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A templated assembly route has been devised which sees the formation of periodic arrays of gold microstruc-

tures on oxide substrates. The route, which combines elements of subtractive transfer patterning and tem-

plated dewetting, involves the placement of an electroformed nickel mesh in conformal contact with a

continuous gold film. When heated, the gold beneath the grid selectively attaches to it due to a surface energy

gradient which drives gold from the low surface energy oxide surface to the high surface energy nickel mesh.

With this process being confined to areas under and adjacent to the mesh, the underlying gold film eventu-

ally ruptures at well-defined locations to form isolated islands of gold which subsequently dewet. Removal of

the grid reveals a periodic array of three-dimensional highly-faceted gold microstructures. This templated as-

sembly route is demonstrated for the (100)-, (110)- and (111)-surfaces of MgO and MgAl2O4 where it is ob-

served that the faceting is strongly influenced by both the substrate and its crystallographic orientation.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Establishing control over the agglomeration of thinmetal films at el-

evated temperatures provides a straightforward and cost-effective

route for obtaining arrays of intricately shapedmetal structureswith di-

mensions extending from nanometer to micrometer length-scales.

With the understanding that solid state dewetting proceeds via surface

diffusion away from edges which extend from the underlying substrate

to the surface of the film, numerous groups have induced order into the

agglomeration process through the establishment of lithographically

patterned edges which, upon heating, retract in an organized manner

[1–3]. Using this approach, in combination with epitaxial nickel films,

Thompson and coworkers have induced the assembly of intricately

shapedmicrometer-scale nickel islands where the final shape is depen-

dent on (i) the annealing conditions, (ii) the epitaxial relationship

formed and (iii) the orientation of the lithographically-defined edges

relative to the substrate crystal structure [4,5]. A second approach relies

on the fabrication of a substrate with a periodic surface texture over

which a continuous metal film is deposited [6–8]. At elevated tempera-

tures the textured areas with the highest curvature create film weak

points at well-defined locations which activate the dewetting phenom-

enon. While arrays of metal structures have been produced in this

manner, the highly-textured nature of the surface creates numerous

challenges if these structures are to be incorporated into device

architectures.

Numerous unconventional patterning techniques have recently

emerged [9,10], but these techniques have been predominantly ap-

plied to polymer materials where low processing temperatures are

the norm. Broadly speaking, pattern formation can proceed through

three different modalities: (i) subtractive processes where material

is selectively removed, (ii) additive processes where material is selec-

tively applied or (iii) through the controlled rearrangement of mate-

rial already present on the surface. Collectively, these techniques have

demonstrated the utility of manipulating the dewetting phenomenon

from the free surface of the film rather than at the film-substrate in-

terface. Of particular relevance to this work are those processes

which rely on capillary forces [11] or the work of adhesion [12] to in-

duce pattern formation. For the former, a continuous uniform film is

placed in contact with a mold and heated to the temperatures needed

to render it fluid-like, at which point it reorganizes to minimize the

total surface energy. Upon cooling, the mold is removed leaving be-

hind a patterned surface. For the latter, a film is confined between a

mold and a substrate and the ensuing competition between the adhe-

sive forces present at the film–substrate and mold–substrate inter-

faces leaves material only in select locations when the mold is

removed.

In a previous report, we demonstrated the ability to manipulate

the size distribution of dewetted gold nanoparticles by confining

them between a platinum foil and the sapphire substrate upon

which they formed [13]. With an ascending order of surface energies

of sapphire, gold and then platinum [14], there exists a gradient

which channels gold atoms from the substrate-based gold structures

through a capillary neck to the platinum foil. With time the nanos-

tructures become progressively smaller until finally all gold atoms
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have left the sapphire surface. Here, we demonstrate that the replace-

ment of the continuous foil with a metal mesh leads to the formation

of periodic arrays of intricately shaped gold microstructures.

2. Materials and methods

The fabrication route is shown schematically in Fig. 1a. Gold films

with a thickness of 160 nm were sputtered (Quorum Technologies

Q150T Sputter Coater, 99.99% gold target) at room temperature onto

the [001]-, [110]- and [111]-surfaces of MgO and MgAl2O4. Oxide sub-

strates were used due to their thermal stability and high resistance to

gold diffusion at the processing temperatures used. Electroformed nickel

mesh TEM grids with 7 μm square cells and a repeat spacing of 12.5 μm

were used as the mold. The mesh acts as a rigiflex mold [15], simulta-

neously offering mechanical strength and flexibility. Conformal contact

between the mesh and gold film was obtained by placing a second sub-

strate over the mesh followed by the placement of this sandwich struc-

ture into a clamping mechanism (Fig. 1b) that applies a small force

throughout the high temperature assembly process. The purpose of the

clamp is to prevent the mesh from buckling and is not intended to im-

print the gold film.

The loaded clamp was then placed in a Lindberg tube furnace and

cycled through a heating regimen which sees the temperature raised

to 1065 °C in 23 min, held at that temperature for 5 min, and then

cooled to room temperature over a period of 2 h. The procedure

was carried out under a 50 sccm argon flow to prevent oxidation of

the nickel mesh. Once complete, the sample was removed from the

furnace and the nickel mesh was peeled off, leaving behind an array

of standalone 3-dimensional faceted gold microstructures. Fig. 1c

shows an SEM image of a periodic array of 2.7 μm diameter gold mi-

crostructures formed on (100)MgO, a clear demonstration that this

assembly method can be used to form large-area defect-free arrays

with a high degree of size uniformity. Defects, however, are observed

which include cells having multiple or no microstructures and isolat-

ed regions of randomly formed structures resulting from a lack of

conformal contact between the gold film and mesh.

3. Results and discussion

Fig. 2 shows a series of scanning electron microscopy (SEM) im-

ages where the assembly process was interrupted at various stages.

Initially, the as-deposited gold film appears black as is expected for

a flat and featureless surface imaged in secondary electron mode. As

the gold film is heated, contact between it and the nickel mesh

leads to the formation of a three-dimensional diffusion field which

drives gold from the film surface to the mesh due to the higher sur-

face energy of nickel [14]. As the process continues, gold is selectively

removed from the substrate to the nickel for film areas directly below

and adjacent to the mesh, leaving the intervening areas relatively un-

scathed. Above 900 °C, the gold loss to the mesh is so severe that the

film ruptures at the periphery of each cell, isolating square islands of

gold. At this point, the assembly process proceeds in a manner analo-

gous to other templated dewetting routes [1–8], showing directed

surface diffusion away from the gold-substrate interface. The diffu-

sion process continues until a single structure is formed in the center

of each cell having a volume equal to approximately 65% of that ini-

tially enclosed by the cell. Removal of the mesh reveals a periodic

array of highly-faceted microstructures, but where the surface of the

substrate shows some scarring due to interactions with nickel [16].

In addition, energy dispersive x-ray spectroscopy (EDS) indicates

measurable levels of nickel contamination within the gold micro-

structures. It is noted that temperatures exceeding the melting

point of gold are not required for the assembly of arrays, but does re-

sult in the formation of microstructures with pronounced faceting

due the melting and subsequent recrystallization which occurs.

Fig. 3(a, b) shows SEM images of the highly-faceted gold micro-

structures formed on three crystallographic orientations of MgAl2O4

and MgO, respectively. For the case of MgAl2O4, the faceting is quite

similar for all three structures, but the structure is rotated relative

to the substrate due to an altered heteroepitaxial relationship. It has

been previously shown that both dewetted gold [17] and copper

[18] exhibit a strong tendency to form such a relationship when heat-

ed to temperatures in excess of their melting point. The observed

faceting is similar to that observed by Curiotto et al. [18] for dewetted

copper films deposited on c-plane sapphire substrates, showing

(100)-, (110)- and (111)-facets. It is noted that for both cases this is

not the predicted equilibrium structure [19].

While there is a strong tendency for the top facet to exhibit the

same crystallographic orientation as the underlying substrate, there

is a near 20% probability to form a (111) top facet structure on the

(100) and (110) substrates as well as the tendency for the structures

to show a slight wobble off their expected orientation. The structures

formed on MgO show the same general trends, but the contact angle

with the substrate is smaller and there is the appearance of additional

facets. The contact angle difference is likely attributable to MgO hav-

ing a higher surface energy than MgAl2O4. The additional facets are

consistent with the formation of (311)- and (210)-surfaces [20]. For

both substrates, the microstructure faceting can be influenced by

the presence of nickel impurities [18].

4. Conclusion

It is has been demonstrated that the placement of an electro-

formed nickel mesh on a gold film at elevated temperatures induces

Fig. 1. (a) Schematic of the process used to assemble periodic arrays of intricately shaped gold microstructures. (b) The clamping arrangement used to obtain conformal contact

between the gold film and nickel mesh. The molybdenum liner prevented titanium contamination. (c) SEM image of a large-area periodic array of gold microstructures formed

on a (100)-MgO substrate.
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a deterministic assembly process which sees the formation of a pe-

riodic array of highly-faceted gold microstructures. With the route

likely applicable to other metals, this early stage work presents nu-

merous opportunities in the field of templated assembly.

Acknowledgement

This work is partially funded by a Temple University Office of the

Provost Seed Grant and the NSF CAREER Award of SN (grant no.

Fig. 2. SEM images showing the high temperature assembly process induced by a nickel mesh (scale bars=5 μm).

Fig. 3. SEM images of gold microstructures formed in periodic arrays on (a) MgAl2O4 and (b) MgO substrates of various orientations (scale bar=1 μm). The labeled facets are based

on those observed in face centered cubic materials [20].

157A. Sundar et al. / Materials Letters 76 (2012) 155–158



1053416). The authors acknowledge the expertise of Dr. Frederick

Monson, Technical Director, Center for Microanalysis, Imaging,

Research and Training (CMIRT), College of Arts and Sciences, West

Chester University, West Chester, PA.

References

[1] Kim D, Giermann AL, Thompson CV. Appl Phys Lett 2009;95:251903.
[2] Muller CM, Mornaghini FCF, Spolenak R. Nanotechnology 2008;19:485306.
[3] Lee FY, Fung KH, Tang TL, Tam WY, Chan CT. Curr Appl Phys 2009;9:820–5.
[4] Ye J, Thompson CV. Phys Rev B 2010;82:193408.
[5] Ye J, Thompson CV. Adv Mater 2011;23:1567–71.
[6] Giermann AL, Thompson CV. Appl Phys Lett 2005;86:121903.
[7] Yang S, Xu F, Ostendorp S, Wilde G, Zhao H, Lei Y. Adv Funct Mater 2011;21:

2446–55.
[8] Wang D, Schaaf P. J Mater Sci Mater Electron 2011;22:1067–70.

[9] Guo LJ. Adv Mater 2007;19:495–513.
[10] Xia YN, Whitesides GM. Annu Rev Mater Sci 1998;28:153–84.
[11] Suh KY, Kim YS, Lee HH. Adv Mater 2001;13:1386–9.
[12] Seo SM, Park JY, Lee HH. Appl Phys Lett 2005;86:133114.
[13] Sundar A, Hughes RA, Farzinpour P, Devenyi GA, Preston JS, Neretina S. Appl Phys

Lett 2012;100:013111.
[14] Tyson WR, Miller WA. Surf Sci 1977;62:267–76.
[15] Suh D, Choi SJ, Lee HH. Adv Mater 2005;17:1554–60.
[16] Sobczak N, Nowak R, Asthana R, Purgert R. Scr Mater 2010;62:949–54.
[17] Devenyi GA, Li J, Hughes RA, Shi A-C, Mascher P, Preston JS. Nano Lett 2009;9:

4258–63.
[18] Curiotto S, Chien H, Meltzman H, Wynblatt P, Rohrer GS, Kaplan WD, et al. Acta

Mater 2011;59:5320–31.
[19] Wynblatt P, Chatain D. Rev Adv Mater Sci 2009;21:44–56.
[20] Chatain D, Ghetta V, Wynblatt P. Interface Sci 2004;12:7–18.

158 A. Sundar et al. / Materials Letters 76 (2012) 155–158


