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A design for the fabrication of metallic nanoparticles is presented by thermal
dewetting with a chemically heterogeneous nano-template. For the template,
we fabricate a nanostructured polystyrene-b-polydimethylsiloxane (PS-b-
PDMS) film on a Si|SiO, substrate, followed by a thermal annealing and
reactive ion etching (RIE) process. This gives a template composed of an
ordered hexagonal array of SiOC hemispheres emerging in the polystyrene
matrix. After the deposition of a FePt film on this template, we utilize the
rapid thermal annealing (RTA) process, which provides in-plane stress, to
achieve thermal dewetting and structural ordering of FePt simultaneously.
Since the template is composed of different composition surfaces with

periodically varied morphologies, it offers more tuning knobs to manipulate
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the nanostructures. We show that both the decrease in the area of the PS
matrix and the increase in the strain energy relaxation transfer the dewetted
pattern from the randomly distributed nanoparticles into a hexagonal
periodic array of L1, FePt nanoparticles. Transmission electron microscopy
with the in situ heating stage reveals the evolution of the dewetting process,
and confirms that the positions of nanoparticles are aligned with those of the
SiOC hemispheres. The nanoparticles formed by this template-dewetting
show an average diameter and center-to-center distance of 19.30 = 2.09 nm
and 39.85 * 4.80 nm, respectively. The hexagonal array of FePt
nanoparticles reveals a large coercivity of 1.5 T, much larger than the
nanoparticles fabricated by top-down approaches. This approach offers an
efficient pathway toward self-assembled nanostructures in a wide range of

material systems.

1. Introduction

Metallic nanoparticles and nanostructures have attracted considerable
interest for potential applications in bit-patterned magnetic recording
media,: plasmonic waveguides,*s and catalysts for the growth of nanowires
and nanotubes.> For fabrications of the nano-patterns, the typical methods
can be divided into two categories: top-down»: and bottom-up
approaches.© Among the top-down methods, electron-beam lithography has
been demonstrated to fabricate nano-patterns with controllable

features.»» Yet the low throughput of this lithography method significantly
narrows its applicability.> In addition, as the feature sizes of patterns are
continuously decreased, the processing damage associated with the ion
milling during etching may significantly alter the nano-pattern

properties.== On the other hand, a promising route of the bottom-up
methods to realize mono-disperse nanoparticles is chemical synthesis.== In
this approach one of challenges is the removal of the surfactant from particle
surfaces.= The remaining surfactant makes the fabricated particles difficult
for surface-sensitive applications, e.g., catalysts for growing nanowires or
fuel cells.

Alternatively, for fabrication of surfactant-free metal nanoparticles, solid-
state dewetting of thin films has long been considered as an efficient

pathway.» Dewetting is a process of a thin film uncovering from a substrate
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surface at elevated temperatures and is driven by minimizing the total
surface energy in the film-substrate system. The morphology gradually
changes from a continuous film to individual nanoparticles with increasing
temperature.» Although this approach has been demonstrated to obtain
nanoparticle dewetting on a flat substrate with average diameters well below
100 nm, the grain boundaries and grain sizes in the as-deposited films
determine the initially nucleated position of dewetting, resulting in a broad
distribution of particle sizes and random dispersion.= To achieve ordered
particle arrays by dewetting, templated dewetting has been proposed.=# In
this controlled manner, the substrate topography is first patterned into
ordered features with periodical variations in the surface curvature, followed
by film deposition. Because the surface chemical potential is proportional to
the curvature of the substrate surface,= relative to a flat substrate surface,
the excess chemical potential is positive at convex regions but is negative at
concave areas. As the temperature increases, the differential chemical
potential results in void nucleation at the edges of holes and the subsequent
assembly of particles either into or around holes (concave areas). By utilizing
this approach, Giermann and Thompson have fabricated ordered Au
nanoparticle arrays on photo-lithographically patterned Si substrates with
175 nm-period inverse pyramidal pits.z On the similarly patterned Si
substrates, Oh et al. have demonstrated both Coz and the CoPt nanoparticle
arrays.= Lei et al. have utilized Si templates patterned by polystyrene
spheres to obtain Au, Ag, and AuAg particle arrays.» The diameter of the
fabricated particles is around a few hundred nanometers.» For template
dewetting with the photo-lithographically patterned templates, the feature
size of nanostructures is restricted by the diffraction limit. To drive the
topographic period below 50 nm, non-lithographically patterned templates

are necessary. Hart et al. have recently used anodized alumina (AAO) with 49
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nm-period holes as the template to fabricate Fe nanoparticle arrays, which
possess local hexagonal ordering.=

In addition, dewetting behaviors of films grown on a non-solid substrate
template of poly(methyl methacrylate) (PMMA) have also been
investigated.»» The dewetting process also occurs in the non-solid PMMA
template during the film dewetting process, and this substrate dewetting is
capable of manipulating the resulting film patterns on top of the substrate.
By utilizing this technique, the different Au nanopatterns dewetted on the
PMMA substrates have been demonstrated.zz

In addition to substrate morphologies, the introduction of strain in films
during dewetting has been reported to modify the surface chemical
potential.» The variations of strain energy can alter the local minima of
chemical potential to be in the convex regions of substrates, leading to the
formation of dewetted particles in these areas. This would be quite desirable
for the applications of patterned magnetic recording media and catalysts, for
which nanoparticles located at the top of nano-templates instead of in holes
are preferred. Using this strain-mediated chemical potential, Lagally et
al. have demonstrated dewetted Ge dots on the ridges (the convex regions),
instead of in the valley (the concave regions), of patterned Si (001)
substrates.= In this case, the Ge layer is hetero-epitaxially grown on the Si
substrates. Therefore, the lattice mismatch between Ge and Si gives rise to
strain energy in the Ge layers.

Here, we present a novel approach to obtain a periodic L1, FePt
nanoparticle array by using thermal dewetting with a chemically
heterogeneous template. This nano-template, fabricated from the
polystyrene-b-poly(dimethylsiloxane) (PS-b-PDMS) block copolymer (BCP), is
composed of hexagonal-packed SiOC hemisphere arrays emerging in the

polystyrene (PS) matrix. Because SiOC hemispheres can be self-assembled
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and their sizes can be controlled down to 25 nm, they reveal great potential
for template-dewetting to achieve a regular nanoparticle array with the
feature size below 25 nm. Different from the reported template-dewetting
with a chemically homogeneous interface between the film and substrate,
that is, the template surface consisting of the same composition but with
various morphologies, our chemically heterogeneous nano-template, SiOC +
PS matrix, enables us to spatially vary the interfacial diffusion rate and the
strain energy in different compositional regions. Consequently, our FePt
nanoparticles are located on apexes of nano-templates with a unique volcano
shape, different from most of the reported studies, in which the nanoparticles
are located in the holes or flat regions of the templates due to the curvature-
driven chemical potential difference.»== The distinct driving force for FePt
dewetting on the proposed nano-template is the strain energy difference,
originating from the varied degree of FePt structural ordering on different
surfaces (SiOC or PS).

We choose a FePt alloy as the target material because it is regarded as a
promising candidate for broad applications, e.g., the next-generation
recording media* and catalysts for the growth of carbon
nanotubes.» Furthermore, the nanocrystals of Pt alloys (including FePt) in
general can serve as catalysts for cathodic oxygen reduction== and improve
the durability of electrodes in fuel cells.= Additionally, the FePt film is under
a phase transformation from a disordered Al phase to an ordered L1, phase
at an annealing temperature higher than 500 °C.= Self-assembled FePt
L1, nanoparticle arrays are difficult to achieve by using chemically
synthesized nanoparticles due to the particle aggregation after annealing at
high temperature to form the L1, phase.” Therefore, the template-dewetting
process may not only form self-assembled nanoparticles but simultaneously

complete the phase transformation.
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2. Experimental

2.1 Preparation of well-ordered SiOC dot array

The topographic templates consisted of hexagonal-packed SiOC sphere
arrays with a diameter of 25 nm and center-to-center spacing of 40 nm on
thermally oxidized Si substrates. The disordered PS-b-PDMS films were spin-
coated on thermally oxidized Si substrates from the 2 wt% solution of the
BCP in toluene. The molecular weights of PS and PDMS were 33.2 kg

mol-* and 14.0 kg mol-?, respectively. The volume fraction of the PDMS block
was 0.32. After spin-coating, the PS-b-PDMS films were annealed at 200 °C
for 1 hour to change the PDMS spheres into ordered hexagonal packing. The
samples were subsequently treated with CF, and O, plasma in sequence to
respectively remove the thin PDMS surface layer and to selectively etch the
PS matrix while oxidizing the PDMS spheres. The CF, and O, plasma were
generated by a RF power source in a reactive ion etching (RIE) system, and
the processing parameters were 50 W, 20 s at a pressure of 75 mTorr for
CF, treatment and 100 W, 10-30 s at 60 mTorr for O, etching, respectively.

2.2 Deposition of FePt film and characterization

Fes,Pt.s films with the nominal thickness of 2 or 5 nm were co-sputtered from
elemental targets at room temperature. The composition of Fes,Pt,s was
determined by inductively coupled plasma-mass spectrometry. After film
deposition, the samples were annealed at 800 °C for 10 seconds using the
rapid-thermal annealing (RTA) system. Magnetic properties were determined
by using a superconducting quantum interference device with a maximum
field of 70 kOe. Surface topographies of samples were obtained by using an
atomic force microscope (AFM). A Seiko SPA-400 AFM with a Seiko SPI-3800N
probe station was utilized at room temperature to obtain tapping-mode AFM
images. A rectangular silicon tip was used in the dynamic force mode with a
spring force of 5 N m-, tip size about 3 nm and a scan rate of 1 Hz. Sample
microstructures were investigated using a transmission electron microscope
(TEM). For the TEM (JEOL 2010) observation with in situ heating, the Gatan
652 double tilt heating holder was utilized. This holder was connected to a
power supply, which provided an electric current at a current density of 2-3
x 10° A cm~— to heat the specimen, and a temperature controller for
monitoring sample temperature. Using this holder, the sample temperature
during TEM observation was varied from room temperature to 1000 °C with a
heating rate of 50 °C min-!, while the TEM images were video recorded in
real time.

3. Results and discussion

3.1 Thermal dewetting of FePt on chemically heterogeneous
surface
Fig. 1 illustrates the fabrication process of FePt nanoparticles dewetted on

the topographic template, composed of a SiOC hemisphere array in a PS
matrix coated on a Si|SiO, (200 nm) substrate. The PS-b-PDMS BCP (M,, = 47
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kg mol-*) with a PDMS volume fraction (fmoms) of 32% was first dissolved in a
common solvent (i.e. toluene) with 2 wt%, followed by spin-coating onto the
substrates to form a disordered PS-b-PDMS film [Fig. 1(a)]. With a slight
preference of solvent to PS, the PDMS formed spheres embedded in the PS
matrix. The samples were then annealed in a vacuum oven at 200 °C for 1 h
to change the lateral order of PDMS spheres into a hexagonal array. In
addition, due to the relatively small surface energy of PDMS, a PDMS wetting
layer formed on top of the BCP film [Fig. 1(b)]. After annealing, we performed
the reactive ion etching (RIE) process in which the CF, plasma was first used
to remove the PDMS wetting layer, followed by utilizing the O, plasma to
selectively reduce the thickness of the PS matrix while oxidizing the PDMS
into the SiOC hemisphere array. Consequently, a nano-template composed of
a chemically heterogeneous surface with periodically varied morphology is
achieved for thermal dewetting [Fig. 1(c)]. We subsequently sputtered the
FePt film on this topographic template at ambient temperature [Fig. 1(d)] and
then performed a rapid-thermal annealing process for thermal dewetting
[Fig. 1(e)].
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Fig. 1 (Color on-line) Schematic diagrams of the fabrication process of L1, FePt nanoparticle arrays self-asseml
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template.

BCP films have been previously demonstrated to possess broad feasibility
for nanopatterns with feature sizes well below 50 nm.==« However, the
template fabricated with a regular phase-separation process for BCP (for
example, polystyrene-b-poly(methyl methacrylate) (PS-b-PMMA)) may be
suitable for top-down processing such as etching masks or pattern
transfer=but may not stand for a high-temperature dewetting process.
Therefore, we, on purpose, choose PS-b-PDMS, BCP films containing Si, and
carry out reactive oxygen ion etching on the BCP films so that PDMS can be
transferred into well-defined SiOC with robust thermal stability. In addition,
we perform thermal annealing to form spheres« instead of solvent treatment,

preferred for micelles.=

3.2 Preparation of SiOC template

With the treatment time period of O, plasma equal to 10, 20, and 30
seconds, we prepare Template A, Template B, and Template C, respectively.
In Fig. 2(a)-(c) we show the topographic images, measured by AFM, of the
three prepared templates. In Template A, we can observe the ordered
hemisphere array [Fig. 2(a)]. As the treatment time period increases, a
similar hemisphere array is shown with the increased height contrast [Fig._
2(b) and (c)], suggesting the decrease in the PS-layer thickness. Fig. 2(d)-
(fillustrate the AFM height profiles of Template A, Template B, and Template
C, respectively. These relative height profiles are obtained from the regions
of the black lines shown in the corresponding topographic images [Fig. 2(a)-
(c)]. All profiles exhibit rounded bulges with varied heights. The average
heights of bulges in various templates are related to the O,-plasma treatment
time. The increased height in Template C is consistent with the reduced
thickness of the PS matrix by increasing the O.-plasma treatment time. This
also suggests the increase in the surface ratio of SiOC hemispheres to the PS
matrix. In addition, the AFM images reveal closely connected bulges for all
templates [Fig. 2(d)-(f)]. Since the tip convolution effect in AFM could
underestimate the sphere interspace, we further investigate the template
morphology using transmission electron microscopy (TEM). In Fig. 2(g), we
illustrate the TEM plan-view image of Template C. Similar to the topography
shown in the AFM image [Fig. 2(c)], we can observe a single-layered sphere
array (i.e. film thickness is around 40 nm) in hexagonal packing but with a
more widened sphere interspace. The difference between the AFM image and
the TEM image is attributed to the low aspect ratio of the AFM scanning
probe. From the TEM image [Fig. 2(g)], the average diameter and center-to-
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center distance of spheres in Template C are 25.56 = 2.47 and 39.80 = 3.95
nm, respectively. Consequently, the template surface can be divided into two
distinct regions: one is the region with SiOC hemispheres and another one is
the PS matrix. With increasing the oxygen plasma treatment time, the height
of SiOC is increased, therefore, the corresponding SiOC surface area is
increased.
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Fig. 2 AFM height images of the block copolymer templates after the O, plasma treatment with the time period
[Template A], (b) 20 seconds [Template B], and (c) 30 seconds [Template C], respectively. The corresponding h
in (d)—(f). The solid lines in the height images indicate the regions for the height profiles. The TEM plan-view ii
shown in (g).

3.3 Thermal dewetting of FePt on different templates

To investigate the effects of the surface ratio of the SiOC hemispheres on the
PS matrix, we deposit a 2 nm-thick FePt layer on top of these three templates
as well as a flat Si|SiO, substrate, followed by rapid-thermal annealing at 800
°C for 10 seconds with a constant heating rate of 50 °C s*. Fig. 3(a)-

(d) illustrate the TEM plan-view images of the annealed FePt films grown on a
flat Si|SiO, substrate, Template A, Template B, and Template C, respectively.
The results show that on a flat substrate the dewetting of FePt films results in
nanoparticles distributed randomly in space [Fig. 3(a)]. The average
diameter of particles is 12.11 * 3.4 nm (28%). A similar pattern is shown for
the FePt film dewetted on Template A [Fig. 3(b)]. On Template B, we can
observe a hexagonal-packed particle array with numerous stripes and islands
between particles [Fig. 3(c)], while most stripes disappear in the array
assembled on Template C [Fig. 3(d)], giving nanoparticles with an average
diameter and center-to-center distance of 19.30 £ 2.09 nm (11%) and 39.85
+ 4.80 nm (12%), respectively. Both the hexagonal order and the center-to-
center distance in the resulting particle array are nearly equal to those of the
SiOC hemisphere arrays on Template C [Fig. 2(g)], suggesting that on this
template the assembly of nanoparticles follows the positions of the
hemisphere arrays. Further quantitative analysis is demonstrated in Fig. 3(e)
and (f). During the thermal dewetting process on heterogeneous templates
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(PS + SiOC hemispheres), FePt may be located in a region either on the SiOC
hemispheres or in the area between hemispheres (on PS). We define the
surface area ratio and the surface density based on our TEM micrographs
(Fig. 3(a-d)). The surface area ratio is calculated by normalizing the area of
FePt nanoparticles localized on the top of SiOC hemispheres to the total area
of FePt (i.e. localized FePt nanoparticles and residual stripes). The surface
density is calculated by normalizing the total number of nanoparticles to the
total surface area. The comparison of the surface area ratio is depicted in Fig.
3(e) and the variations of surface density with the etching time are shown

in Fig. 3(f). In the case of the flat substrate (Fig. 3(a)), the surface area ratio
is zero due to the non-existence of the SiOC template and the surface
density is about 3.16 x 10-3 nm=2. For the FePt film dewetted on Template A
(i.e.etching time = 10 s), the surface area ratio is 41.9% and the surface
density is 3.23 x 102 nm~2. The relatively small surface area ratio is
attributed to the randomly dewetting of FePt on the chemically
heterogeneous surface with a large residual PS matrix. With the increase of
etching time to 20 s (Template B), the surface area ratio is increased to
83.4% while the surface density is 2.78 x 102 nm~2. The increase of the
surface area ratio suggests the agglomeration of the remaining stripes as
well as islands occurs and the FePt atoms move to the top of the SiOC
hemispheres. Most stripes disappear in the array assembled on Template C,
giving a surface area ratio of 93.8% and a surface density of 1.48 x

102 nm~—. Note that the surface density is decreased with the etching time
and nearly equal to the surface density of the SiOC (1.32 x 107> nm™)
template while the surface area ratio is increased with the etching time,
suggesting the success of template-dewetting of FePt on the top of the SiOC
hemispheres.
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Fig. 3 TEM plan-view images of rapid-thermal annealed FePt films grown on (a) a flat Si|SiO, substrate, (b) Te:
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In Fig. 4(a), we illustrate the TEM cross-sectional image of the hexagonal
periodic array self-assembled on Template C. To highlight the top surfaces of
this particle-template system, for the TEM cross-sectional samples, we
purposely deposit an Al capping layer after post-annealing. As revealed
in Fig. 4(a), the volcano-shape composite FePt/SiOC nanoparticles are aligned

well by the template hemispheres, which possess a convex surface relative
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to the substrate surface. Furthermore, these particles possess varied shapes

of cross sections. Fig. 4(b) and (c) show the high-resolution TEM cross-

sectional images of two representative particles with cross sections of
different shapes. In the rounded particle, we observe (111) textures [Fig.
4(b)], while a (001) preferred orientation is observed in the particle with the
elongated shape [Fig. 4(c)]. The results suggest that the dewetted particles
possess either (111) or (001) textures, and the cross-sectional shape of
particles could be related to the crystalline texture. This relationship needs to
be further investigated to reveal the single texture among nanoparticles,
which can be quite beneficial for some applications, for example, the (001)-

textured magnetic patterned media.

FePt/SiOC composite nanoparticles. The corresponding high-resolution TEM images of two representative parti
(c). The arrows denote the texture orientations of the particles.

We note that the high-temperature annealing process would carbonize the
PS matrix. This would give a template with a chemically heterogeneous
surface, composed of SiOC hemispheres and carbon regions. Therefore, the

varied nano-patterns on the abovementioned three templates may result
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from the change of the interface ratio of SIOC/FePt to PS (or C)/FePt as well
as the local surface curvature [Fig. 2(d)-(f)] created by the differently
exposed SiOC hemispheres. We first investigate the effects of SiOC/FePt and
PS/FePt interfaces on the resulting patterns by preparing samples with either
interfaces but with the flat sample surface. The layer structure of the
prepared samples is Si|SiO, substrate/PS (0 or 40 nm)/FePt (5 nm). The rapid-
thermal annealing process, same as previously used, is performed for these
two samples. Here we assume that the properties of the SiO,/FePt interface
are very similar to that of SiOC/FePt. Therefore, these samples with a flat
surface are used to explore the effects of chemically heterogeneous
interfaces and exclude the effects of the local surface curvature on thermal
dewetting. We also note that only for these two samples we purposely
increase the thickness of the FePt layer from 2 to 5 nm. This would give us a
better signal-to-noise ratio for the subsequent structural measurements by X-
ray diffraction (XRD). In ESI Fig. S1(a),t we illustrate the wide-angle XRD
scans of the annealed samples with and without the PS insertion layer,
respectively. The scan of the sample without the PS layer shows the (001)
and (002) peak reflections, suggesting the formation of L1, ordering in the
FePt layer after annealing. However, both peak reflections are not observed
in the scan of the sample with the PS layer, indicating that the PS/FePt
interface deteriorates the L1, ordering of FePt. Fig. S1(b) and (c)t show the
TEM plan-view images of samples with and without the PS layer, respectively.
While the sample with the PS layer shows the FePt stripes [Fig. S1(b)1], the
FePt nanoparticles are observed for the sample without the PS layer [Fig.
S1(c)t]. It has been reported that in the case of FePt films, the interface
diffusion rate promotes both the degree of L1, ordering and the film
agglomeration.= Here the increased film continuity along with the

deteriorated degree of L1, ordering of the FePt film grown on the PS layer
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suggest that the surface diffusion rate of FePt atoms on the PS surface could
be slower than that on the SiO, surface. As a result, the PS layer suppresses
the dewetting of the FePt film after annealing. For Templates B and C, the
increased oxygen plasma time increases the SiOC/FePt to PS (or C)/FePt ratio.
Therefore, compared with the dewetted FePt patterns with the remaining
stripes between hemispheres on Template B [Fig. 3(c)], the decreased
PS/FePt interface area on Template C would suppress the formation of these
stripes [Fig. 3(d)].

The cross-sectional TEM image [Fig. 4(a)] clearly reveals that the FePt
nanoparticles formed on Template C are located on the top of the SiOC
hemispheres, which possess a convex surface relative to the PS surface. As
the surface chemical potential is known to be proportional to the curvature of
the substrate surface,» the convex surface at the top of the SiOC hemisphere
should possess a positive excess chemical potential compared to the flat PS
regions, giving energetically unfavorable sites for FePt nanoparticles.
Because our nano-template is composed of a PS matrix and SiOC
hemispheres, in addition to the curvature-induced chemical potential
difference, we need to consider other energies associated with this
chemically heterogeneous template. We have shown that, in ESI Fig. S1(b)
and (c),T the different dewetted patterns suggest that the surface diffusion
rate of FePt atoms on PS (or C) is lower than that on SiOC. This implies that
the bonding between FePt and PS (or C) might be stronger. Consequently,
the bonding energy difference may also prefer the FePt nanoparticles to be
formed on the PS matrix and cannot be used to explain the observed results.

Recall that the varied amounts of strain energy exerted on films can
further manipulate the surface chemical potential; dewetted nanoparticles
prefer to form in regions with less strain energy.» Here we have utilized the

annealing process combining a rapid thermal annealing process with a Si
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substrate as an infrared light absorber.= This annealing process has been
previously demonstrated to provide a thermal expansion of the Si substrate
different from that of the FePt film, therefore leading to strain energy
exertion on the FePt films during annealing.= In addition, the amount of strain
energy increases with increasing the heating rate of the RTA process because
of the increased transient light intensity from the infrared heating

lamp.= Therefore, this would provide a tuning knob to adjust the strain
energy of films and enable us to study the behaviors of the template
dewetting under different strain energies by varying the heating rates. To do
this, we anneal a 2 nm-thick FePt film grown on Template C by RTA with a
reduced heating rate of 20 °C s*. In ESI Fig. S2,T we show the corresponding
TEM plan-view image. Different from the previous array annealed with a
heating rate of 50 °C s* [Fig. 3(d)], the reduced heating rate significantly
increases the amounts of stripes between particles. Since the curvature and
the PS/SiOC area ratio are kept the same for the identical template, the
observed morphology modification is mainly attributed to the changes of
strain energy by different heating rates. We have shown a high degree of
ordering with a strong (001) texture of FePt nanoparticles on the SiO, surface
[ESI Fig. S1(a) and (c)1]. On the other hand, FePt with a low degree of
ordering is obtained when grown on the PS (or C) layer [ESI Fig. S1(a) and
(b)f] due to a low surface diffusion rate. According to previous

simulations,= when a FePt film is under in-plane tensile stress, the phase
transformation from a disordered state to a highly ordered (001) texture
leads to the largest strain relaxation, and hence the lowest strain energy
state. The RTA process with a Si substrate provides in-plane tensile stress:

= and this stored strain energy can be relaxed by the ordering process of
FePt. Consequently, when the FePt nanoparticles are located on the top of

SiOC hemispheres, the high ordering process significantly reduced the local
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strain energy and may overcome the curvature-induced chemical potential to
reach a local energy minimum. When the heating rate is reduced, the
induced in-plane tensile stress is decreased accordingly, leading to the
reduced degree of ordering of FePt films.= Recall that the total surface
chemical potential of films is the sum of the surface chemical potential on
the flat template surface, surface curvature-contributed chemical potential
and local strain energy.» Therefore, with the reduced stored strain energy
and less strain energy relaxation by decreasing the heating rate, the strain
energy term could become less significant and the first two terms increase

the amounts of FePt stripes on the PS matrix [ESI Fig. 21].
3.4 In situ TEM observation

To further understand the morphology evolution of films during dewetting,
we monitor the film morphology in real-time at varied temperatures using
TEM with an in situ heating stage. For this TEM observation we prepare
Template C on the Si;N.|SiO.membrane, followed by the deposition of a 2 nm-
thick FePt layer at ambient temperature. This membrane allows us to directly
investigate the film morphologies by TEM without any further preparation
process, e.g., sample grinding or ion milling, which could induce defects in
the as-deposited films and therefore change the subsequent dewetting
behavior at elevated temperatures. During the TEM observation, we raise the
sample temperature with a heating rate of 50 °C min-t. Compared with the
heating rate of 50 °C s* for the RTA process, this heating rate, limited by the
heating holder, is much lower. Therefore in the following we will only present
the evolution of dewetted patterns under a relatively low strain energy, i.e., a
hexagonal periodic array with stripes between spheres [Fig. S21]. In Fig. 5(a)-
(d), we illustrate the resulting TEM plan-view images at temperatures of
ambient temperature, 600 °C, 700 °C, and 800 °C, respectively. For all
images we intentionally choose the sample area with a black spot at the
bottom left as the marker, which enables us to observe the film morphology
on an identical sample area. Similar to the template prepared on the Si
substrate [Fig. 2(g)], we observe a hexagonal periodic array of SiOC spheres
in the as-deposited state [Fig. 5(a)]. We note that at this stage the
morphology of the as-deposited FePt film could be continuous, therefore
contributing little contrast to the TEM image. Upon heating to 600 °C, the
sphere sizes are slightly reduced while some stripes are shown around
spheres [Fig. 5(b) and the inset of Fig. 5(b)], suggesting that the dewetting
process is initiated by rupturing films at the edges of SiOC hemispheres.
Raising the temperature to 800 °C continuously shrinks the particle sizes and
increases the number of stripes surrounding the spheres [Fig. 5(c) and
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(d) and the insets of Fig. 5(c) and (d)]. This indicates that at elevated
temperatures the thermal energy drives films to aggregate to both the top of
the SiOC hemispheres and the area between hemispheres. These two
positions of the template could possess similar chemical potentials during
the annealing process with a low heating rate. When we increase the heating
rate to 50 °C s!, we believe that the morphology evolution should be similar
to that observed in Fig. 5, except for the reduced number of strips.
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Fig. 5 TEM plan-view images of the FePt film in situ annealed by using a TEM heating stage at temperatures of
(b) 600 °C, (c) 700 °C, and (d) 800 °C. Insets in (b)—(d) are the TEM plan-view images of the representative pat
corresponding temperatures (scale bar = 50 nm).

In the reported studies,=» when the thermal dewetting takes place on a
relatively flat and homogeneous surface, the particles agglomerate and the
particle size is increased with increasing annealing temperature. Unlike the
situations reported previously, our substrate possesses a heterogeneous
surface with lateral morphological variations, therefore, the temperature
dependence of the particle size does not follow the same trend as reported.:
= Qur in situ TEM images clearly reveal that the film ruptures at the edges of
SiOC hemispheres at 600 °C and at elevated temperatures the thermal
energy drives films to aggregate to both the top of the SiOC hemispheres
and the area between hemispheres. When we only count the projection size

of FePt nanoparticles on top of the SiOC hemispheres in Fig. 5(b)-(d), we find

that the size decreases with increasing annealing temperature (23.6 nm,
21.3 nm and 18.2 nm for samples annealed at 600, 700 and 800 °C,
respectively), different from the reported results.«= The different trend can
be explained by the confinement of SIOC hemispheres and strain energy-

induced dewetting, which prevent particle coarsening.
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The in situ TEM observation confirms that the positions of nanoparticles
are aligned with those of the SiOC hemispheres; therefore, further increasing
the SiOC density may increase the nanoparticle density accordingly.
Furthermore, for the TEM samples, the nano-templates are fabricated on the
SisN4|SiO, membrane instead of Si substrates. This in fact demonstrates the
unique ingredients of our proposed approach different from the reported
ones: we can fabricate our nano-templates to widely available substrates
which can absorb infrared light during RTA. For example, a polycrystalline Si
layer deposited on glass substrates has been reported to induce similar
stress on FePt= so our nano-templates can also be fabricated on glass

substrates.
3.5 Magnetic properties

Finally we investigate the magnetic properties of the FePt hexagonal periodic
array because FePt, specifically in the ordered L1,phase, possesses broad
applications in magnetic devices, e.g., magnetic recording media. Fig._

6 shows both the out-of-plane and in-plane hysteresis loops of the hexagonal
periodic array grown on Template C. Both the out-of-plane and the in-plane
coercivity values are nearly equal to around 15 kOe. This large coercivity
value indicates the phase transformation of FePt from a disordered Al to an
ordered L1, phase after RTA. In fact, the same BCP films (PS-b-PDMS) have
been utilized as the etching mask for FePt films for obtaining nano-dots but
much lower coercivity (~6 kOe) was obtained due to etching
damage.=Furthermore, the equally out-of-plane and in-plane coercivity values
suggest the co-existence of (111) and (001) textures in the particles. This is
consistent with the TEM observation of various textures in the different-
shaped nanoparticles [Fig. 4(b) and (c)]. The hexagonal array of FePt
nanoparticles reveals a large coercivity of 1.5 T, much larger than the
nanoparticles fabricated by top-down approaches.== Most of the top-down
methods use either e-beam lithography,== nanoimprinting= or the self-
assembled co-polymer:: to define the pattern size of masks. All of them
need to use ion etching for pattern transferring, and the ion damage usually
causes the reduction of coercivity due to the disordering of the FePt

L1, structure as the high coercivity of FePt is believed to originate from the
L1, atomic ordering structure.= The ion damage in the nanodots consisting of
the [Co/Pd], multilayer has been identified from the contrast difference
between the center and the edge regions of dots revealed in TEM plan-view
images, and the reduced coercivity is observed in the dots with damaged
edges.» When an ordered FePt continuous film is patterned into
nanostructures by the conventional etching process, the high energy ion
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bombardment during the etching process can also cause severe atomic
disorder of the L1, lattice in damaged edges and therefore reduce the
coercivity accordingly. Because our approach does not require the etching
process to form nanostructures, we can completely eliminate the ion etching
damage and achieve a high coercivity. We also note that in the application of
magnetic recording media, the read-back signals from written bits really
depend on the spatial order of magnetic bits. Therefore, the FePt
nanoparticles with spatial disorder are very difficult for addressing and
reading, and the much improved spatial order of FePt nanoparticles
presented here may be potentially used for magnetic media. By further
investigating the shape control of nanoparticles during the dewetting, we
may have a chance to further tune the texture of individual particles and
therefore to manipulate the magnetic properties.
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Fig. 6 Out-of-plane and in-plane hysteresis loops of the FePt hexagonal periodic arrays grown on Template C.

4. Conclusions

To summarize, we propose a chemically heterogeneous nano-template for

thermal dewetting to obtain self-assembled L1l,nanoparticle arrays. Several
novelties are demonstrated by our proposed templated thermal dewetting,
and are summarized as follows:

(1) a chemically heterogeneous template, composed of a hexagonal
periodic array of SiOC hemispheres emerging from a polystyrene matrix,
enables us to vary the interfacial diffusion rate and the strain energy of FePt

in different regions (SiOC/FePt and PS/FePt), which cannot be achieved simply



by the commonly reported heterogeneous templates. (2) Large-area self-
assembled SiOC hemispheres enable us to reach the size of FePt
nanoparticles below 20 nm, which cannot be easily obtained in the template
made by photolithography. (3) The lateral strain energy difference, caused by
the FePt structural transformation instead of a lattice mismatch between the
films and substrates, is used to drive the formation of FePt nanoparticles
located on the top of SIOC hemispheres rather than in the valley or flat
regions of templates.

Because of the spatially modulated chemical compositions on the
template surface, the driving force for the thermal dewetting can be adjusted
by various contributions, including surface chemical potential on the flat
template surface, surface curvature-induced chemical potential and local
strain energy. By reducing the PS (or C)/FePt interface area, which possesses
a lower surface diffusion rate than the SiOC/FePt interface, we can decrease
the remaining FePt stripes on the PS matrix. These stripes can be further
reduced by increasing the heating rate of the RTA process, which increases
the strain energy difference between different regions, leading to hexagonal
periodic arrays of L1, FePt nanoparticles assembled by SiOC hemispheres.
The in situ TEM observation reveals the evolution of the dewetting process,
and confirms that the positions of nanoparticles are aligned with those of the
SiOC hemispheres. The self-assembled FePt nanoparticles reveal a large
coercivity, indicating that the film agglomeration and structure ordering
occur simultaneously. As the density and regularity of SiOC hemispheres can
be further improved by optimizing the process for both the block copolymer
and RIE etching, the presented approach provides an efficient pathway for
the fabrication of metallic nanoparticles in a wide range of material systems.
Furthermore, compared with the nano-template with a single interfacial

composition, for example, Si or AAO, the proposed chemically heterogeneous



template offers more degrees of freedom to locate the nanoparticles for
various applications. We believe that we successfully pave an avenue for
obtaining a regular array of metallic nanoparticles with simplicity, versatility

and low-cost.
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