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ABSTRACT (Core(Fe)—shell(Au) nanoparticles are obtained by solid-state <
dewetting of thin Fe/Au bilayer films deposited on a sapphire substrate. The
core—shell morphology is achieved by employing the equilibrium segregation
phenomenon, where Au atoms form a homogeneous thin shell on the surfaces of
an Fe nanoparticle and at its interface with the substrate, reducing the total
interfacial energy of the system. The obtained nanoparticles are single crystalline
(structurally perfect), thermally stable, and of high purity. Their size may be tuned
by changing the initial film thickness. We demonstrate that the nanoparticles can
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subsequently be stripped from the substrate, and/or be modified by attaching

© &

', o

—9,
X

Sapphire

thiol-containing organic molecules for use in various nanotechnology-related applications. The method presented herein may easily be extended to other

metal combinations, especially those relevant for catalysis, thus helping to reduce precious-metal (e.g., Au, Pt, Rh) content in the catalyst.
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etal nanoparticles (NPs) and nano-
structures are on the forefront of
various nanotechnology applica-
tions such as sensing devices,' lubricants,’
catalysts,”> and strengthening agents in
multiphase and composite materials.® It is
well established that the physical properties
of NPs of elemental metals may differ con-
siderably from the bulk properties of the
same materials.” In many engineering ap-
plications in which a material should simul-
taneously perform several very different
functions, NPs containing two (or more)
phases have to be used. The chemical iden-
tity of the second phase, its relative quan-
tity, and morphological distribution can be
tuned to optimize performance.
An interesting example is Fe/Au NPs with
a core—shell morphology. Such particles
could find promising applications in the data
storage,® magneto-optical,”'° sensing,'' '3
and biomedical fields."* A combination
of ferromagnetic properties (Fe core) and
inertness to a wide range of external con-
ditions (Au shell) is particularly useful.
While there have been several reported
attempts at producing such NPs, the
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synthesis methods were usually chemical/
electrochemical and therefore led to a fully
or partially oxidized Fe core (rather than
metallic Fe),'""*~"® which is known to have
a lower saturation magnetization.'”” Such
synthesis routes also result in a relatively
large concentration of impurities, due to
the many solutions and reagents involved,
as well as structural defects (such as twin
boundaries, grain boundaries, dislocations,
etc.). In contrast, solid-state dewetting of thin
metallic films on a ceramic substrate has
been shown to yield defect-free single crystal
NPs with a purity which is determined only
by the source materials used for deposition
of the initial films.'"®'® The NPs may also be
arranged periodically on a substrate by means
of either film or substrate prepatterning.2*?’
Although several works involving dewetting
of thin films made of two components (in the
form of either an alloy or a bilayer) can
be found in the literature,>' 3 to the best of
our knowledge the “tunable” morphology
and functional properties of the resulting
NPs had not been explored.

One way of obtaining a core(Fe)—shell(Au)
NP morphology is by precipitation of Fe

MRATARNTS

* Address correspondence to
doramram@tx.technion.ac.il.

Received for review August 1, 2014
and accepted September 11, 2014.

Published online Sep ber 11, 2014
10.1021/nn504284d

©2014 American Chemical Society

WWwWW.acsnano.org

10687



inside a particle of a supersaturated Au(Fe) solution,
where the driving force for Fe precipitation as a “core”
is its large surface energy compared with that of
Au.2*% This has been attempted in a previous work
employing Au-rich compositions.® In practice, how-
ever, precipitation of the Fe-rich phase occurred at the
side facets of the parent Au-rich particle. This was
explained by the presence of a thin (~1 nm) Au-rich
segregation layer on all surfaces of the Fe precipitate
and at its interface with the sapphire substrate. By
considering a modified surface energy of Fe (taken to
be closer to that of pure Au), a static equilibrium
calculation revealed that precipitation is favored inside
the parent particle when the precipitate is small, while
above a certain critical size the precipitate migrates to
the side surface of the parent particle.?®

The phenomenon of surface and interface segrega-
tion in binary alloys is known in physical metallurgy
and surface science for over a century.”” In thermo-
dynamic equilibrium, the drive of the system to reduce
its surface energy leads to a difference in surface and
bulk compositions of the alloy. The thickness of the
segregation layer (usually, about 1 nm) and its compo-
sition are uniquely determined by the average alloy
composition and temperature. Despite that a spatial
extension of the segregation zone is suitable for the
microstructural design of NPs, reports in the literature
on utilization of equilibrium surface segregation in NPs
synthesis are scarce, and the proofs that the surface

segregation layer is in a state of thermodynamic
equilibrium are missing.®%°

RESULTS AND DISCUSSION

In this work we report on the synthesis of core(Fe)—
shell(Au) NPs by solid-state dewetting of thin Fe/Au
bilayers on a sapphire substrate, taking advantage of
the phenomenon of Au segregation on the surface
of Fe—Au alloys, to form the Au shell on the Fe NP. An
Fe-rich composition was selected to minimize the total
volume fraction of Au in the system (so as to minimize
the amount of biparticles) while still allowing for full
coverage of the Fe NPs by a Au shell. The rest of the
experimental conditions (annealing temperature, time,
and ambient) were then selected to obtain Fe NPs
“encapsulated” by a Au segregation layer. The micro-
structure of the as-deposited films and their dewetting
behavior have already been determined.?**' We also
demonstrate the ability to bind organic molecules to
the NPs, as well as to remove them from the substrate
for use in solution.

Figure 1a,b and Figure 1¢,d show high-resolution
scanning electron microscopy (HRSEM) micrographs of
Fe/Au NPs obtained from bilayers of 4 and 30 nm in
total thickness, respectively. The relative film thick-
ness corresponds to an Fe composition of ~80 at.
% in both cases. The average particle sizes are ~30 nm
(for the 4 nm bilayer, labeled "Hs") and ~270 nm
(for the 30 nm bilayer, labeled ”"H,”), and the ratio

Figure 1. HRSEM micrograph of Fe NPs with a thin Au shell, obtained by annealing Fe/Au bilayers at 1100 °C for 1 h: (a) SE
micrograph of particles obtained from a 4 nm thick bilayer; (b) BSE micrograph of the same particles; (c,d) SE micrographs of

particles obtained from a 30 nm thick bilayer.
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Figure 2. Size distribution of the particles labeled Hs. The data
were fitted with a linear combination of two Gaussian func-
tions, representing the core—shell particles (dashed red line)
and the Au-rich biparticles (dashed orange line). The sum of
the two contributions is represented by the dashed blue line.

between them corresponds approximately to the
initial thickness ratio. This is expected since the parti-
cles are nearly equiaxed, and it is well-known that
the average particle height increases with increasing
film thickness.'® The size distribution of the Hs NPs
(Figure 1a,b) is bimodal, in which the population
having a larger size are biparticles containing two
adjacent alloy phases—Fe(Au) and Au(Fe)—as indi-
cated by the bright contrast in the backscattered
electron (BSE) micrograph (Figure 1b). This observation
is complemented by the size distribution in Figure 2,
which was obtained by image analysis of about 30 000
particles. The radius of each particle was obtained
from its projected area assuming a circular shape,
and the data were fitted by a linear combination of
two Gaussian functions. The large peak corresponds to
the core—shell nanoparticles (25 £ 12 nm), while the
small peak corresponds to the larger, Au-rich biparti-
cles (42 + 7 nm). The formation of these biparticles is a
kinetic phenomenon, arising from both the incomplete
dissolution of a Au-rich phase and local variation of
Au concentration during dewetting.?® The intermixing
of Au and Fe in the bilayer is incomplete since the
composition and annealing temperature employed
in this work correspond to a two-phase area of the
bulk Au—Fe phase diagram.3? This results in local
composition gradients already at the beginning of
the annealing (i.e. when the thin film is in its initial
stages of agglomeration), and the subsequent forma-
tion of homogeneously dispersed Au-rich particles. To
minimize the amount of such particles, the total Au
concentration in the bilayer should be further de-
creased. This concentration is related to the Au/Fe
thickness ratio. It should be noted, however, that the
average particle size scales with the total film thickness,
and keeping both the Au/Fe thickness ratio and the
total film thickness small may result in a discontinuous
Au film.2*3 This discontinuity would result in lateral
composition variations in the fully agglomerated
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(dewetted) state. Moreover, even in the case of a full
initial intermixing of the layers, lateral variations in
concentration occur as a result of a difference in
mobility between Au (fast) and Fe (slow) atoms. This
would also lead to a lateral kinetic phase separation
during dewetting.>* Nonetheless, the majority of NPs
obtained in this work are core—shell nanoparticles
which are quite uniform in size. The single crystal,
highly faceted nature of the NPs is more clearly ob-
served in the case of the larger H_ NPs (Figure 1¢,d).

To characterize the core—shell morphology, cross-
sectional transmission electron microscopy (TEM) sam-
ples were prepared from both Hs and H_ NPs. Figure 3a
shows a high-resolution TEM (HRTEM) cross-section
micrograph of a representative Hs NP. The Fe core is
a single crystal (does not contain any grain boundaries
or other visible defects) and is uniformly covered by a thin
layer in dark contrast, which is the Au-rich segregation
layer. This has been confirmed in previous experiments?
by energy-dispersive X-ray spectroscopy (EDXS) in TEM.
The Pt, which was deposited in the focused ion beam
microscope (FIB) during sample preparation, appears not
only on top, but also “through” the NP. This occurs because
the NP is thinner than the actual FIB lamella thickness.
Further thinning risks the disappearance of the NP since it
is not necessarily positioned at the exact center of the
lamella's thickness dimension. In Figure 3b, a high-angle
annular dark field scanning TEM (HAADF STEM) micro-
graph of the same NP is shown, and the Au segregation
shell (now in white contrast) is clearly visible. Figure 3c
is a high-resolution STEM magnification of the area
in Figure 3b marked by a dashed rectangle. The Fe/
sapphire interface (with the Au-rich segregation layer in
between) is clearly observed with atomic resolution.
Figure 3d shows a cross section of the particle shown in
Figure 1d, which also exhibits Au segregation to all of its
surfaces and to its interface with the substrate. Therefore,
the size of these NPs can be controlled while maintaining
the Au segregation shell.

The thermodynamic driving force for solute segrega-
tion to a surface/interface is the reduction in that surface's/
interface's energy. Quantitative analysis of the thickness
and composition of Au segregation was carried out for the
(110) and (100) surfaces of the Fe NPs, the (110)Fe-
(0001)sapphire interface and an Fe—Fe low-angle grain
boundary. These results, supported by first-principles
density functional theory calculations, are beyond the
scope of this work and will be published elsewhere.
Here, we will show that the selected annealing conditions
allow formation of an equilibrium surface segregation
layer of Au on single crystalline Fe NPs. Hofmann and
Erlewein derived an approximate relationship for the time,
t.ar Needed to achieve the equilibrium surface concentra-
tion in a system with a strong segregation tendency:*

fo 7 5202 0
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Figure 3. Cross-sectional TEM of Fe NPs with a thin Au shell. (a) HRTEM micrograph of one of the Fe NPs shown in Figure 1a.
The Au segregation layer surrounding the Fe particle is seen in dark contrast. (b) HAADF STEM micrographs of the same NP as
in panel a. The Au segregation layer surrounding the Fe particle is seen in white contrast. (c) High-resolution magnification of
the dashed rectangle in panel b, showing Au segregation to the sapphire/Fe interface. (d) STEM micrograph of the Fe NP

shown in Figure 1d.

where s, 9, and D are the surface enrichment factor, the
width of the surface segregation layer, and the bulk
heterodiffusion coefficient of the segregating species in
the crystal, respectively. The values of s and d determined
in our companion study® are 4.1 and 0.72 nm, respec-
tively. The heterodiffusion coefficient of Au in para-
magnetic o-Fe was determined by Borg and Lai*® and
extrapolating their data to the temperature employed in
this study (1100 °C) yields D= 3.6 x 107> m? s, With
these data, eq 1 yields t.,; & 20 us, which is significantly
shorter than the annealing time of 1 h employed in this
study. Thus, the selected annealing conditions indeed
ensure the formation of an equilibrium Au-rich surface
segregation layer on the Fe/Au NPs. In our estimates we
employed the heterodiffusion coefficient of Au in a-Fe,
rather than in y-Fe, despite the fact that the latter is
the stable allotrope at the temperature of 1100 °C. This
is because the a. — y phase transformation was not
observed in our in situ X-ray diffraction experiments
performed on the thin bilayer films employed in this
study. The crystal structure of the Fe at room temperature
thus remained body centered cubic (bcc).

It is important to emphasize that both the Fe core
and Au shell of the NPs are alloys rather than pure
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materials. The solubility of Au in Fe is about 1 at. % at
850 °C and decreases with decreasing temperature; Au
content at this low level has a negligible effect on the
magnetic properties of Fe,*? though it could improve
its resistance to oxidation.?® On the other hand, the
solubility of Fe in Au is large and, therefore, the Au-
rich segregation shell contains a significant amount
of Fe.3®
The poor adhesion of the metallic particles to the
ceramic substrate allows one to separate them when
the contact area is sufficiently small (i.e., small particle
diameter). Figure 4 shows TEM micrographs of the
Hs NPs removed from the substrate by stripping and
placed on a TEM grid. Figure 4a shows that some of
the stripped particles are the Au-rich ones observed
in Figure 1b. Figure 4b,c shows that the core—shell NPs,
and the Au coverage can clearly be observed. The
ability to separate the core—shell NPs from the sub-
strate may further be utilized to transfer them into
various solvents or other substrates. In this work we
demonstrate that organic molecules can be bonded
to the NPs, with implications in the biomedical field
(e.g., targeted drug delivery). The molecule of choice
was 1-dodecanethiol due to the strong covalent
VOL.8 = NO.10 =
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Figure 4. (a,b) HAADF STEM and (c) TEM micrographs of
Fe/Au NPs which were stripped from the substrate and
placed on a TEM grid.

bond between S and Au, and the tendency to form
hydrophobic self-assembled monolayers (SAMs) by
parallel alignment of the alkyl chains.3” Therefore, their
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TABLE 1. Contact Angles for Different NPs and the Bare
Substrate, with and without SAMs

measured contact angle calculated contact angle

SAMs® [deg]® [deg]

bare sapphire X 65 4

4 64 4

Au NPs X 72 2
v 91 89

Fe NPs X 68 67
4 60 67

core—shell Fe/Au NPs X 68 68
v 75 74

“Vand X indicate “with SAMs” and “without SAMs”, respectively. ® The typical error
of contact angle measurements was 2—4°. “ The measured values were employed
as parameters for the model (6;), and therefore their calculation by the model is
redundant.

1{,}9’\ Au shell /\Q{C&
" 5 N
Eay ® Sapphire
€ S5 / SAMs
il L/
S L{ gwr

Figure 5. lllustration of the core(Fe)—shell(Au) NP morpho-
logy, and the binding of 1-dodecanethiol molecules to the
Au surface of the particles, forming SAMs.

presence may be identified in simple wetting (contact
angle) experiments. The results are summarized in
Table 1.

The contact angle of water on sapphire is not
affected by the application of SAMs, since the latter
do not form any bonds with sapphire and are removed
by the postimmersion washing. For pure Au NPs, the
contact angle increases after application of SAMs, due
to the bonding with Au and their hydrophobic nature.
In contrast, for pure Fe NPs the contact angle decreases
after application of SAMs, despite the fact that no
bonding is expected. This can be explained by oxida-
tion or hydroxylation of Fe after or during immersion
in the SAMs solution, yielding a lower surface energy.
The Fe NPs oxidize very slowly in air due to their single
crystalline nature, and even cross-sectional TEM sam-
ples showed minimal signs of oxidation from both
sides of the lamella.?® Finally, the core(Fe)—shell(Au)
NPs show an expected increase in contact angle, similar
to Au NPs. The contact angles obtained in wetting
experiments with Fe/Au and Au NPs are different
because of the differences in the particle sizes and
interparticle distances (ie., differences in the area
fraction of the exposed substrate). Figure 5 illustrates
schematically the obtained core(Fe)—shell(Au) NPs
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after application of SAMs. The macroscopic nature
of the wetting experiment allowed us to probe the
surface state of millions of NPs, as opposed to TEM
observations which are very local in nature. It should
be noted, however, that such wetting measure-
ments provide only an indirect evidence for the sur-
face state of the particles. Therefore, we suggested
a simple model based on the Cassie—Bexter
approach:*® Consider a planar substrate covered uni-
formly by particles. The contact angle of a liquid
droplet on this heterogeneous surface, 6, can be
expressed as

cos(0) = (M)m —f)+kf(—“’_“") @)
Y Y

where v, v, yi, Ypi and y represent the energies of
the particle, substrate, and liquid surfaces, and of the
particle—liquid and substrate—liquid interfaces, res-
pectively; f is the area fraction of the particles on the
substrate and k is the ratio of the surface area of a
particle to its contact area with the substrate. The
justification for using such a model is that the drop
radius (of the order of 1 mm) is much larger than both
the particle diameter (<50 nm) and interparticle dis-
tance (<200 nm, according to the coverage f obtained
by image analysis). To minimize errors which may arise
from using surface and interface energies from differ-
ent literature sources, a series of wetting experiments
on reference samples was performed, such that no
external parameters were required, with the exception
of fand k. The geometric parameter k was calculated
assuming coin-shaped particles of height h and radius
r, where typically h = r/4. In that case, k = 1.5 is
obtained (for a hemispherical particle k = 2).

MATERIALS AND METHODS

Electron-beam deposition was employed to deposit Fe and
Au layers (5N purity) on ¢ plane oriented sapphire ((0001) singe
crystal a-Al,O3) substrates. Two total film thicknesses were
chosen: 3 nm (Fe) and 1 nm (Au) (4 nm total thickness), and
22 nm (Fe) and 8 nm (Au) (30 nm total thickness). The thickness
ratio in both cases corresponds to a composition of ~80 at. %
Fe. The polished sapphire wafers were 2” in diameter and
430 um in thickness (University Wafers), with a miscut of up
to 0.2° toward the m plane. Prior to deposition the sapphire
wafers were cleaned in a clean room with soap, acetone, iso-
propanol and deionized water followed by dipping in Piranha
solution (2 H,SO4: 1 H,0, by vol.), deionized water, and a low
temperature bake at 120 °C. Deposition was performed at room
temperature in a vacuum chamber with a base pressure of
3 % 1077 Torr. The deposition rate was 0.3 A s~ for both layers.
Annealing of the samples was performed in a Rapid Thermal
Annealing furnace (RTA; ULVAC-RIKO MILA 5000 P—N) under
forming gas flow (Ar-10% H,, 6N purity), at a temperature of
1100 °C for 1 h. A heating rate of 50 °C s~' was used and fast
cooling was performed by simply switching off the heating. To
avoid contaminations, samples were placed on a sapphire plate,
which in turn was placed on a quartz holder.

The particles were characterized by high-resolution scann-
ing electron microscopy (HRSEM; Zeiss Ultra Plus). HRSEM
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Thus, for a given sample containing particles, the
contact angle was calculated according to eq 2:

cos() = (1 —f) cos(6s) + kf cos(6p) (3)

where 6 is the measured contact angle of water on
¢ plane sapphire, and 6, is the measured contact angle
of water on either Au, Fe, or Au covered with SAMs. The
former was obtained by measurements on the bare
substrate, while the latter by measurements on the
thin film samples (Au, Fe, and Au covered with SAMs).
The advantage of this method is that it is independent
of the actual surface and interface energies in the
system, and errors arise solely due to the contact angle
analysis and sample preparation techniques, which
were identical for all samples. The contact angles for
the different NPs calculated with the aid of this model
were in good agreement with the experimental results
(Table 1).

CONCLUSIONS

We obtained core(Fe)—shell(Au) NPs by solid-state
dewetting of thin Fe/Au bilayer films deposited on a
sapphire substrate. The NPs are single crystalline and
have the purity of the original evaporation targets.
Their size may be tuned by changing the initial film
thickness. The core—shell morphology was achieved
by taking advantage of equilibrium Au segregation to
all surfaces and interfaces of the Fe particles, and by
selecting the appropriate experimental conditions—
composition and annealing time and temperature.
These NPs can subsequently be stripped from the
substrate, and/or be modified by attaching organic
molecules containing a thiol group, for use in various
nanotechnology-related applications.

micrographs were taken using either an in-lens secondary
electron (SE) detector or a backscattered electron (BSE) detec-
tor, at an acceleration voltage of 2 keV. A thin carbon film
(<4 nm) was deposited on the sample prior to SEM analysis
in order to prevent charging. High-resolution transmission
electron microscopy (HRTEM; FEI Titan 80-300 keV S/TEM) was
used to analyze cross-section samples, prepared by the lift-
out method in a focused ion beam (FIB; FEI Strata 400-S).3°
The FIB lamellae were positioned on a Ti grid and further
thinned by low-kV milling using Ar+ ions at an energy of
500 eV (Linda GentleMill3).

Stripping of the particles from the substrate was performed
by depositing a drop of collodion solution on the sample
(collodion 2% in amyl acetate; EMS), and letting the solvent
evaporate. The resulting collodion film on the surface was then
stripped from the substrate using tweezers, and placed on a
carbon-coated Cu grid. The grid was then placed on filter paper
soaked with amyl acetate, dissolving the collodion film. The
stripped nanoparticles adhered to the carbon film on the grid,
and were characterized by TEM.

Contact angles were measured with an optical tensiometer
(Attension Theta) using deionized water droplets (7 £ 1 uL). For
comparison, the following systems were analyzed: Fe NPs; Fe thin
film; Au NPs; Au thin film; Fe/Au NPs; Fe/Au thin bilayer; ¢ plane
sapphire substrate. The Fe and Au NPs were obtained by anneal-
ing the respective films in the RTA furnace described above.
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For each system, two samples were analyzed: one sample was
immersed in a solution of 1-dodecanethiol (=98%, Aldrich)
in dry ethanol (concentration of 5 mM) for 24 h followed by
drying at room temperature; while the other sample was in
as-deposited or as-annealed condition. Eight to ten droplets
were analyzed for each sample.
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