aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Morphology transitions in bilayer spinodal dewetting
systems
S. Yadavali, H. Krishna, and R. Kalyanaraman
Phys. Rev. B 85, 235446 — Published 22 June 2012
DOI: 10.1103/PhysRevB.85.235446


http://dx.doi.org/10.1103/PhysRevB.85.235446

Morphology Transitionsin Bi-layer Spinodal Dewetting Systems
1S. Yadavali?H.Krishna,>3“R.Kalyanaraman
IDepartment of Chemical & Biomolecular Engineering, Unsigrof Tennessee, Knoxville, TN 37996.
2Department of Physics,Washington University in St.LoM§) 63130.
3Department of Materials and Engineering, University of Tfessee, Knoxville, TN 37996.

4Sustainable Energy Education & Research Center,Uniyaskifennessee, Knoxville, TN 37996.

In spontaneous pattern formation by spinodal dewettirtgactive intermolecular forces overcome surface
tension and cause an ultrathin liquid film on a low energy satesto produce ordered structures. Spinodal
dewetting in single-layer film on a substrate, is usually ifested by an early stage surface deformation and a
highly non-linear ripening stage that results in charastiermorphologies, typically bicontinuous- or hole-like
states. Here we have experimentally constructed the degetiorphology phase diagrams for a bi-layer (Ag,
Co) liquid film system on Si@ Nanosecond pulsed laser melting was used to initiate astdrfthe dewetting
as a function of film thickness and arrangement. The earfjegipening morphology was observed by scanning
electron microscopy from which the phase diagrams weretamied. Unlike single-layer films, which only
show one morphology transition between the bicontinuouwte states as the film thickness is increased, the
bi-layer system can have multiple transitions. We havézetl the thickness-dependent free energy curvature
approach (Sharma and Khanna, Phys. Rev. Lett. 81 p3463 1®88alyze the phase diagram. The location of
the multiple transitions cannot be predicted from the cumgaminima, as was the case for single-layer films.
Nevertheless, despite the complexity from multiple intéirey forces and different surface deformation mode
in bi-layer systems , the phase diagram can be completergesd by knowledge of the free energy curvature
of the respective single-layer films. These results can pémproved modeling of the non-linear dynamics in
naturally driven self-organized phenomenon and help desémomaterials for advanced applications.



I. INTRODUCTION

The study of the behavior of self-organizing processesclviaippear in systems ranging from geographical to
nanoscale sizes, is of fundamental interest because isdiggd on the relationship between the various intrinsic
forces and the resulting unique ordered shapes, strucmesmorphologies. A well known example of this is the
behavior of diblock copolymer thin filmM&. In these systems, thermodynamic immiscibility betweentio blocks
lead to self-organized structures with lamellar, cubictheo arrangements, such that the contact between simiar an
dissimilar components are maximized and minimized, respdyg. Since the resulting attributes of size, shape and
arrangement define the various functionalities of the netg¢he study of such behavior is of considerable practical
significance. One naturally occurring process that is dyoapplicable to polymer and non-polymer systems, like
metals, is self-organization by dewettiig) In dewetting a liquid or solid film in contact with a surfaqgesitaneously
breaks-up due to internal forces to form features with wedireed size and shape. However, unlike the case of diblock
copolymers, where energy minimization leads to good unaedéng of the patterns, the behavior of dewetting systems
requires a dynamical approacht.

Over the past 50 years, spontaneous dewetting has beeadstjudie extensively, especially in single-layer films on
a substrate. Current understanding divides dewettingtimbocategories. One is spinodal dewetting, which leads to
structures with spatially ordered features, and hence ssib$tantial intere3t®. The other is nucleation and growth,
in which the film overcomes an energetic barrier in its pathteethe deformed state, which may or may not consist
of ordered featurés?. An important characteristic of spinodal dewetting systésithat the free energy of the film, as
a result of the attractive and repulsive surface and integoudar forces, shows the negative curvature reminiscent o
spinodal phase segregating systeéfisSpinodal dewetting proceeds by an early stage perturbafithe initially flat
film that selects a preferred length scale, and one which eamettl explained by simple linear theorfesHowever,
the subsequent evolution or ripening of the film shape, teath rupture and exposure of the substrate, which is of
substantial practical relevance since it controls théolésntermediate stage morphologies, is determined by gt@m
and highly non-linear evolution of the film heidfit Nevertheless, a simplifying theme has been observed iousr
studies of single-layer film dewetting, in that the earlggs ripening morphology can be quite accurately predicted
by the curvature in the film-thickness dependent free en&€@h). As first identified by Sharma and Kharathe
position of the minima in the free energy curvature idergiienorphological transition from a bicontinuous stage (to
the left of the minima) to a hole-like stage (to the right of thminima). The underlying physical reasoning for this
behavior is attributed to the role of the free energy cumeain the dynamical equations that determine the transport
of matter, much like the case of spinodal phase segregatsigrad®. While the general validity of this observation
has been verified in single-layer polyri2t® and metal film&’-18 its applicability to describing the behavior of more
complex bi-layer films or higher order spinodal dewettingteyns, has not been evaluated thus far.

In this work, we have investigated the morphological phaagrdm for spinodal dewetting in bi-layer systems,
which comprise of two liquid layers (bi-layers) on a sub&traAs compared to single-layer films, the complexity
of the free energy and dynamics in bi-layer systems is sigifly highet®22then the single-layer because of the
increase in the pairs of interfaces (three in bi-layers esinrsingle-layer) and the possibility for deformation t@orc
via bending and squeezing modes, as shown in Fig. 1(a), varelabsent in single-layer films. As a prototypical
system, we have studied bi-layers of metallic liquid filmsQd and Ag on a low energy SiOsurface. Because
of the minimal chemical interactions between the variounponents, this system provides a good way to explore
spinodal dewetting in non-interacting systems, as preljotonfirmed from the behavior of patterning lengthdn
addition, the nanoparticle structures of the final stabé¢espredicted by the non-linear modeling of this system
suggest potential applications in energy harvesting ansiisg as bimetallic materig&2°. Nanosecond pulsed laser
dewetting experiments were performed to generate the-stafye ripening morphology as a function of the thickness
and arrangement of the two liquid layers. From this we couolustruct the phase diagram and determined that only
two distinct morphologies are evident - bicontinuous (B&)&ures and holes (H) - similar to the single-layer case.
We also determined that the bi-layer system can show singtauttiple transitions between these morphologies with
changing film thickness. The bi-layer free energy curvaaw@urately predicted the location of the first morphology
transition, much like the single-layer case, but did notimethe second. However, interestingly, the entire belay
morphology and both transitions can be accurately prediicyethe behavior of the two single-layer films, and in this
regards, the curvature argument is still a valid one. Thdigafion of this finding is that despite the vastly more
complex length scaling and non-linear evolution behavfahe bi-layer systems, its ripening morphology follows a
simple underlying principle.



II. EXPERIMENT AND RESULTS
A. Samplepreparation

A detailed description of the preparation of bi-layer syst@made from Ag and Co on Sisubstrates has been
published previousR?. Briefly, ultrathin films of Ag and Co were deposited underaliigh vacuum- 1 x 10-8 Torr)
by electron beam evaporation (e-beam) and pulsed lasesitiepdPLD) respectively, on commercially available and
optically smooth 400 nm Si©on Si(100) wafers. The deposition rates for each metal wasdity 0.3 - 0.5 nm/min.
Two type of bi-layer systems were investigated. In the Aggxiesn, a bottom Co film was deposited on the substrate,
followed by the deposition of atop Ag layer, with total filmi¢knesses varying from 2 to 20 nm. For the CoAg system,
a bottom Ag layer was deposited followed by deposition ofttigelayer Co film, with total thicknesses varying from
2 to 20 nm. Following the deposition, the films were irradibite vacuum by a fixed number of pulsegtypically of
order 10) from a 266 nm ultraviolet laser having a pulse wigftof 9 ns and a Gaussian spatial profile. Irradiation
was at normal incidence with an unfocused laser beam of ared Inn? at a repetition rate of 50 Hz. The laser
energy density was typically between 80 to 100 mJ/camd chosen such that the entire bilayer could be melted for
all the thickness combinations, as evidenced by a visiblgphwogy chang¥-3C. The morphology was studied as a
function of the individual and combined film thickness of thidayer systems. The morphology was characterized
using a Hitachi S-4300 scanning electron microscope (SEM).

B. Morphology and transition observations

A typical bi-layer system is depicted in Fig. 1(a) with theivas interfacial and dispersive intermolecular forces
between the layers and the two general modes of deformatimsling (B) or squeezing (S). Based on the exper-
imental observations from SEM imaging to be discussed Bhalne bi-layer systems could be classified into eight
distinct cases, as shown in Table I, on the basis of the tke&knf the individual films in relation to each other and in
relation to the single-layer transition thickndgs; andhy . As reported previously, thier ¢, for single-layeiCo on
SiO; is ~4 nnP132 while thehr aq for Ag on SiQ, film was found to be-10.5 nnt’. Guided by these experimental
values, we evaluated the morphology for the two systems Eisl &nalysis as shown in Fig. 2, which denote the
early-stage ripening morphology for different represtwtacases of the AgCo and CoAg bi-layer systemss. Each
SEM image was evaluated for the short range spatial orderslcansistent with spinodal dewetting. This was done
by obtaining the Fast Fourier Transform (FFT) of the SEM imagntrast, which is shown in the inset of each SEM
image. The FFT's showed the characteristic annular fornigiwnis indicative of a narrow band of characteristic length
scales for the height variations on the surfa@e®® The primary information conveyed by this set of SEM images
is the two distinctly different types of morphologies: thedntinuous structures in Fig. 2(a,b, e and h) and the hole
structures in Fig. 2(c, d, f and g), analogous to the sitmatith single-layer film&-1”. These were the only two
observed bi-layer morphologies, besides a mixed statectiraprised both morphologies which occurred when the
bi-layer systems were at the positions of morphologicaisitions. In subsequent analysis and discussions we only
distinguish between the type of patterns, i.e. BC or H. Angrade between BC to H or vice-versa will be referred to
as a phase transition, while any changes between similgohotirgies but accompanied by a change in length scale
of the pattern as film thickness was varied, was not congides@ phase transition (and is rather a pseudo-transition).

1. AgCo system

In Fig. 2(b) the early-stage morphology is shown for Ag(5 f®a)(3 nm) bi-layer, which is for the case in which
both films are less than their individual transition thickeecorresponding to Case 2 in Table I. The top Ag layer
thickness was varied frofdnm < hag < ht ag) on the bottom Co layer of 3 nm thickness. The morphology pro-
gression is through formation dfcontinuous (BC) structures, which is the morphology behavior of singieer or
Cobalt layer on the substrate. In Fig. 2(d) the progressftanarphology is shown for Ag(4 nm)/Co(5 nm) bi-layer,
which is for the case in which the top Ag layer thickness véfiem (1 < hag < 5nm) on a bottom Co layer of 5 nm,
corresponding to Case 4 in Table I. The morphology progoessithrough formation dfioles (H), which is the mor-
phology behavior of single Cobalt layer witizo= 5 nm on the substrate. In Fig. 2(e) the progression of mdoglyo
is shown for the Ag(6 nm)/Co(5 nm) bi-layer, which is for these in which top Ag layer thickness was varied from
(5nm < hag < hr ag) on a bottom Co 5 nm film, corresponding to Case 5 in Table |. Thephmlogy progression is
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through formation oBC structures which is the morphology behavior of single Silager on a substrate. In Fig. 2(f)
the progression of morphology is shown for Ag(12 nm)/Co(5 hidayer, which is for the case in which both films
are greater than their individual transition thicknessresponding to Case 6 in Table I. The top Ag layer thickness
was varied ashag > hr pq) on a bottom Co 5 nm film. The morphology progression is thrdogimation ofH, similar

to the behavior of single Silver or Cobalt films on the sulistra

2. CoAg system

In Fig. 2(a) the progression of morphology is shown for th€40om)/Ag(5 nm) bi-layer, which is for the case
in which both films are less than their individual transitibickness. The top Co layer thickness was varied from
(1 < heo < hrco) On a bottom Ag layer of 5 nm thickness, corresponding to CaseThble I. The morphology
progression is through formation 8C structures which is the morphology behavior of individuév& or Cobalt
layers on the substrate. In Fig. 2(c) the progression of gy is shown for the Co(6 nm)/Ag(5 nm) bi-layer, which
is for the case in which top Co layer of thickndsg > 5 nm was deposited on a bottom Ag layer of 5 nm thickness,
corresponding to Case 3 in Table I. Now, the morphology mssjon is through formation &f, which is the behavior
of single Cobalt layer witthco>5 nm on the substrate. In Fig. 2(g) the progression of mdggyas shown for the
Co(7 nm)/Ag(12 nm) bi-layer, which is for the case in whiclp ©o layer was varied fromrn < hgy, < 13nmon
bottom Ag layer of 12 thickness, corresponding to Case 7 lifeTla The morphology progression is through formation
of H, which is the morphology progression of either film if they greater than their transition thickness. In Fig. 2(h)
the progression of morphology is shown for the Co(5 nm)/Agt8 bi-layer, which is for the case which the top Co
layer was varied asrin < hc, < 9nmon bottom Ag layer of 9 nm thickness, corresponding to CaseT@ble I. The
morphology progression is through formationB structures which is the morphology behavior of individual 9 nm
Silver layer.

1. DISCUSSION

From the collective SEM results of the early-stage morppgl@ few general remarks can be made. A single
transition is observed if the bottom layer is less than &sdition thicknesgh; < hr 1) and the top layer is varied
such that the thickness range includes the transition ieisshr ». In this system, the morphology transition from
bicontinuous to holes occurs exactly at the top layer ttamsthickness i.e, ahp 7. If both layers of the bi-layer
system were greater than their individual transition thiss, the progression of morphology is throbgtes and is
evidentfrom SEM images in Fig. 2(f & g). On the other hand dftblayers were less than their transition thickness the
progression of morphology is through bicontinuous striegand is evident from SEM image in Fig. 2(b). Finally,
if both films were of equal thickness and if one film is greatent its transition thickness, a combination of holes
and bicontinuous structures was observed. On the other, mamitiple morphology transitions are observed when
hi1 > hr1 andhy 1 > hr 1, and the top layer is varied &% < hy < hy max), wherehy mayx > hr 2. In other words, here
the morphology progression will begin with holes fer< hy, transition to bicontinuous structureshat< hy < hr ,
and then transition to holes lag = hy > . This feature can be observed in the AgCo system, ginggr > heo 1) and
is evident from the SEM images in Fig. 2(d-f). Based on thesalts, we have constructed the bi-layer phase diagram,
discussed next.

A. Construction of bi-layer phase diagram

The experimentally constructed phase diagram for the Ag@bdown in Fig. 3(a) and for the CoAg system in Fig.
3(b). The phase diagram identifies the morphology for angrgcsombination oh; andh;,. Individual regions in the
diagram are bounded by values of the experimental tranqiiin'ntsh?xlpt, th‘zpt, the film thickness ratio line with
slope 1 (i.e.hy/h; = 1) and the two thickness axis. This construction permits oneasily predict the early stage
morphology for any given path and for any given individuatkmess of the components of the bi-layer system and
their arrangement. For instance, in Fig. 3(a), for the AggXtean, a vertical dashed line drawn is drawn beginning at
the bottom layer thickne$g = hco = 5 nm and represents the case where the top layer thickndesloflayer system
is varied for a constant bottom layer. For the various pasitialong this path, the morphology as well as morphology
transitions can readily be identified. For instance, in taise, a first morphology transition will occur at the locatio
of the intersection of the line with the/h; = 1 line and then a second transition will occur at the intdiseavith
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thehr > line. An important result here was that the experimentaiigesved locations of the transitions, ité.,"lpt and

h?(zp[ coincided within experimental uncertainty to the tramsitthickness of the respective single-layer films , in this
case Co and Ag respectively. It should be re-emphasizedthateve refer to a phase transition only when there is
a change in the type of morphology, i.e. BC and H. There areratexamples where there can be a change in the
length scale of any given morphology, such as the BC or H, vamenof the boundaries is crossed. For instance, in
Fig. 3(a), there is a change in length scale in going from thgeCl (marked as C1 on the figure) region to the Case
2 (C2) region. However, this transition is not a phase ttarsi and instead, one can refer to it as a pseudo-phase
transition.

In similar fashion, in Fig. 3(b), for the CoAg system, a linen ath, = hco = 5 nm and horizontal to the;
axis is shown and represents the case where the bottom hagienéss of the bi-layer system is varied with a constant
top layer. In this example, again multiple transition arelent at the intersections with the/h; = 1 line and then
with the hr 1 position.Once again the experimentally observed locatiminthe phase transitions coincided within
experimental uncertainty to the transition thickness efrspective single-layer systems. Finally, for complessn
we have also constructed the phase diagram for a single-laich can be thought of as a bi-layer with identical
liquids, such as Co/Co, in Fig. 1(c). One significant differe in the single-layer behavior over the bi-layer case is
that only a single morphology transition is possible for aagh in the single-layer system.

B. Freeenergy analysis

In the context of spinodal dewetting, the thickness-depanfilee energdG(h) plays two roles. First, it establishes
the “spinodal” nature, i.e. the film thickness range overahitthe curvature/’G = dZﬁZG) is negative, analogous to
spinodal phase segregation. When this condition is satjsfies then possible to extract the characteristic lengttes

of the spinodal system via a linear analysiSecond, as was first shown by Sharma and KhHntiae position of

the curvature minima, i.e. whef®G = ds# = 0, identified the location of the transition thickndgsfor single-
layer spinodal dewetting. They observed also that bicootiis structures appear in films whose initial thickness lie
to the left of the curvature minimuitmr, while holes correspond to films with thickness to the righth@ minimum.
This feature has been subsequently verified in single-lpggmer>1® and in single-layer metallic film$8 The
underlying physical reasoning of this finding was attriloutie the role of the third derivative of the free energy in the
mass transport behavior of the film. Based on this curvatgneraent, we have analyzed the single-layer and bi-layer
free energies and their derivatives next.

1. Sngle-layer free energy

Thin film wetting and dewetting behavior is partly deterndri®y the disjoining pressure, which arises from the
interaction energies of molecules in a film, which are in elpsoximity to a surface or interface, being different from
that in the bulk. The total disjoining pressure can be writis a combination of long rangB() forces, for example
the van der Waals force, and short rangg)(interactions such as from electrostatic double layersrgtydrophobic,
and other short range repulsidfig. For single-layer metal films, we have previously estimatedtal disjoining
pressure by considering a long-range attraction, a shoge repulsion expressed as a Lennard-Jones type, and a

short range electrostatic force giventfy
he)® 1 (he)*
h 3\ h

whereA is Hamaker coefficient, is the correlation lengthS® is the spreading coefficien6, is the equilibrium
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contact angle of the film on the substrate, &nds defined ass %/3 = —2ysin?(8/2), wherey is the surface energy

C
of film vacuum interface. Using Eq. 1, the bilaymr is calculated from the position of the minimum of free energy
curvature(d;TAf) or Whered;’TA;3 =0, which is expressed as:
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The above analysis was performed for Co films on an,Si@face (with the various parameters shown in Table II)

and the result is shown in Fig. 1(c). The transition thiclgtgsis shown at the position whe G _ 0, Experimen-
tally, we observed bicontinuous structures to the lefirpofand holes on the right of the transition thickness and the
resulting Co single-layer phase diagram was of the form showrig. 1(c).

2. Bi-layer System free energy

In order to verify if the morphology phase diagram for thddyier can also be addressed by the curvature-dependent
behavior, we also performed the free energy analysis fobithayer films. The disjoining pressures acting across the
liquid-liquid interfacell;(h1,h2) and liquid-gas interfacH,(h1,h2) can be computed from the forces acting at the
interface$! along with short range forces represented as an expondatiai}®-3>36as follows:

S.r
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The thickness-dependent free energy for the bi-layer canb&expressed as:
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Here,Ags, A, andAg are the Hamaker coefficients of gas and substrate, subatretéguid, gas and liquid 1 pair
of interfaces, as shown in Fig. 1(d)is the correlation (or Debye) length, which is typically hetrange of 0.2-1.0

S.r S.r
nm®>37 dy is the equilibrium cut off distance taken as 0.158%A1, andS,» andS,; are the short range part of the
spreading coefficients. These are also related to the {otahding paramet&of the interface according to Eq. 4 in
Referencé® as:

S= S\/dw+ $r

where S represents the van der Wall's component of spreading cieefficconnected to the effective Hamaker

constant vig®/@W = —felfdive papce
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Similarly, §2r1 was calculated for both AgCo and CoAg and the bulk spreadaafficients,S; and Aes fectives
were calculated from Réf. The various parameters used for the bi-layer free energlysis are shown in Table II.
Analogous to the single-layer, free energy curvature, vgtimated from Eq. 7. For a simplified analysis, we held the
thickness of the bottom liquid layer fixed, which resultedhia curvature and its derivate being expressed as:

S.
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The analysis for evaluating the bi-layer transition '[hiek:;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® ms shown in Fig. 3(d). In addition, tA¢G and
N3G for varying bottom Co layer thickness (of 5, 7 and 10 nm) wassared for the AgCo system, as shown in Fig.
4,



3. AgCo morphology behavior

Fig. 3(a) and (c) show the phase diagram of AgCo bi-layeresysand free energy curvature for the AgCo(5
nm) system, respectively. We discuss a typical scenanwesented by the dashed vertical line (with ending arrow)
drawn on Fig. 3(a) at a bottom layer thicknéss= hco = 5 nm. This represents a general case where the top Ag layer
thickness of the bi-layer system is varied with a constartv@tom layer of 5 nm. As shown on the phase diagram, this
line passes through various morphology regions, denotéd)byb) and (c), as well as various morphology transition
points, represented by the roman numerals (1) and (Il). Weerhost important results here are that, (1) the bi-layer
system can have multiple morphology transitions, as ewieéiat the points | and Il, and (2) the morphology at lower
thickness can be holes and then change to a bicontinous Btateof these features are absent in the single-layer, as
seen in Fig. 1(c).

The corresponding locations of the regions and points & iaticated on the free energy curvature plot in Fig.
3(c). The immediate result apparent from Fig. 3(c) is thatehs only a single minima in the curvature (as quantita-
tively evidenced from Fig. 4). This means that the bi-lay@wvature can at most predict only one transition based on
the curvature argument, and indeed, the minima corresgoritie first transition at point I. Therefore, the curvature-
dependent approach in the bi-layer case is only partially tbpredict morphology transitions. The conclusion that
can be drawn from this analysis is that the bi-layer AgCo pldisgram cannot be constructed from a knowledge of
the bi-layer free energy. On the other hand, as Fig. 3(a) shivvs possible to easily construct the diagram provided
one knows the locations of the single-layer transitionsNgrand Co.

4. CoAg morphology behavior

Fig. 3(b) and (d) show the phase diagram of CoAg bi-layeesysind free energy curvature of CoAg(5 nm) system,
respectively. As for the AgCo case, a typical scenario isaggnted by the dashed line drawn at bottom layer thickness
h1 = hag = 5 nm and vertical to thé, axis in Fig. 3(b). This represents the case where the top ¥ thickness
of the bi-layer system is varied with a constant Ag bottonelagf 5 nm. Once again, on the phase diagram, this
line passes through various morphology regions, denotdd)pyb) and (c), as well as a morphology transition point
marked as I. The intersection of regions a & b is a pseudasitian while b & ¢ corresponds to a phase transition. This
bi-layer system has a single transition, and the morphadddgwer thickness is the bicontinuous state and changes to
holes, analogous to the single-layer system, as seen irl(&j. The corresponding locations of the regions and point
are shown in Fig. 3(d). Again only one minima is evident arid dorresponds to the location of the transition point
marked on the phase diagram. Unlike the AgCo case describeid.i 3(c), the transition now is from bicontinuous
to holes, and this shows the additional uncertainty inzitij the bi-layer free energy curvature in generalizing the
morphology on either side of the transition, in contrastit® single-layer system. Once again, we can conclude that
the CoAg bi-layer curvature cannot predict the phase diagHowever, just as in the case of the AgCo system, as Fig.
3(b) shows, it is possible to easily construct the diagranvigied the two single-layer transition points are known.

IV. SUMMARY AND CONCLUSION

We have investigated the early stage ripening morphol@gidsnorphology transitions in bi-layer spinodal dewet-
ting systems made from Ag/Co and Co/Ag bilayers on SéOrfaces. By varying the individual film thickness and
investigating the dewetting morphology following nanasad pulse laser melting for various film thickness cases,
we have experimentally constructed the phase diagrambkddaitlayer dewetting systems. Analogous to single-layer
dewetting, the bi-layer systems only show either the chargstic bicontinous or hole-like morphologies as a fuoati
of varying thickness. However, unlike the single-layer Slirmultiple morphology transitions may occur. Based on
analysis of the free energy curvature, we determined thiayleir systems only partially follow the curvature minima
and morphology relationship found in single-layer filmswhich the minima determined the location of the films
transition thickness and this was always from a bicontisugo the left of the minima) to a hole-like (to the right
of the minima) morphology. For the bi-layer case, the minim@aresents one of the possible transitions and could
either be a bicontinuous to hole or a hole to bicontinuoussiten. However, the bi-layer phase diagram can be com-
pletely described by the location of the two single-layanfttansitions that make up the system. Therefore, despite
the complexity of the non-linear evolution of the morphaolag bi-layer dewetting systems, one can easily construct
the complete morphology phase diagram from the behavidrefridividual single-layer films. The result can help



improve the speed and accuracy of non-linear modeling df pattern forming phenomenon and also help to fabricate
multi-elemental nanomaterials with morphologies thatid@how useful physical properties.
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TABLE CAPTIONS

 Table I: The various possible bi-layer cases based on thewaf the individual film thickness and their relation
to the single-layer transition thickness.

 Table II: Magnitudes of the various parameters used inmeding the free energy and its derivatives for the
bi-layer and single-layer system.
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FIGURE

 Fig. 1: (a) Schematic description of the geometry and fine bi-layer dewetting system consisting of two
liquids layers on the substrate. Also shown are the two pbssipes of deformation modes: bending (B) and
squeezing (S). The primary interaction forces include thenblker coefficients 4's between the various pairs
of interfaces and the interfacial tension at the film-vacwand film-film interfaces. (b) The free energy of the
Co/SiQ, system AG), its curvatureAG), and the third derivatived®G) are shown. The transition thickness
corresponds to the minima in the curvature or the zero intthid terivativé!. (c) Experimentally constructed
morphology phase diagram for a single-layer system of @g/Sivhich is identical to the bi-layer system of
Co/Co on SiQ. The dashed curves are drawn at the location of the morphatagsition points for single-
layer Co. The thickness of these lines represent the expatahuncertainty in measurement of the transition
thickness. Various regions consisting of either bicordim(BC) or hole morphologies are shown.

« Fig. 2: SEM images of the early stage spinodal dewettingpimoliogies in bi-layer dewetting systems. The
film thickness from (a) to (h) corresponds to, (a) Co(4 m)&gin) corresponds to Case 1, (b) Ag(5 nm)/Co(3
nm) corresponds to Case 2, (c) Co(6 nm)/Ag(5 nm) correspian@ase 3, (d) Ag(4 nm)/Co(5 nm) corresponds
to Case 4, (e) Ag(6 nm)/Co(5 nm) corresponds to Case 5, (fL2g(M)/Co(5 nm) corresponds to Case6, (g)
Co(7 nm)/Ag(12 nm) corresponds to Case 7, and (h) Co(5 nni®Am) corresponds to Case 8. All cases are
described in Table I.

* Fig. 3: (a) Experimentally generated morphology phasgrdiam of AgCo systenthr2 > hr1). (b) Phase
diagram of CoAg systerthr» < hr 1). (c) Free energy curvature of of bi-layer AgCo(5 nm) wheeried and
blue lines corresponds to individual Co and Ag transitiof®). Free energy curvature of CoAg(5 nm) where
red and blue lines corresponds to individual Co and Ag ttenms. The width of the experimentally observed
transition lines in Fig. (a) and (b) corresponds to the utagety in film thickness measurements.

* Fig. 4: The second¥’G) and third derivative43G) of the free energy for the AgCo bi-layer system for varying
values of the bottom Co layer thickness of 5, 7, and 10 nm &atled from Eq. 7 and Eq:8. The minima in
the A°G for each cases corresponds to the zero in¥@® (shown by the vertical dashed line for each case).
The location of the zero iA3G represents the location of the first transition point in théaper dewetting
morphology.



|Case* bi-layer system specificatiodwCase* bi-layer system specificatimﬁ
1

(ha <hgihp <hroshy <hra)| 5 |(hp>hy;hp <hrorhy > hrg)
2 (hz > h]_; h2 < hT.Z; h]_ < hT,l) 6 (hz > h]_; h2 > hT,Z; hl > hT.l)
3 (hz > h]_; h2 > hT.Z; h]_ < hT,l) 7 (hz < h]_; h2 > hT,Z; hl > hT.l)
4 |(hp <hmhp <hroihy >hra)| 8 |(hp <hgjhy > hroh <hrg)

Table |

| Parameté%g/Co/SiQ | Co/AgISIG | ColSIQ |

Ay [-9.19*10°19|6.07*10719 |A: -3.1*10°19
Ags |-3.95*10718|-5.23*1071°| h::0.293 nm
Apg  |1.01¥10°1%]-1.04*10°19|  y:1.882
331;2 -2.07 1.4107 SP:2.26
ss'zrl -2.43 -2.32 6:101
lo 0.158nm | 0.328nm 0.458nm

Table 1l
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