PHYSICAL REVIEW B 85, 235446 (2012)

Morphology transitions in bilayer spinodal dewetting systems
S. Yadavali,' H. Krishna,” and R. Kalyanaraman'-3*
'Department of Chemical & Biomolecular Engineering, University of Tennessee, Knoxville, Tennessee 37996, USA
2Department of Physics, Washington University in St. Louis, Missouri 63130, USA
3Department of Materials Science and Engineering, University of Tennessee, Knoxville, Tennessee 37996, USA
4Sustainable Energy Education & Research Center, University of Tennessee, Knoxville, Tennessee 37996, USA
(Received 5 March 2012; revised manuscript received 10 May 2012; published 22 June 2012)

In spontaneous pattern formation by spinodal dewetting, attractive intermolecular forces overcome surface
tension and cause an ultrathin liquid film on a low energy substrate to produce ordered structures. Spinodal
dewetting in single-layer film on a substrate is usually manifested by an early stage surface deformation and a
highly nonlinear ripening stage that results in characteristic morphologies, typically bicontinuous- or holelike
states. Here we have experimentally constructed the dewetting morphology phase diagrams for a bilayer (Ag,
Co) liquid film system on SiO,. Nanosecond pulsed laser melting was used to initiate and foster the dewetting
as a function of film thickness and arrangement. The early stage ripening morphology was observed by scanning
electron microscopy from which the phase diagrams were constructed. Unlike single-layer films, which only
show one morphology transition between the bicontinuous to hole states as the film thickness is increased, the
bilayer system can have multiple transitions. We have utilized the thickness-dependent free energy curvature
approach [Sharma and Khanna, Phys. Rev. Lett. 81, 3463 (1998)] to analyze the phase diagram. The location of
the multiple transitions cannot be predicted from the curvature minima, as was the case for single-layer films.
Nevertheless, despite the complexity from multiple interacting forces and different surface deformation mode
in bilayer systems, the phase diagram can be completely generated by knowledge of the free energy curvature
of the respective single-layer films. These results can permit improved modeling of the nonlinear dynamics in

naturally driven self-organized phenomenon and help design nanomaterials for advanced applications.
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I. INTRODUCTION

The study of the behavior of self-organizing processes,
which appear in systems ranging from geographical to
nanoscale sizes, is of fundamental interest because it sheds
light on the relationship between the various intrinsic forces
and the resulting unique ordered shapes, structures, and
morphologies. A well-known example of this is the behavior
of diblock copolymer thin films."> In these systems, ther-
modynamic immiscibility between the two blocks lead to
self-organized structures with lamellar, cubic, or other arrange-
ments, such that the contact between similar and dissimilar
components are maximized and minimized, respectively. Since
the resulting attributes of size, shape, and arrangement define
the various functionalities of the material, the study of such
behavior is of considerable practical significance. One natu-
rally occurring process that is broadly applicable to polymer
and nonpolymer systems, like metals, is self-organization by
dewetting.>~® In dewetting a liquid or solid film in contact with
a surface spontaneously breaks up due to internal forces to form
features with well defined size and shape. However, unlike
the case of diblock copolymers, where energy minimization
leads to good understanding of the patterns, the behavior of
dewetting systems requires a dynamical approach.’~!!

Over the past 50 years, spontaneous dewetting has been
studied quite extensively, especially in single-layer films on
a substrate. Current understanding divides dewetting into two
categories. One is spinodal dewetting, which leads to structures
with spatially ordered features, and hence is of substantial
interest.>™® The other is nucleation and growth, in which the
film overcomes an energetic barrier in its pathway to the
deformed state, which may or may not consist of ordered
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features.*!> An important characteristic of spinodal dewetting
systems is that the free energy of the film, as a result of
the attractive and repulsive surface and intermolecular forces,
shows the negative curvature reminiscent of spinodal phase
segregating systems.>!3 Spinodal dewetting proceeds by an
early stage perturbation of the initially flat film that selects a
preferred length scale, and one which can be well explained
by simple linear theories.> However, the subsequent evolution
or ripening of the film shape, leading to rupture and exposure
of the substrate, which is of substantial practical relevance
since it controls the visible intermediate stage morphologies, is
determined by a complex and highly nonlinear evolution of the
film height.'® Nevertheless, a simplifying theme has been ob-
served in various studies of single-layer film dewetting, in that
the early-stage ripening morphology can be quite accurately
predicted by the curvature in the film-thickness-dependent free
energy AG(h). As first identified by Sharma and Khanna,!!
the position of the minima in the free energy curvature
identifies a morphological transition from a bicontinuous stage
(to the left of the minima) to a holelike stage (to the right
of the minima). The underlying physical reasoning for this
behavior is attributed to the role of the free energy curvature
in the dynamical equations that determine the transport of
matter, much like the case of spinodal phase segregating
systems.'* While the general validity of this observation has
been verified in single-layer polymer'>'® and metal films,'”!8
its applicability to describing the behavior of more complex
bilayer films or higher order spinodal dewetting systems has
not been evaluated thus far.

In this work, we have investigated the morphological
phase diagram for spinodal dewetting in bilayer systems,
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FIG. 1. (Color online) (a) Schematic description of the geometry and forces in a bilayer dewetting system consisting of two liquids layers
on the substrate. Also shown are the two possible types of deformation modes: bending (B) and squeezing (S). The primary interaction forces
include the Hamaker coefficients A; ;’s between the various pairs of interfaces and the interfacial tension at the film-vacuum and film-film
interfaces. (b) The free energy of the Co/SiO, system (AG), its curvature (A>G), and the third derivative (A*G) are shown. The transition
thickness /7 corresponds to the minima in the curvature or the zero in the third derivative.!' (c) Experimentally constructed morphology phase
diagram for a single-layer system of Co/SiO,, which is identical to the bilayer system of Co/Co on SiO,. The dashed curves are drawn at
the location of the morphology transition points for single-layer Co. The thickness of these lines represent the experimental uncertainty in
measurement of the transition thickness. Various regions consisting of either bicontinuous (BC) or hole morphologies are shown.

which comprise of two liquid layers (bilayers) on a substrate.
As compared to single-layer films, the complexity of the
free energy and dynamics in bilayer systems is significantly
higher'®-?? than the single layer because of the increase in the
pairs of interfaces (three in bilayers vs one in single layer)
and the possibility for deformation to occur via bending and
squeezing modes, as shown in Fig. 1(a), which are absent in
single-layer films. As a prototypical system, we have studied
bilayers of metallic liquid films of Co and Ag on a low energy
SiO, surface. Because of the minimal chemical interactions
between the various components, this system provides a good
way to explore spinodal dewetting in noninteracting systems,
as previously confirmed from the behavior of patterning
lengths.?? In addition, the nanoparticle structures of the final
stable state predicted by the nonlinear modeling of this
system”* suggest potential applications in energy harvesting
and sensing as bimetallic materials.>>~>° Nanosecond pulsed
laser dewetting experiments were performed to generate the
early-stage ripening morphology as a function of the thickness
and arrangement of the two liquid layers. From this we
could construct the phase diagram and determined that only
two distinct morphologies are evident—bicontinuous (BC)
structures and holes (H)—similar to the single-layer case.
We also determined that the bilayer system can show single
or multiple transitions between these morphologies with
changing film thickness. The bilayer free energy curvature
accurately predicted the location of the first morphology
transition, much like the single-layer case, but did not predict
the second. However, interestingly, the entire bilayer morphol-
ogy and both transitions can be accurately predicted by the
behavior of the two single-layer films, and in this regard, the
curvature argument is still a valid one. The implication of this
finding is that, despite the vastly more complex length scaling
and nonlinear evolution behavior of the bilayer systems, its
ripening morphology follows a simple underlying principle.

II. EXPERIMENT AND RESULTS

A. Sample preparation

A detailed description of the preparation of a bilayer
system made from Ag and Co on SiO, substrates has been
published previously.?? Briefly, ultrathin films of Ag and Co
were deposited under ultrahigh vacuum (~1 x 10~% Torr)
by electron beam evaporation (e-beam) and pulsed laser
deposition (PLD), respectively, on commercially available
and optically smooth 400 nm SiO;, on Si(100) wafers. The
deposition rate for each metal was typically 0.3—-0.5 nm/min.
Two types of bilayer systems were investigated. In the AgCo
system, a bottom Co film was deposited on the substrate,
followed by the deposition of a top Ag layer, with total film
thicknesses varying from 2 to 20 nm. For the CoAg system,
a bottom Ag layer was deposited followed by deposition of
the top layer Co film, with total thicknesses varying from 2 to
20 nm. Following the deposition, the films were irradiated in
vacuum by a fixed number of pulses n (typically of order
10) from a 266 nm ultraviolet laser having a pulse width
7, of 9 ns and a Gaussian spatial profile. Irradiation was
at normal incidence with an unfocused laser beam of area
1 x 1 mm? at a repetition rate of 50 Hz. The laser energy
density was typically between 80 and 100 mJ/cm?, and
chosen such that the entire bilayer could be melted for all the
thickness combinations, as evidenced by a visible morphology
change.!”** The morphology was studied as a function of the
individual and combined film thickness of the bilayer systems.
The morphology was characterized using a Hitachi S-4300
scanning electron microscope (SEM).

B. Morphology and transition observations

A typical bilayer system is depicted in Fig. 1(a) with
the various interfacial and dispersive intermolecular forces
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TABLE 1. Various possible bilayer cases based on the values of the individual film thickness and their relation to the single-layer transition

thickness.

Case Bilayer system specification Case Bilayer system specification

1 (hy < hishy < hroshy < hry) 5 (hy > hyshy < hraihy > hr)
2 (h2>h1;h2<hr,2;h1 <hT,|) 6 (hy > hyshy > hrashy >hr,1)
3 (hy > hyshy > hyoshy < hry) 7 (hy < hyshy > hraihy > hro)
4 (hy < hishy < hroshy > hry) 8 (hy < hyshy > hrayhy < hr)

between the layers and the two general modes of deformations:
bending (B) or squeezing (S). Based on the experimental
observations from SEM imaging to be discussed shortly, the
bilayer systems could be classified into eight distinct cases,
as shown in Table I, on the basis of the thickness of the
individual films in relation to each other and in relation to
the single-layer transition thickness 47 ; and hr ». As reported
previously, the i ¢, for single-layer Co on SiO, is ~4 nm,3!32
while the hra, for Ag on SiO; film was found to be
~10.5 nm."”” Guided by these experimental values, we
evaluated the morphology for the two systems via SEM
analysis as shown in Fig. 2, which denote the early-stage
ripening morphology for different representative cases of the
AgCo and CoAg bilayer systems. Each SEM image was
evaluated for the short range spatial order that is consistent
with spinodal dewetting. This was done by obtaining the fast
Fourier transform (FFT) of the SEM image contrast, which is
shown in the inset of each SEM image. The FFT’s showed the
characteristic annular form, which is indicative of a narrow
band of characteristic length scales for the height variations
on the surface.*!'>3% The primary information conveyed by
this set of SEM images is the two distinctly different types
of morphologies: the bicontinuous structures in Figs. 2(a),
2(b), 2(e), and 2(h) and the hole structures in Figs. 2(c),
2(d), 2(f), and 2(g), analogous to the situation with single-
layer films.!"!” These were the only two observed bilayer
morphologies, besides a mixed state that comprised both
morphologies which occurred when the bilayer systems were
at the positions of morphological transitions. In subsequent
analysis and discussions we only distinguish between the type
of patterns, i.e., BC or H. Any change between BC and H or
vice versa will be referred to as a phase transition, while any
changes between similar morphologies but accompanied by
a change in length scale of the pattern as film thickness was
varied was not considered as a phase transition (and is rather
a pseudotransition).

1. AgCo system

In Fig. 2(b) the early-stage morphology is shown for the
Ag(5 nm)/Co(3 nm) bilayer, which is for the case in which
both films are less than their individual transition thickness,
corresponding to case 2 in Table I. The top Ag layer thickness
was varied from (4nm < hag < At ag) on the bottom Co
layer of 3 nm thickness. The morphology progression is
through formation of bicontinuous (BC) structures, which is
the morphology behavior of a single silver or cobalt layer on
the substrate. In Fig. 2(d) the progression of morphology is
shown for the Ag(4 nm)/Co(5 nm) bilayer, which is for the
case in which the top Ag layer thickness varied from (1 <

hag < 5nm) on a bottom Co layer of 5 nm, corresponding
to case 4 in Table I. The morphology progression is through
formation of holes (H), which is the morphology behavior
of a single cobalt layer with hc, =5 nm on the substrate.
In Fig. 2(e) the progression of morphology is shown for the
Ag(6 nm)/Co(5 nm) bilayer, which is for the case in which the
top Ag layer thickness was varied from (5 nm < hag < h7 )
on a bottom Co 5 nm film, corresponding to case 5 in Table I.
The morphology progression is through formation of BC
structures which is the morphology behavior of a single silver
layer on a substrate. In Fig. 2(f) the progression of morphology
is shown for the Ag(12 nm)/Co(5 nm) bilayer, which is for
the case in which both films are greater than their individual
transition thickness, corresponding to case 6 in Table I. The top
Ag layer thickness was varied as (hag > A1 ag) On abottom Co
5 nm film. The morphology progression is through formation
of H, similar to the behavior of single silver or cobalt films on
the substrate.

2. CoAg system

In Fig. 2(a) the progression of morphology is shown for the
Co(4 nm)/Ag(5 nm) bilayer, which is for the case in which
both films are less than their individual transition thickness.The
top Co layer thickness was varied from (1 < hco < hir.co)
on a bottom Ag layer of 5 nm thickness, corresponding to
case 1 in Table I. The morphology progression is through
formation of BC structures, which is the morphology behavior
of individual silver or cobalt layers on the substrate. In Fig. 2(c)
the progression of morphology is shown for the Co(6 nm)/
Ag(5 nm) bilayer, which is for the case in which the top Co
layer of thickness k¢, > 5 nm was deposited on a bottom Ag
layer of 5 nm thickness, corresponding to case 3 in Table I.
Now, the morphology progression is through formation of H,
which is the behavior of a single cobalt layer with hco>5 nm
on the substrate. In Fig. 2(g) the progression of morphology is
shown for the Co(7 nm)/Ag(12 nm) bilayer, which is for the
case in which the top Co layer was varied from 6 nm < h¢, <
13 nm on the bottom Ag layer of 12 thickness, corresponding
to case 7 in Table I. The morphology progression is through
formation of H, which is the morphology progression of either
film if they are greater than their transition thickness. In
Fig. 2(h) the progression of morphology is shown for the
Co(5 nm)/Ag(8 nm) bilayer, which is for the case in which
the top Co layer was varied as 5nm < hc, < 9 nm on the
bottom Ag layer of 9 nm thickness, corresponding to case 8
in Table I. The morphology progression is through formation
of BC structures, which is the morphology behavior of an
individual 9 nm silver layer.
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FIG. 2. SEM images of the early stage spinodal dewetting morphologies in bilayer dewetting systems. The film thickness from
(a) to (h) correspond as follows: (a) Co(4 m)/Ag(5 nm) corresponds to case 1, (b) Ag(5 nm)/Co(3 nm) corresponds to case 2,
(c) Co(6 nm)/Ag(5 nm) corresponds to case 3, (d) Ag(4 nm)/Co(5 nm) corresponds to case 4, (¢) Ag(6 nm)/Co(5 nm) corresponds to
case 5, (f) Ag(12 nm)/Co(5 nm) corresponds to case 6, (g) Co(7 nm)/Ag(12 nm) corresponds to case 7, and (h) Co(5 nm)/Ag(8 nm)

corresponds to case 8. All cases are described in Table I.

III. DISCUSSION

From the collective SEM results of the early-stage morphol-
ogy, a few general remarks can be made. A single transition is
observed if the bottom layer is less than its transition thickness
(h1 < hr,1) and the top layer is varied such that the thickness
range includes the transition thickness Ar . In this system,
the morphology transition from bicontinuous to holes occurs
exactly at the top layer transition thickness, i.e., at hp 7. If
both layers of the bilayer system were greater than their
individual transition thickness, the progression of morphology
is through /oles and is evident from SEM images in Figs. 2(f)
and 2(g). On the other hand, if both layers were less than their
transition thickness the progression of morphology is through
bicontinuous structures and is evident from the SEM image in
Fig. 2(b). Finally, if both films were of equal thickness and if
one film is greater than its transition thickness, a combination
of holes and bicontinuous structures was observed. On the
other hand, multiple morphology transitions are observed
when iy > hyjand hy v > hr 1, and the top layer is varied as
(1 < hy < hy max), where Ay max > hr . In other words, here
the morphology progression will begin with holes for 4, < hy,
transition to bicontinuous structures at iy < hy < hr, and
then transition to holes at sy = hy . This feature can be
observed in the AgCo system, since (hag,r > hco,r) and is
evident from the SEM images in Figs. 2(d)-2(f). Based on
these results, we have constructed the bilayer phase diagram,
discussed next.

A. Construction of bilayer phase diagram

The experimentally constructed phase diagram for the
AgCo is shown in Fig. 3(a) and for the CoAg system in
Fig. 3(b). The phase diagram identifies the morphology for
any given combination of /; and k. Individual regions in the
diagram are bounded by values of the experimental transition
points h7, h3'Y, the film thickness ratio line with slope 1
(i.e., hy/ hy = 1), and the two thickness axis. This construction
permits one to easily predict the early stage morphology for
any given path and for any given individual thickness of
the components of the bilayer system and their arrangement.
For instance, in Fig. 3(a), for the AgCo system, a vertical
dashed line is drawn beginning at the bottom layer thickness
hy = hco = 5 nm and represents the case where the top layer
thickness of the bilayer system is varied for a constant bottom
layer. For the various positions along this path, the morphology
as well as morphology transitions can readily be identified.
For instance, in this case, a first morphology transition will
occur at the location of the intersection of the line with the
hy/h; = 1 line and then a second transition will occur at the
intersection with the /7, line. An important result here was
that the experimentally observed locations of the transitions,
i.e., h7% and hY coincided within experimental uncertainty
to the transition thickness of the respective single-layer films,
in this case Co and Ag, respectively. It should be reemphasized
here that we refer to a phase transition only when there is a
change in the type of morphology, i.e., BC and H. There are
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FIG. 3. (Color online) (a) Experimentally generated morphology phase diagram of AgCo system (7, > hr). (b) Phase diagram of CoAg
system (hr, < hr1). (c) Free energy curvature of bilayer AgCo(5 nm) where the red and blue lines correspond to individual Co and Ag
transitions. (d) Free energy curvature of CoAg(5 nm) where red and blue lines correspond to individual Co and Ag transitions. The width of
the experimentally observed transition lines in (a) and (b) corresponds to the uncertainty in film thickness measurements.

several examples where there can be a change in the length
scale of any given morphology, such as the BC or H, when one
of the boundaries is crossed. For instance, in Fig. 3(a), there is
a change in length scale in going from the case 1 (marked as
C1 on the figure) region to the case 2 (C2) region. However,
this transition is not a phase transition and, instead, one can
refer to it as a pseudophase transition.

In similar fashion, in Fig. 3(b), for the CoAg system, a
line drawn at 7, = hc, = 5 nm and horizontal to the & axis
is shown and represents the case where the bottom layer
thickness of the bilayer system is varied with a constant
top layer. In this example, again multiple transitions are
evident at the intersections with the h,/h; =1 line and
then with the hz; position. Once again the experimentally
observed locations of the phase transitions coincided within
experimental uncertainty to the transition thickness of the
respective single-layer systems. Finally, for completeness, we
have also constructed the phase diagram for a single layer,
which can be thought of as a bilayer with identical liquids,

such as Co/Co, in Fig. 1(c). One significant difference in
the single-layer behavior over the bilayer case is that only a
single morphology transition is possible for any path in the
single-layer system.

B. Free energy analysis

In the context of spinodal dewetting, the thickness-
dependent free energy AG(h) plays two roles. First, it
establishes the “spinodal” nature, i.e., the film thickness range
over which the curvature (A’G = d;ﬁf ) is negative, analogous
to spinodal phase segregation. When this condition is satisfied,
it is then possible to extract the characteristic length scale of
the spinodal system via a linear analysis.> Second, as was
first shown by Sharma and Khanna,'' the position of the
curvature minima, i.e., where A3G = d;ﬁf = 0, identified
the location of the transition thickness hr for single-layer
spinodal dewetting. They observed also that bicontinuous

structures appear in films whose initial thickness lie to the
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left of the curvature minimum /7, while holes correspond to
films with thickness to the right of the minimum. This feature
has been subsequently verified in single-layer polymer'>®
and in single-layer metallic films.'”'® The underlying physical
reasoning of this finding was attributed to the role of the third
derivative of the free energy in the mass transport behavior of
the film. Based on this curvature argument, we have analyzed
the single-layer and bilayer free energies and their derivatives
next.

1. Single-layer free energy

Thin film wetting and dewetting behavior is partly de-
termined by the disjoining pressure, which arises from the
interaction energies of molecules in a film, which are in close
proximity to a surface or interface, being different from that
in the bulk. The total disjoining pressure can be written as a
combination of long range (I1;) forces, for example, the van der
Waals force, and short range (I1y) interactions, such as from
electrostatic double layers, polar hydrophobic, and other short
range repulsions.>** For single-layer metal films, we have
previously estimated a total disjoining pressure by considering
a long-range attraction, a short-range repulsion expressed as a
Lennard-Jones type, and a short range electrostatic force given
byl7

Hh_A e\ 1\ sP —h |
“‘fz[(%)‘ﬁ(ﬂ]*?“"(?)’ M

where A is the Hamaker coefficient, / is the correlation length,
S? is the spreading coefficient, 6 is the equilibrium contact
angle of the film on the substrate, and A is defined as % % =
—2y sin? (9/2), where y is the surface energy of film vacuum
interface. Using Eq. (1), the bilayer A7 is calculated from the

.. .. 2
position of the minimum of free energy curvature (%) or

where ‘I;TAhG = 0, which is expressed as
d*AG 12A 30Ah? SP

The above analysis was performed for Co films on an SiO,
surface (with the various parameters shown in Table II) and
the result is shown in Fig. 1(c). The transition thickness hr

is shown at the position where d;th = 0. Experimentally,
we observed bicontinuous structures to the left of A7 and
holes on the right of the transition thickness and the resulting
Co single-layer phase diagram was of the form shown

in Fig. 1(c).

TABLE II. Magnitudes of the various parameters used in estimat-
ing the free energy and its derivatives for the bilayer and single-layer
system.

Parameter Ag/Co/SiO, Co/Ag/SiO, Co/Si0O,
A -9.19 x 107" 6.07 x 107"  A: -3.1 x 107"
Ags —-395x 107" 523 x 107" h¢:0.293 nm
Ag 1.01 x 107"  —1.04 x 107 y: 1.882
ST —2.07 1.4107 S§P:2.26

S —2.43 —2.32 0:101

Iy 0.158 nm 0.328 nm 0.458 nm
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2. Bilayer system free energy

In order to verify if the morphology phase diagram for
the bilayer can also be addressed by the curvature-dependent
behavior, we also performed the free energy analysis for the
bilayer films. The disjoining pressures acting across the liquid-
liquid interface I (h1,h2) and liquid-gas interface I1,(h1,h2)
can be computed from the forces acting at the interfaces?!
along with short range forces represented as an exponential

decay19’35’36 as follows:
Ay Agl ST dy—h
M (h1,h2) = —2 8 _ St (=M
6wh?  6m(hy —h1)® 1 I
3)
As - As — A Aol
Hz(hl,hZ) e 8 23 gl g
67 h; 67 (hy — h1)3
Ssr do— (hr — h
e () w

The thickness-dependent free energy for the bilayer can now
be expressed as

AG(h h ) _ Asg - As2 - Agl As2 Agl
b 12713 127k " 127(hy — h1)?
Se do—h
N %eXp< : I 1)
o (do— (hy—hy)

Here, Ag,, Ao, and A, are the Hamaker coefficients of gas
and substrate, substrate and liquid, gas and liquid 1 pair of
interfaces, as shown in Fig. 1(a), / is the correlation (or Debye)
length, which is typically in the range 0.2-1.0 nm,*>%’ dj, is
the equilibrium cutoff distance taken as 0.158 nm,>>37 and S H
and S3] are the short range part of the spreading coefficients.
These are also related to the total spreading parameter S of the
interface according to Eq. 4 in Ref. 38 as

S — Svdw + Ssr,

where SU¥" represents the van der Wall’s component of
spreading coefficient, connected to the effective Hamaker

constant via §Y4% = ZAdkeie Hepce

1270d?

Aeffective ST

Ssr . 6
127d? 152 ©)

_ gqudw ST __
Sis2 =S5y + 8o =—

Similarly, $3] was calculated for both AgCo and CoAg and the
bulk spreading coefficients, S;s» and Acfrectives Were calculated
from Ref. 20. The various parameters used for the bilayer free
energy analysis are shown in Table II. Analogous to the single
layer, free energy curvature was estimated from Eq. (7). For a
simplified analysis, we held the thickness of the bottom liquid
layer fixed, which resulted in the curvature and its derivative
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FIG. 4. (Color online) Second (A%G) and third derivative (A3G)
of the free energy for the AgCo bilayer system for varying values
of the bottom Co layer thickness of 5, 7, and 10 nm calculated from
Egs. (7) and (8). The minima in the A%G for each case corresponds
to the zero in the A3G (shown by the vertical dashed line for each
case). The location of the zero in A3G represents the location of the
first transition point in the bilayer dewetting morphology.

being expressed as

’AG  Ags — As2 — Agl Agl
R 2mhd 27 (hy — h1)*

S5 dy— (h2 —hl
(F(st)

PAG Ags — As2 — Agl 2Ag1
Al = 2 :_2( gs SS g)_ g :
oh; wh; w(hy — hl)
S5r do — (h2 — hl)
+ <%) exp (—0 ] ) (8)

The analysis for evaluating the bilayer transition thickness h?i
in a manner analogous to the single-layer case was performed
for AgCo(5 nm) as shown in Fig. 3(c) and for CoAg(5 nm) as
shown in Fig. 3(d). In addition, the A>G and A3G for varying
bottom Co layer thickness (of 5, 7, and 10 nm) was compared
for the AgCo system, as shown in Fig. 4.

3. AgCo morphology behavior

Figures 3(a) and 3(c) show the phase diagram of AgCo
bilayer system and free energy curvature for the AgCo(5 nm)
system, respectively. We discuss a typical scenario, repre-
sented by the dashed vertical line (with ending arrow) drawn on
Fig. 3(a) at a bottom layer thickness &} = hco = 5 nm. This
represents a general case where the top Ag layer thickness
of the bilayer system is varied with a constant Co bottom
layer of 5 nm. As shown on the phase diagram, this line
passes through various morphology regions, denoted by (a),
(b), and (c), as well as various morphology transition points,
represented by the roman numerals (I) and (II). The two most
important results here are that (1) the bilayer system can have
multiple morphology transitions, as evidenced at the points I
and II, and (2) the morphology at lower thickness can be holes
and then change to a bicontinuous state. Both of these features
are absent in the single layer, as seen in Fig. 1(c).
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The corresponding locations of the regions and points are
also indicated on the free energy curvature plotin Fig. 3(c). The
immediate result apparent from Fig. 3(c) is that there is only
a single minima in the curvature (as quantitatively evidenced
from Fig. 4). This means that the bilayer curvature can at most
predict only one transition based on the curvature argument
and, indeed, the minima corresponds to the first transition
at point I. Therefore, the curvature-dependent approach in
the bilayer case is only partially able to predict morphology
transitions. The conclusion that can be drawn from this analysis
is that the bilayer AgCo phase diagram cannot be constructed
from a knowledge of the bilayer free energy. On the other
hand, as Fig. 3(a) shows, it is possible to easily construct the
diagram provided one knows the locations of the single-layer
transitions for Ag and Co.

4. CoAg morphology behavior

Figures 3(b) and 3(d) show the phase diagram of CoAg
bilayer system and free energy curvature of CoAg(5 nm)
system, respectively. As for the AgCo case, a typical scenario is
represented by the dashed line drawn at bottom layer thickness
hi =hag =5 nm and vertical to the h; axis in Fig. 3(b).
This represents the case where the top Co layer thickness of
the bilayer system is varied with a constant Ag bottom layer
of 5 nm. Once again, on the phase diagram, this line passes
through various morphology regions, denoted by (a), (b), and
(c), as well as a morphology transition point marked as I. The
intersection of regions a and b is a pseudotransition, while b
and c corresponds to a phase transition. This bilayer system
has a single transition, and the morphology at lower thickness
is the bicontinuous state and changes to holes, analogous to the
single-layer system, as seen in Fig. 1(c). The corresponding
locations of the regions and point are shown in Fig. 3(d). Again
only one minima is evident and this corresponds to the location
of the transition point marked on the phase diagram. Unlike the
AgCo case described in Fig. 3(c), the transition now is from
bicontinuous to holes, and this shows the additional uncertainty
in utilizing the bilayer free energy curvature in generalizing
the morphology on either side of the transition, in contrast
to the single-layer system. Once again, we can conclude that
the CoAg bilayer curvature cannot predict the phase diagram.
However, just as in the case of the AgCo system, as Fig. 3(b)
shows, it is possible to easily construct the diagram provided
the two single-layer transition points are known.

IV. SUMMARY AND CONCLUSION

‘We have investigated the early stage ripening morphologies
and morphology transitions in bilayer spinodal dewetting sys-
tems made from Ag/Co and Co/Ag bilayers on SiO; surfaces.
By varying the individual film thickness and investigating
the dewetting morphology following nanosecond pulse laser
melting for various film thickness cases, we have experimen-
tally constructed the phase diagrams for the bilayer dewetting
systems. Analogous to single-layer dewetting, the bilayer
systems only show either the characteristic bicontinuous or
hole like morphologies as a function of varying thickness.
However, unlike the single-layer films, multiple morphology
transitions may occur. Based on analysis of the free energy
curvature, we determined that bilayer systems only partially
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follow the curvature minima and morphology relationship
found in single-layer films, in which the minima determined
the location of the films transition thickness and this was
always from a bicontinuous (to the left of the minima) to
a holelike (to the right of the minima) morphology. For
the bilayer case, the minima represents one of the possible
transitions and could either be a bicontinuous to hole or a
hole to bicontinuous transition. However, the bilayer phase
diagram can be completely described by the location of the
two single-layer film transitions that make up the system.
Therefore, despite the complexity of the nonlinear evolution of
the morphology in bilayer dewetting systems, one can easily
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construct the complete morphology phase diagram from the
behavior of the individual single-layer films. The result can
help improve the speed and accuracy of nonlinear modeling of
such pattern forming phenomenon and also help to fabricate
multielemental nanomaterials with morphologies that could
show useful physical properties.
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