind the flow front
(e.g., rear side in the t = 21 min micrograph in Figure 3a),
keeps evolving above 40°, till about 100−110°, with the
horizontal. The fall in the ripple structure angle is attributed to
the beginning of the “pinching” of the ripple, which is defined
as the nucleation of the ripple at the front (see the micrograph
corresponding to t = 94 min in Figure 3a, where the process of
pinching is complete throughout the width of the ripple
pattern). This cycle of the increase in the ripple structure angle
followed by a decrease in between two successive pinching
events continues throughout the ripple flow.
The growth of the frontmost ripple structure is observed in

both the x and z directions (see Figure 3a for the definition of
x and y coordinates). The corresponding velocity measurement
is performed by post-processing of the recorded images using
open-source software, called ImageJ, and shown in Figure 3c.
The forward flow velocity, vx, is very low, in the order of 1−3
nm/s, and is in the laminar regime with Reynolds number, Re

Figure 3. Tracking and quantifying nucleation and growth of the ripple structure: (a) time-lapse micrographs showing the evolution of the shape of
ripples as liquid Ga flows over the Au thin film. The timestamp (t), in minutes, is shown in each micrograph. The definitions of the ripple structure
angle and the coordinate system are given in the left-top micrograph. Variation of (b) the ripple structure angle and (c) forward flow velocity, vx,
and thickening rate, vz, with time. The time axis in all figures shown here is synchronized with each other.
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≪ 1 (as shown later, ∼10−12). Furthermore, vx starts with a
higher value and gradually decreases to a smaller value before it
starts to rise again. On the other hand, the velocity in the z
direction or thickening rate, vz, starts with a lower value and
rapidly rises to a very high value before decreasing again to a
very low value.
Three vertical lines are drawn in Figure 3b,c, denoting three

important events during the nucleation and growth of a ripple
structure. The first or the leftmost line denotes the event of the
start of clear separation between the frontmost and the
penultimate ripples (see micrographs corresponding to t = 21
and 33 min in Figure 3a): This leads to a rapid increase in the
ripple structure angle (as if the substrate-liquid metal wetting
has worsened), a sudden jump in vz (or thickening rate), and a
decrease in vx. The second vertical line represents the event of
localized pinching, i.e., nucleation of the new ripple at the flow
front (see the micrograph corresponding to t = 62 min in
Figure 3a, which shows a change in curvature). This leads to a
decrease in the ripple structure angle (as if the liquid is now
moving over a wetting layer) and a corresponding increase in
vx (i.e., the spread of liquid over the substrate) and a decrease
in vz. The third or rightmost line represents the completion of
pinching over the entire width of the ripple front (see the
micrograph corresponding to t = 94 min in Figure 3a), thereby
completing the nucleation of the new ripple. At this instance, a
sudden decrease in the ripple structure angle is observed,

whereas vx and vz continue to increase and decrease,
respectively.
Interestingly, vx does not reduce to zero at any instant of the

flow, implying that the flow front keeps moving, however, at a
much slower rate during which the ripples thicken. Once a
single ripple structure attains equilibrium, liquid Ga continues
to flow beneath the structure without affecting the already
formed ripple. The ratio of the height to width of the ripple
structure is ≈1, with the average height lying within 3−8 μm,
depending on the width of the track (see Section S2).
In summary, the nucleation of the ripple is identified as a

combination of a small ripple structure angle, a faster spreading
rate of the flow front, and a sluggish rate of thickening. On the
other hand, the growth of the ripple involves an increase in the
ripple structure angle and an associated preferential thickening
(as compared to spreading).

3.2. Elemental Characterization. The very first question
in our quest for understanding the ripple formation is about
the chemical composition of the ripple structure. As per the
phase diagram, Ga reacts with the substrate thin film (Au or
Pt) and forms an intermetallic compound. Hence, it is essential
to understand the evolution of the chemical composition of the
ripple structure to gain critical insights into the mechanism of
the ripple formation. The chemical composition of the ripple
structure is examined using energy-dispersive spectroscopy
(EDS) in scanning transmission electron microscopy (STEM).
For performing EDS using STEM, a lamella of the ripple

Figure 4. Elemental analysis of the ripple pattern using EDS in STEM: (a) matured (or penultimate) as well as some parts of the frontmost and (b)
yet evolving ripple structure. The left top is the HAADF micrograph of the ripple structure, whereas the rest of the micrographs show the
compositional map of the relevant elements. The name of the elements is mentioned in each map. (c) Variation of the average atomic
concentration of Ga and Pt on the visible (i.e., side) surface as a function of the distance from the bottom of the ripple structure, along the arrow
shown in the inset. The inset shows superimposed EDS color maps of all major elements.
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structure was fabricated using FIB milling. For fabricating Ga-
on-Pt lamella, a 2 μm-thick ripple flow sample comprising one
fully formed ripple and a half-formed ripple (see Figure 4) is
milled using FIB and then thinned down to 200 nm thickness
using very low currents (0.79 nA−2.5 nA). The lamella is lifted
and placed onto a TEM grid (made of Cu).
Now, a close inspection of Figure 4, which shows the

elemental maps of the matured (i.e., penultimate) ripple and
the frontmost ripple, reveals the following:

• Pt is distributed throughout the ripple pattern,
suggesting its complete dissolution during the liquid
Ga flow.

• The distribution of Ga is limited to only the ripple
pattern (or the flowed region), which confirms limited
contamination of the sample due to FIB milling using Ga
ions.b

• Ga does not diffuse below the titanium (Ti) adhesion
layer, i.e., Ti acts as an excellent barrier layer for Ga, and
hence, Ti is not a part of the ripple structure. The
integrity of the Ti layer is preserved. It should be noted
that Ga does not wet Ti (as revealed in an experiment
dedicated to observing wetting of Ga on Ti, see Section
S3), and hence, dissolution of Pt brings liquid Ga in
direct contact with a non-wetting layer.

• Similar to Ti, silicon (Si) and silicon dioxide (SiO2) are
also not wetted by Ga and hence do not become a part
of the ripple pattern. Their integrity is preserved
throughout the ripple flow.

• Oxidation of the top layer of the ripple pattern is
insignificant. A dedicated experiment performed to
ascertain the role of oxygen (O) in the ambient confirms
that oxidation does not play a role in the ripple flow (see
Section S4).

• As discussed above, EDS-STEM analysis suggests the
important role of dissolution of Pt (or the metal path) in
liquid Ga and exposure of liquid Ga over a non-wetting
Ti layer as essential aspects of the ripple flow.
Remarkably, Figure 4c confirms dissolution and spread
of Pt throughout Ga, with Ga and Pt being richer and
leaner, respectively, at the bottom of the ripple pattern
(i.e., closer to the Ti layer). This suggests that Ga might
have been in purer form at the bottom of the ripple flow,
maintaining a fully liquid channel for the flow toward
pristine Pt (or the metallic path). On the other hand, the
almost equiatomic concentration of Ga and Pt near the
top surface of the ripple suggests the formation of a Ga-
Pt intermetallic compound, which would provide a

relatively stiffer envelope to liquid Ga flowing under-
neath.

3.3. Ripple Flow over a Discontinuous Track. Material
characterization reveals the dissolution of the wettable
substrate thin-film track and the exposure of the non-wetting,
impervious Ti layer at the bottom. This confirms the important
role of wetting, and on this basis, we try to understand the
primary driving force behind the phenomenon. In this regard,
an experiment is carried out by observing the liquid metal flow
on a metallic track with a discontinuity at a certain distance
from the start of the flow. A schematic of the experimental
setup is illustrated in Figure 5a, and Video S3 shows the flow of
liquid Ga over such a track. Figure 5b and Figure 5c show the
frontmost ripple once the flow front reaches the discontinuity
and after a long time of its arrival at the discontinuity,
respectively. Figure 5 clearly reveals that flow seizes with no
considerable change in the already formed ripple structure
once the flow front reaches the discontinuity (i.e., when the
wettable substrate is no longer available). It should be noted
that the regular ripple structure formed (similar to that shown
in Figure 3a) until the liquid metal front reached discontinuity.
This implies that the continuation of liquid metal flow, the
formation of the ripple structure, and evolution in the ripple
structure depend on the wetting of the metallic track in the
liquid metal: The movement in both the x and z directions
requires a moving front. Hence, the ripple flow occurs due to a
“pull-force” applied on the liquid metal front by the wettable
metallic track and not due to any “push-force” that might arise
due to a built-up of the hydrostatic pressure behind the flow
front (e.g., due to the liquid metal placed on the bead seat,
penultimate ripple structure, etc.). In other words, the surface
tension between the solid thin film and liquid Ga, giving rise to
a pull-force at the front, is the driving force for the flow.

4. DISCUSSION: MODELING RIPPLE FORMATION

As mentioned earlier, the ripple flow pattern involves a
wetting-driven flow of the liquid metal and the dissolution of
the substrate into the flowed metal. Comprehensive
quantitative modeling of this phenomenon is beyond the
scope of the current work; however, a qualitative model, based
on the aforementioned experimental observations, is presented
here that captures the essential features of the phenomenon.
First, we present a qualitative interpretation of forces involved
in this phenomenon and then describe a computational model
based on finite element-phase field analysis that we use in
commercial software, COMSOL Multiphysics, to study the
ripple formation.

Figure 5. Evolution of the shape of the ripple on a discontinuous metallic track: (a) schematic illustration of the sample with a discontinuity in the
flow track and SEM micrographs showing the ripple flow on a discontinuous Au metallic track at the time (b) when the flow front reaches the
discontinuity (i.e., t = 0 min) and (c) after a further wait of 70 min (i.e., at t = 70 min) relative to the instance shown in panel (b) (see Video S3).
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4.1. Identification of the Dominant Driving Force.
Surface tension between different interfaces involved in the
ripple flow is expected to play a key role in ripple formation.
To understand the relative significance of surface tension, γ,
and body force (i.e., gravity), the capillary length, λc, is
calculated as24

gcλ γ
ρ

=
(1)

where ρ and g are the density of liquid metal and the
gravitation acceleration, respectively. For pure Ga (with ρ =
6085 kg/m3, γ = 722 mN/m, and g = 10 m/s2),25,26 λc is 3.3
mm. The length scale of a single ripple (e.g., <10 μm) is
significantly smaller than the calculated capillary length, and
hence, its size is not determined by the body forces. In other
words, the hydrostatic pressure (in tens of Pa) is less than the
Laplace pressure (in hundreds of KPa) generated due to the
curvature. Hence, the role of gravity in ripple formation can be
neglected, which is consistent with the experimental
observations (see Section S5).
In the same context, the significance of the surface tension

with respect to the viscous force can be estimated using the
capillary number, Ca, which is the ratio of viscous force to
surface tension force and is given as27

C
v

a
μ
γ

=
(2)

where μ represents the dynamic viscosity25 and v is the velocity
of flow. The capillary number for the flow is of the order of
∼10−9, clearly suggesting an insignificant role of viscosity
relative to surface tension in the ripple flow. Furthermore, the
Reynolds number, Re, which is the ratio of the inertia force to
viscous force, is given by the following expression for a
rectangular cross section28

Re
Dv
μ

=
(3)

where D is the hydraulic diameter, given as D = 4A/P, where A
and P are the cross-sectional area and the perimeter of the
channel, respectively. The Reynolds number for the liquid Ga
flow on Pt or Au is ∼10−12, which suggests a negligible role of
inertia force relative to the viscous force. Hence, based on the
values of λc, Ca, and Re, it can be concluded that surface
tension (and hence wetting) plays the dominant role in the
ripple flow, relative to the gravitational, viscous, and inertial
forces. Hence, a model for this flow must incorporate the fact
that the flow is primarily driven by interface forces that try to
minimize the surface area.

4.2. Steps Leading to Ripple Formation. The surface
tension-driven tendency of a liquid to minimize the surface
area for a given volume at any given instance leads to the
“spheronization” of liquids and semi-solidus materials. Based
on this idea, a probable sequence of events involved in the
formation of the ripple pattern can be conceived, as illustrated
schematically in Figure 6. Here, the liquid metal moves over
the metallic path driven by the surface wetting (see Figure 5).
As an incremental portion of the substrate metallic path (“Δx”
in Figure 6) is wetted by the liquid and dissolved into it, a thin
layer of an intermetallic compound is formed, which ends up
forming the top solidified surface (see Figure 4). The
incremental length of the intermetallic compound layer is
connected to the previously formed layer of the intermetallic
compound; however, the newly formed layer is not yet fully
solidified. This liquid spreading and metallic path dissolution
lead to the pulling of additional liquid from the reservoir (see
Figure 6); however, the newly arrived liquid in the ripple is
now exposed to a non-wetting surface (i.e., Ti layer at the
bottom, see Figure 4). This leads to upward pushing of the
liquid and its spheronization, with a contact angle for the
“sphere” at the bottom interface equal to 110 ± 4°, which is
the equilibrium contact angle between the liquid Ga and Ti
(see Section S3). This is further aided by the inherent
tendency of the liquid to minimize its surface area by adopting
a spherical or curved shape. As the top layer of the
intermetallic compound is not completely solidified, the
Laplace pressure applied on it (due to the surface tension of
the liquid) deforms it, resulting in a distinct ripple shape, as
observed in Figure 3a.
As shown in Figure 6 and observed from in situ experiments

(Figure 3), the ripple structure angle between the incipient
ripple and the substrate continuously increases, during which
the ripple grows in its size. The size growth gives the ripple
pattern a convex shape, indicating that the pressure inside the
ripple is not only higher than the atmospheric pressure but also
it is high enough to deform (and shape) the semi-solidus
intermetallic compound layer. This pressure also acts against
the flow of the liquid metal coming from the liquid reservoir to
the ripple, and hence, the addition of the liquid metal into the
ripple will stop if the pressure reaches a critical value. However,
if this pressure is large enough to open a larger “orifice” at the
flow front, then the liquid can ooze out to the pristine metallic
surface at a faster speed, which can lead to nucleation and
growth of a new ripple. The nucleation of a new ripple is
associated with a pinching event, as schematically shown in
Figure 6. The pinching event corresponds to the deepening of
the top surface at a location a little behind the flow front (see
Figures 3 and 6). The surface experiencing this pinching event

Figure 6. Schematic illustration of the sequences, involving wetting and dissolution of the metallic path, formation of the intermetallic compound
(IMC) or substrate metal-rich envelope on the top surface, pulling forward of liquid due to wetting and its spheronization (due to the non-wetting
layer at the bottom and surface tension of the liquid), and pinching of the ripple, leading to the formation of the ripple flow pattern. The steps of
the ripple flow go from the left to the right in the above schematics. θr and θf are the ripple structure angles between the liquid and the substrate at
the back and frontmost ends of a ripple, respectively.
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continues to deepen, resulting in eventual separation between
the penultimate ripple and the incipient ripple at the front of
the flow. It should be noted that the process of formation of
the intermetallic compound, which eventually provides a
relatively stiff and hence stable top surface of the ripple pattern
that experiences the pinching, is a continuous process as long
as the flow front is not interrupted.
4.3. Simulating Ripple Flow and Evolution of Its

Shape: Growth of the Ripple. A 2D model is built in
COMSOL Multiphysics, wherein a liquid pool is introduced
from an orifice at a constant velocity using the inlet boundary
conditions (see Section S7 for details of COMSOL modeling).
At one end of the orifice, the substrate is non-wetting
(imitating the region where liquid metal is exposed to the non-
wetting Ti layer), whereas the other end of the orifice has a
small segment of a moderately wetting boundary (imitating the
region where some Pt or Au is still partially left) followed by a
wetting boundary (imitating the region where pristine Pt or Au
exists, i.e., where the liquid has still not reached) (see Figure
7a). The top region is occupied by a compliant air medium.
Interestingly, as shown in Figure 7b,c, the liquid drop starts to
flow toward the wetting substrate and transitions from a
relatively spherical shape to a slightly asymmetric shape
(elongated toward the wetting region) (see Video S4). Thus,

the existence of the asymmetric boundary conditions leads to
the forward flow of the liquid and creates asymmetry in the
shape of the ripple pattern. These predictions match well with
the experimental observation (see Figure 7d). This simple
qualitative computational model strongly suggests wetting to
induce the liquid metal flow in the forward direction and the
transition of the bottom layer from the wetting one (i.e., when
Pt is there) to the non-wetting one (i.e., when Pt is dissolved,
thereby exposing the liquid to Ti) to be responsible for its
unique shape. This type of asymmetric shape is also discussed
previously,29 where a constant volume of a water droplet is
placed over a surface, with one side being hydrophilic and
another being hydrophobic.

4.4. Modeling Pinching Event: Nucleation of the
Ripple. Liquid tries to minimize its surface area for a given
volume. The volume of liquid keeps increasing due to the
moving front, which adds more and more liquid to the ripple
structure. The addition of a new volume of liquid and the
presence of dewetting boundary at the bottom change the
shape of the ripple structure continuously. There is a moving
front and non-moving end at the sides of a ripple. The angle at
the non-moving end continuously increases toward its
equilibrium contact angle (110° approximately, with Ti).
The ripple structure angle at the moving front increases to a

Figure 7. Numerical simulation capturing the liquid metal flow driven by wetting with asymmetric boundary conditions, leading to the formation of
a typical ripple: (a) schematic of the COMSOL model (see Section S7 for details), (b) volume fraction color map at the initial time (i.e., t = 0 s),
(c) volume fraction color map after the lapse of some time (here, t = 32 s), and (d) an SEM micrograph of a representative ripple showing the
typical asymmetric shape of the ripples. The red-brown and blue colors in panels (b, c) represent the liquid (1 in color code) and air phases (0 in
the color code), respectively, whereas the region in between these two pure phases is the interface region (as the boundary between these two
phases is selected to be diffused in the COMSOL phase-field module) (see Video S4 for the simulation results).

Figure 8. Measurement of the principal radii, Rs and Rf, of a ripple pattern: (a) 3D schematic showing the ripple structure, flow front and the
definitions of Rs and Rf, and the method implemented for measuring (b) Rs and (c) Rf using appropriate SEM micrographs of a ripple.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c00364
ACS Omega 2022, 7, 12111−12119

12117

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00364/suppl_file/ao2c00364_si_008.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00364/suppl_file/ao2c00364_si_001.mp4
https://pubs.acs.org/doi/10.1021/acsomega.2c00364?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00364?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00364?fig=fig7&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00364/suppl_file/ao2c00364_si_008.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00364/suppl_file/ao2c00364_si_004.avi
https://pubs.acs.org/doi/10.1021/acsomega.2c00364?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00364?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00364?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00364?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00364?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


limit and then decreases. The decrease is attributed to the
event of pinching. The addition of new liquid to the structure
ceases and forms a new ripple after pinching. The limiting
factor in the case of pinching is the surface tension of the
structure. The surface tension of the ripple structure is different
from actual Ga due to the intermetallic formation. The
maximum amount of liquid added depends on the surface
tension and thereby Laplace pressure resulting from surface
tension. A simple analysis based on the Laplace pressure is
performed to explain the conditions responsible for the
nucleation of the new ripple. An estimate for the pressure at
which the pinching event occurs can be qualitatively estimated
by considering the Laplace pressure. Laplace pressure, which
signifies the pressure difference across an interface, ΔP, is
given27

i
k
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R R
1 1

f s
γΔ = +

(4)

where Rf and Rs are the principal radii of curvature of a ripple
measured from the front and the side, respectively (see Figure
8). SEM micrographs are used to measure Rf and Rs at the
moment when pinching or nucleation of a new ripple typically
occurs (see Figure 8b,c). The typical values of Rf and Rs
observed in this study vary between 2 and 5 μm. These values
result in a Laplace pressure of 250−470 kPa between air and
ripple, which is high for a non-solid enclosure. Since the
primary force of driving is a pull-force at the front, the liquid
addition prefers to create a new surface by moving forward
(and hence pinching) rather than the bursting of the ripple.
It should be noted that the principal radii of curvature of the

ripple decrease with an increase in the ripple size (given that
liquid Ga reaches a non-wetting layer of Ti), and hence, the
Laplace pressure increases with the height of the ripple. This
leads to an increase in the force applied, and hence, its
tendency of exceeding the surface tension increases with the
height of the ripple. Thus, the pinching event or nucleation of
the new ripple occurs only after the ripple has attained a
certain height.
Although the phenomenon of ripple pinching is wide open

for better modeling, we have reported our current under-
standing based on the experimental evidence described above.
We also model the pinching part using the features currently
available in COMSOL Multiphysics. Details of this model can
be found in Section S6.

5. CONCLUSIONS
We have demonstrated and studied a novel patterning process
using the spontaneous flow of liquid metals over metallic tracks
at micro- and nano-scales. As mentioned earlier, no study till
now has explored the mechanism of the formation of the ripple
formation and it has not been touched upon in the relevant
previous works.20,21 The pattern formation reported here is
unique because, till now, studies have shown wrinkles or
waviness on the surface of the liquid metal strongly influenced
by the oxide skin on the liquid metal.30 In the current study, no
such dependence on the oxide skin is observed, and it is
demonstrated that the interaction at the interface of Ga and
thin films like Au and Pt produces these patterns.
When liquid Ga (or Sn) flows over a very thin, microscale,

metallic track of Pt or Au, it spontaneously generates periodic
patterns in the form of well-defined ripples. The mechanism of
ripple formation is studied in detail with a series of

experiments, including in situ SEM observations and detailed
microstructural characterization. The surface tension acting on
the liquid and the solid at the flow front is the driving force for
the flow, and it dominates over all possible forces, such as
gravity, viscous, inertial, etc., involved in the flow.
The EDS analysis performed in STEM shows a complete

dissolution of the substrate, thereby exposing it to the non-
wetting Ti layer at the bottom and the Pt-rich layer at the top
of the ripple surface. The ripple structure forms as the liquid
metal flow over a substrate that transitions from the wetting to
the non-wetting, with a relatively more stable intermetallic
layer formed at the top surface. When this process flow is
simulated using COMSOL Multiphysics, the flow of liquid
metal over a wetting surface, the growth of the ripple having an
asymmetrical shape can be reproduced in the same manner as
observed in the experiments.
The developed qualitative model has scope for improvement

but captures the essential physics and lays out ground for
further study using this phenomenon. Quantitative modeling
of this phenomenon can be investigated from a more
fundamental perspective as commercially available CFD
software lacks it presently. Controlling the ripple patterns
with respect to the height, pitch, gap, and type of metal needs
investigation that can lead to novel applications like diffraction
gratings and parallel microfluidic channels.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c00364.

Video S1: Ripple formation at 3000× magnification
(MP4)
Video S2: Ripple formation at 12,000× magnification
(MP4)
Video S3: Flow on the discontinuous path (MP4)
Video S4: COMSOL simulation capturing asymmetry
(MP4)
Video S5: COMSOL simulation capturing splitting
(MP4)
Video S6: Ripple formation at 50,000× magnification
(MP4)
Video S7: Top surface movement on a non-patterned
substrate (MP4)
Document with additional experimental details on ripple
formation (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Praveen Kumar − Department of Materials Engineering,
Indian Institute of Science, Bangalore 560012, India;
orcid.org/0000-0002-8890-9969; Email: praveenk@

iisc.ac.in

Authors
Vijayendra Shastri − Center for Nanoscience and Engineering,
Indian Institute of Science, Bangalore 560012, India

Santanu Talukder − Department of Electrical Engineering and
Computer Science, Indian Institute of Science Education and
Research, Bhopal 462066, India

Kaustav Roy − Center for Nanoscience and Engineering,
Indian Institute of Science, Bangalore 560012, India

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c00364
ACS Omega 2022, 7, 12111−12119

12118

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00364/suppl_file/ao2c00364_si_008.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00364?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00364/suppl_file/ao2c00364_si_001.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00364/suppl_file/ao2c00364_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00364/suppl_file/ao2c00364_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00364/suppl_file/ao2c00364_si_004.avi
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00364/suppl_file/ao2c00364_si_005.avi
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00364/suppl_file/ao2c00364_si_006.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00364/suppl_file/ao2c00364_si_007.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00364/suppl_file/ao2c00364_si_008.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Praveen+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8890-9969
https://orcid.org/0000-0002-8890-9969
mailto:praveenk@iisc.ac.in
mailto:praveenk@iisc.ac.in
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vijayendra+Shastri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Santanu+Talukder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaustav+Roy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rudra+Pratap"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Rudra Pratap − Center for Nanoscience and Engineering,
Indian Institute of Science, Bangalore 560012, India

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c00364

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors would like to thank Drs. Dipali Sonawane and
Esakkiraja Neelamegan of the Indian Institute of Science,
Bangalore for helping the lamellae for STEM, Professors Amit
Tandon of the University of Massachusetts, Dartmouth, Jason
Picardo of the Indian Institute of Technology, Bombay, and
Gaurav Tomar of the Indian Institute of Science, Bangalore for
insightful discussions. The authors also acknowledge financial
support from the Department of Science and Technology
(DST), India (grant number DST01526). The authors also
thank the staff at the Micro and Nano Characterization Facility
(MNCF), National Nanofabrication Center (NNFC), and
Advanced Microscopy and Microanalysis (AFMM) at the
Indian Institute of Science, Bangalore.

■ ADDITIONAL NOTES
aIt should be noted that Ga is liquid at room temperature in
Bangalore (India), and an external heat is not essential for the
flow. However, some external heat can enhance the velocity of
the flow of Ga and help manipulate the ripple flow pattern.
bThe contamination due to the formation of the amorphous
layer31 of Ga is insignificant as compared to the total thickness
of lamellae. Hence, Ga implantation due to FIB milling can be
ignored.
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