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ABSTRACT Surfaces made from composite nanostructured materials are potential multifunctional platforms

for detection, sensing, and energy harvesting in biological and inorganic systems. However, robust and cost-

effective synthesis routes are required to create the required arrays of nanostructures with tailorable size,

morphology, and composition. Here we show that self-organization via spontaneous pattern formation in

nanometer thick bilayer liquid films could lead to such nanostructure arrays. Experimentally, bilayers of immiscible

metallic liquids show different self-organized patterning characteristics based on their order of arrangement on

a substrate. Energy rate theory based on equating the rate of free energy change to viscous dissipation was used

to explain this result. The different bilayer arrangements change the signs of intermolecular interactions, which

changes the mode of coupled deformations and the patterning characteristics. Patterning length scale

characteristics from nanosecond pulsed laser induced self-organization of Ag and Co liquids on Si0, substrate

were in good agreement with theory.
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nanostructure -

uture multifunctional materials that

combine various physical effects,

such as ferromagnetism, strong local-
ized surface plasmon resonance, magneto-
optics, and catalysis, could be made from
mixtures and/or alloys of multiple metals.
Surfaces composed of such nanomaterials
will enable unique platforms to perform
biocatalysis and biosensing’ > as well as
to control the polarization and current of
photons and electrons.*© Since the result-
ing properties of such nanomaterials will be
determined by size, spacing, shape, and
composition, appropriate cost-effective
synthesis techniques must be investigated.
Toward this goal, nanoscale pattern form-
ing techniques, for example, by energetic
beam irradiation, could be very useful.” "
Alternately, a self-organizing route, in which
intrinsic material parameters control nano-
structure formation, is a strong candidate
because of the inherent predictability and
robustness of such a process. One example
of such a process is the classical spinodal
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dewetting of ultrathin films in which inter-
molecular forces determine the length
scales of pattern formation. Pattern forma-
tion and the ensuing nanostructure is a re-
sult of an instability arising when the stabi-
lizing surface tension force is overcome by
destabilizing attractive intermolecular dis-
persion forces."*"3 Since surface tension
and intermolecular forces are intrinsic, de-
pending primarily on the materials making
up the film and substrate, the resulting spin-
odal dewetting length scales are very
predictable.

In this work, we present the first experi-
ments and use of energy rate (ER) theory
to explore spontaneous self-organization
(SO) in bilayer metallic liquid films that re-
sult in nanostructured arrays with predict-
able length scales. It has been shown previ-
ously that spinodal dewetting in single
layer films with high melting points, such
as the metallic films, can be initiated and
progressed by multiple cycles of melting by
a nanosecond pulsed laser.'*'® Here, we
have applied the technique to bilayers of
Ag/Co (AGCO) and Co/Ag (COAG) on SiO,
surfaces. Co and Ag were selected because
they are immiscible and are promising for
ferromagnetic-plasmonic applications.'®
The morphologies of the resulting SO pat-
terns were similar in nature to that of spin-
odal dewetting in single layer metal films
(Figure 1)."> However, investigations of the
SO length scales revealed dramatic differ-
ences in behavior for the two bilayer ar-
rangements. The AGCO showed a non-
monotonic behavior, that is, an increase
followed by a decrease and eventual satura-
tion with increasing top Ag thickness (Fig-
ure 2a). However, COAG showed a mono-
tonic increase in length scale with
increasing top Co layer thickness (Figure 2b).
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Figure 1. SEM images for the morphological evolution in the two bilayer configurations. (a—c) Morphology after irradiation
on the Ag/Co/SiO; bilayer with 1 nm of Ag and 5 nm Co. (d—f) Morphology after irradiation on the Co/Ag/SiO, bilayer with 1.5
nm of Co and 5 nm Ag thickness. The images (a,d), (b,e), and (c,f) are after irradiation with 10, 100, and 10 000 laser pulses.
The inset of each image shows the FFT of the corresponding SEM image. The annular shape in each FFT is an indication of the

presence of SRO.

In order to explain this difference in SO behavior,
we have applied the ER model based on fluid flow equa-
tions for bilayer systems developed previously by Ban-
dopadhyay and co-workers'” and Pototsky and co-
workers.'® In this thermodynamic or ER model, the
dispersion relation characterizing the growth rate of
wave vectors during SO is obtained by equating the
rate of Gibbs free energy change (AF) with viscous dis-
sipation () in the bilayer fluid flow."® We recently ap-
plied this model to single layer films and found the util-
ity of this linear theory to be in its rapid prediction of
SO length scales, similar to linear stability analysis, as
well as in providing additional physical insight into the
nature of fluid flow.2%2" The results presented here
show that ER accurately captures the experimental be-
havior for the two bilayer arrangements. The fundamen-
tal reason for the different SO behavior is the difference in
sign of intermolecular forces for the two arrangements.
As a result, theory shows that AGCO deforms by the bend-
ing mode, that is, when perturbation of the top surface
and intermediate liquid/liquid interface are in phase with
each other. On the other hand, COAG deforms by the
squeezing mode, in which the two perturbations are
completely out of phase with each other.

RESULTS
Experiment. Figure 1a—c shows a series of SEM micro-
graphs of the evolution of the morphology in bilayer
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Ag/Co/SiO, as a function of number of laser pulses for
a 1 nm Ag and 5 nm thick Co configuration. The early
stage dewetting morphology, evidenced by the mor-
phology after 10 and 100 laser pulses (Figure 1a,b),
shows a network of holes or polygons. The final stable
morphology, obtained after long irradiations (~10 000,
Figure 1¢) consists of an array of nanoparticles. The spa-
tial characteristic of each morphology was obtained by
evaluating the fast Fourier transform (FFT) of the con-
trast in the SEM image. The FFT information of the con-
trast correlation is shown in the inset of each figure.
The annular form of each FFT indicates the presence of
short-range spatial order (SRO) in each stage of dewet-
ting. As shown by previous authors,”'* this spatial cor-
relation is evidence that the patterns form via self-
organization rather then by homogeneous nucleation
and growth, which will typically lead to particles with
no correlation in their interparticle spacings. Similar to
AGCO, the progression of dewetting morphology was
also studied for the Co/Ag/SiO, bilayer, as shown in Fig-
ure 1d—f. Here the SEM images (d—f) correspond to ir-
radiation by 10, 100, and 10 000 pulses, respectively, for
the 5 nm Ag and 1.5 nm Co configuration. In contrast
to the AGCO, the morphology evolution here proceeds
by the formation of bicontinuous structures. However,
spatial SRO is still evident, as seen by the annular form
of the FFT (inset of Figure 1d—f).
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Figure 2. (a) Experimentally determined interparticle spacings (closed squares) for Ag/Co/SiO,. The SEM micrographs in the
inset show the difference in particle spacing for various top Ag layer thickness. The scale bar in each SEM is 2000 nm. The
theoretical predictions are shown by the dashed and dotted lines and correspond to the minimum (|5 X 107'°| J) and maxi-
mum (|5 X 1078 J) magnitudes of the Hamaker coefficient. (b) Experimentally determined interparticle spacings (closed
squares) for Co/Ag/SiO,. The theoretical predictions are shown by the dashed and dotted lines and again correspond to the
minimum and maximum A’s. In both cases, the bottom layer thickness was kept constant at 5 nm and the top layer thick-

ness was varied.

A detailed investigation of the morphology evolu-
tion as a function of film thickness and bilayer configu-
ration suggested that the morphological pathway de-
pends primarily on the ratio of Co to Ag thickness in the
bilayer. When Co is thicker than Ag, the evolution is by
the formation of holes and polygon networks. This is
similar to the case of morphological evolution by spin-
odal dewetting in single layer Co on SiO,."*'> Likewise,
when the Ag film is thicker than the Co film, the mor-
phology pathway is via the formation of bicontinuous
structures (Figure 1d,e). This behavior is consistent with
spinodal dewetting of single layer Ag, which shows bi-
continuous structures.?? The reason for bicontinuous
versus hole-type patterns has been attributed to a film-
thickness-dependent free energy shape local minima.
When the film thickness lies to the left of the free en-
ergy minima, bicontinuous structures are found to re-
sult, while for films with thickness to the right of the
minima, hole-type patterns result.'>?%23 It is highly
likely that similar reasoning underlies the behavior for
the bilayer system.

In the inset of Figure 2a, the final nanoparticle state
for AGCO with a fixed bottom Co layer thickness of 5
nm is shown for three different Ag thicknesses. While
an increase in interparticle spacing is evident in going
from 1 to 3.5 nm Ag, a decrease is evident in going from
3.5 to 12 nm. The final interparticle spacing with in-
creasing top layer Ag thickness AGCO is shown in Fig-
ure 2a by the closed squares. It is evident that the trend
is nonmonotonic, with a change in trend around 4 nm
Ag, after which the length scale decreases and eventu-
ally saturates with increasing top layer thickness. In con-
trast, for COAG, the length scale increases monotoni-
cally over the range investigated (Figure 2b, closed
squares). In order to explain this dramatic difference in
length scale behavior with change in arrangement of
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the metals in the bilayer, we have resorted to ER
theory.2'>*

Theory. For these thin films, the ER theory was ap-
plied within the lubrication approximation and with ne-
glection of inertial effects.® As a consequence, the pri-
mary energy loss mechanism during fluid flow is due to
viscous dissipation. The bilayer arrangement and vari-
ous quantities shown in Figure 3a were used to evalu-
ate AF and Ey. Here, the initially flat film thicknesses for
bottom layer and the total layer is indicated as h;o and
hyo, respectively. The competing forces in this SO were
considered to be the surface or interfacial tensions and
the long-range intermolecular dispersion forces be-
tween the various interfaces.'” The surface tensions cor-
responding to the liquid; —liquid, and liquid,—gas in-
terfaces are 1, and vy,, respectively. The three relevant
dispersive forces, expressed in sign and magnitude by
the Hamaker coefficient, are Ag, Ags, and Ay, which cor-
respond to interactions between the top-middle, top-
substrate, and middle-substrate interfaces, respectively,
as depicted in Figure 3a. The signs of these interac-
tions for the two bilayer systems studied are tabulated
in Figure 3b. The subscripts g, 2, and s denote the
gas—liquid 2 (top layer), liquid 2—liquid 1 (bottom
layer), and liquid 1—substrate interfaces, respectively.
The middle liquid 1/liquid 2 interface and top free lig-
uid surfaces are perturbed by Fourier components of
type hy = hyo + &€ * and h, = hyy + £,¢”7* where
the perturbation amplitudes are &; and &,, respec-
tively. The collective modes for deformation have been
considered,'”'® wherein the decay rate and wave vec-
tor are identical for the two surfaces for the two pos-
sible deformation modes corresponding to the situa-
tions when the perturbation amplitude ratio a = g/,
is >0, also known as the bending mode, or when o <0,
also known as the squeezing mode (shown in Figure
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3a). While the complete derivation is provided in the
Supporting Information, the key steps are noted here.
First, AF due to change from the flat unperturbed state
to the perturbed state of the films is obtained as*°

Ao’ A
AF = 082[v,0’K + v,k + = 2 254
2mhy,,  2mhi,
Al — 1) . N
92 - eZGr 2ikx _ O‘E?[dﬂezm 2ikx
27t(hyy — hyg)
A’ A
where dF = v,0°k* + y,,k* + —= 2
g 12 27h? 27h’]
20 10
Agla — 1)?

— (1)
2m(h,, — hyo)?

Next, the total viscous dissipation Ey for the bilayer
fluid flow is evaluated from knowledge of the viscous
stresses within each of the two fluid layer as

o (AU )2 hao [(dU5)\2
f=n f) (G ez (G2 e

In order to calculate this, we have assumed an iso-
thermal situation. The boundary conditions and result-
ing expression for velocities are taken from Bando-
padhyay et al.'” The top surface is considered stress
free, and the bottom liquid-substrate interface is a no-
slip interface, while for the middle interface between
the two liquids, the stress and velocity are continuous.
By making use of volume conservation of the fluid
within each layer, the total viscous dissipation for the bi-
layer can be written as®’

02 82

Ev(k, a) = _R(71)620t2ikx
where, R is a function of f(hyo, hyo, M1, M2, @) and is de-
tailed in the Supporting Information.

Finally, the dispersion relation that relates the rate
of deformation o with the wave vector k is obtained
by equating AF (eq 1) to Ey (eq 3) with the resulting ex-
pression being of form

3)

_KdF

olk,0) = 7

4

From the form of eq 4, it can be noted that the de-
formation rate o is a function of two variables, k and «,
for any given value of h;g and hyo. Therefore, in order to
obtain the most probable length scale \, the maxi-
mum deformation rate must be obtained from a sur-
face plot of o versus k and a.. Mathematically, the
maxima of this function is obtained by simultaneously
solving for do/da = 0 and da/dk = 0 and evaluating the
critical point for the maximum. In this work, we have
numerically obtained this maxima value in order to gen-
erate the theoretical length scales of pattern forma-
tion, used in Figure 2.
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Figure 3. (a) Schematic of the bilayer arrangement. The perturbation
depicted by solid surfaces is a squeezing mode (o = €,/g; is <0). (b)
Table depicting the signs of the Hamaker coefficients for the various
pairs of interfaces in (a). A negative sign corresponds to a destabiliz-

ing attractive interaction.

DISCUSSION AND CONCLUSIONS

In Figure 3b, the signs of A for the two bilayers are
presented. It is important to note here that, while signs
are fixed, the magnitude of the Hamaker coefficient val-
ues can be obtained by several approaches. Theoreti-
cally, the A values can be calculated using the dielec-
tric function of the different materials involved, as
shown in ref 18, while in ref 17, they are evaluated us-
ing the various interfacial energies. In addition, indirect
experimental values based on dewetting studies yield
yet another value of A.2° As a result, the magnitude of
A can range between A™" = 5 X 107" and A" = 5 X
1078 J. Here, we have estimated the theoretical behav-
ior for these two extremes of the A values. The two ex-
treme dispersion curves for each bilayer system are
shown as the dashed and dotted lines in Figure 2a,b.
The viscosities and surface tensions used in the calcula-
tions are nc, = 4.46 X 1073 Pa-s; Mag = 3.88 X 1073
Pa-s;yco = 1.88J M™% yag = 0.925 Jm~% and yagico =
Yeorag = 0.168 Jm~2. In Figure 43, a typical 3-D disper-
sion plot is shown for the bilayer case of Ag(5 nm)/
Co(5 nm)/SiO, using A values calculated using ref 18. It
is evident that, for a specific combination of k and «, the
deformation rate attains a maximum. From such 3-D
dispersion plots, the location of the maxima character-
ized by the rate o*, wave vector k*, and the correspond-
ing a* value could be evaluated for any combination
of bilayer thickness and bilayer arrangement. The con-
ventional representation of this dispersion plot in 2-D
will be a slice taken at o*. In Figure 4b, the value of o*
corresponding to the dispersion maxima for the two bi-
layer systems is plotted. From this, it is evident that
the AGCO deforms by the bending mode (a > 0), while
COAG deforms by the squeezing mode (a < 0). We
also found that the value of a* was virtually indepen-
dent of the A value used for the numerical calculations.

From the dispersion plots, the theoretical behavior
of the length scale \ for the two bilayer arrangements
was generated and is shown in Figure 2a,b as the dot-
ted and dashed lines, corresponding to the minimum
and maximum magnitudes of A. As is evident, for the
AGCO case (Figure 2a), an initial increase in length scale
with increasing thickness is followed by a dramatic de-
crease and subsequent saturation in length scales for
large Ag thickness. This change in behavior occurs
when the top Ag layer thickness is ~4 nm. This theoreti-
cal behavior, including the location of the change in
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Figure 4. (a) Surface plots of the dispersion behavior showing variation in the decay rate ¢ as a function of wave vector k
and perturbation amplitude ratio « for Ag(5 nm)/Co(5 nm)/SiO,. (b) Sign and magnitude of a*, which characterizes the type
of collective deformation, obtained at the dispersion maximum for the two bilayer systems. For Ag/Co/SiO,, the collective
mode is a bending mode over the entire thickness range, while it is a squeezing mode for Co/Ag/SiO..

trend, is in good agreement with the experimental re-
sults (Figure 2a, solid squares). On the other hand, the
length scale for the case of COAG increases steadily
with increasing Co thickness (Figure 2b). Once again,
theory is in good agreement with experiments (Figure
2b, solid squares).

The difference in SO behavior for the two bilayers
can be explained on the basis of the difference in inter-
molecular forces. As shown in Figure 3b, the signs
(negative sign is a destabilizing attractive interaction,
while positive is repulsive) of the intermolecular disper-
sion forces are different for the two arrangements. In
the case of COAG, the gas-middle (Ag;) and gas-
substrate (Ags) interfaces are always destabilizing be-
cause of the negative A’s, while the middle-substrate
layer (A, > 0) is always stabilizing. As a result, the spon-
taneous patterning is dictated primarily by the top
layer and so the length scale increases monotonically
with top Co layer thickness. For the case of AGCO, the
gas-substrate (Ag4;) and middle-substrate interfaces (Ax)
are destabilizing, while the gas-middle (Ag,) is stabiliz-
ing (>0). In this case, when the top layer (Ag) is thin
compared to the bottom layer (Co), the Ay < 0 destabi-
lizes the bilayer. The length scale increases with increas-
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Figure 5. Comparison of experiment (symbols) with theo-
retical trends (dashed and solid lines) for the Co/Ag/SiO, sys-
tem (COAG) in which the total thickness is varied between
4 to 20 nm and the individual films are of comparable thick-
ness. The solid line corresponds to the theory trend calcu-
lated using a Hamaker coefficient value of A™* = —5 x 1078
J for the Ay, layer, while the dashed line corresponds to
Amin = —5 x 107"% J for the Ag; layer. Here, the Ay, and Ay,
values are —2.03 x 107'"° and 6.07 X 10~"° and were calcu-
lated based on the approach in ref 17.
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ing top layer (Ag) thickness up to the point when the
contribution of Ay is sufficiently weak, so that the insta-
bility is then determined primarily by the bottom (A,;,)
Co layer. In the case of Ag/Co, this transition is predicted
to occur when the top layer thickness is ~4 nm (Fig-
ure 2a). At the point of the transition, the patterning
length scale will then readjust or saturate to a value de-
termined by the fixed thickness of the bottom layer.
This behavior is predicted by the theory, as seen by the
saturation of the dashed (or solid) line in Figure 2a af-
ter ~6 nm thick Ag films and is also evident in the ex-
perimental behavior. We have shown recently that
nanoscale effects from nanosecond laser heating of
single layer metallic film can lead to intrinsic thermal
gradients and consequently modify patterning length
scales.""*° While accurate thermal models will likely im-
prove the quantitative agreements, the simple isother-
mal ER model presented here has visibly captured the
essential behavior of the bilayer patterning process.

We have also compared the behavior of experiment
with theory for the COAG system in which the Co and
Ag films have approximately similar film thickness, but
the overall film thickness is varied in the range of 4 to 20
nm. The experimental trend is shown in Figure 5 (sym-
bols), while the theoretical trends are shown as the
dashed and solid lines in this figure. As mentioned
above, the behavior of the COAG system is dominated
by the top Co layer. Therefore, we have evaluated the
theoretical trends as follows. The solid line corresponds
to the theory trend calculated using a Hamaker coeffi-
cient value of A™* = —5 X 1078 J for the top Co (or Ag)
layer, while the dashed line corresponds to A™" = —5
X 107" J for the A, layer. Here, the Ags and A, values
were kept fixed at —2.03 X 107" and 6.07 X 10'° and
were calculated based on the approach in ref 17. A
good agreement can be seen between the experimen-
tal trend and the theory trend with A™.

In summary, we have explored spontaneous pat-
terning of bilayer metallic liquids of nanoscopic thick-
ness under nanosecond pulsed laser heating. Co and Ag
metals were chosen for their immiscibility. The pattern-
ing behavior was different for the two possible bilayer
arrangements. We have understood this by developing
the bilayer energy rate model of self-organization, in
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which the rate of Gibbs energy change is balanced by
viscous dissipation. The theory predictions were in very
good agreement with experiments, including captur-
ing the different behaviors of the two bilayers. Differ-
ences in the sign of the intermolecular forces be-
tween the two arrangements leads to a change in
the mode of deformation for the two cases and dif-
ferent patterning behavior. As a result, it is possible
to vary the length scales for identical values of film

EXPERIMENTAL METHODS

Thin films of Co and Ag were deposited under ultrahigh
vacuum (~1 X 1078 Torr) using electron beam evaporation (e-
beam) and pulsed laser deposition (PLD) techniques on commer-
cially available and optically smooth 400 nm SiO, on Si(100) sub-
strates. For AGCO experiments, a bottom Co film of 5 nm was
deposited on the substrates by e-beam, followed by the deposi-
tion of a top Ag layer by PLD with film thicknesses varying from
1 to 12 nm. Similarly, for COAG, a 5 nm Ag bottom layer was de-
posited by e-beam, followed by deposition of the top layer Co
film via PLD with the same thickness range (1—12 nm). The veri-
fication of thicknesses and smoothness have been described in
detail previously.'® The samples were irradiated in vacuum with
a uniform Nd:YAG laser beam at normal incidence with 266 nm
wavelength, pulse width of 9 ns, and repetition rate of 50 Hz. The
laser energy density was between 80 and 100 mJ/cm?, chosen
such that the entire bilayer could be melted for all the thickness
combinations, as evidenced by a visible morphology change.'
The morphology evolution was studied as a function of the num-
ber of laser pulses n, which typically ranged between 10 and
10 000 pulses, with the upper limit used to create the final stable
array of nanoparticles for all of the bilayers. The patterns were
then characterized using a Hitachi S-4300 scanning electron mi-
croscope (SEM). We have previously reported a transmission
electron microscopy result for a single Ag/Co/SiO, film in which
we confirmed that there was no evidence for chemical interac-
tion between the metals or with the substrate.?®
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