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gap of the Ni-Au system followed by quenching to room temperature resulted in textured and faceted
submicron-sized particles as a function of alloying content in the range of 0-28 at% Au. Morphologically,
the observed kinetic crystal shapes are confined by close-packed planes; in addition, high-index facets are
identified as a function of alloying content by TEM cross-sectioning and equilibrium crystal shape simu-
lations. All samples exhibit a distinct (111) out-of-plane as well as in-plane texture along densely packed
directions. Lattice parameters extracted from independent orthogonal X-ray and electron diffraction tech-
niques prove the formation of a solid solution without tetragonal distortion imposed by the sapphire

Scanning electron microscopy

: substrate. At the particle-substrate interface of highly alloyed particles segregation of Au atoms as well
Compression test

as dislocations in stand-off position are found. These observations are in-line with a semi-coherent inter-
face, where Au segregation is triggered by the reduction of the overall strain energy due to: (i) a lower
shear modulus on the particle side of the interface, (ii) the shifting of misfit dislocations in stand-off
position further away from the stiffer substrate and (iii) a reduction of intrinsic misfit dislocation strain
energy on the tensile side. In addition, the mechanical properties of pure and alloyed particles were char-
acterized by in situ compression experiments in the SEM. Typical force-displacement data of defect-free
single-crystals were obtained, reaching the theoretical strength of Ni for particles smaller than 400 nm.
Alloying changes the mechanical response from an intermittent and discrete plastic flow behavior into a
homogeneous deformation regime at large compressive strain.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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bust fabrication and patterning method for functional nanoarchi-
tectures [5-9].

So far, mostly pure face-centered cubic (fcc) metal thin films
deposited onto c-plane sapphire have been investigated (e.g. Al
[10-12], Cu [13,14], Ni [15-17] and Au [18-20]) to elucidate mech-
anisms of SSD at early and advanced stages, equilibrium crystal
shapes (ECS), or to gain fundamental insights into metal-ceramic
interfaces. Typically, the partly dewetted films and resulting nanos-
tructures exhibit both, a strong <111> texture parallel to the sur-
face normal of the substrate and a pronounced in-plane orientation
relationship along densely packed directions within the interface
[10-17,20].

Alloying of (bilayer) thin films superimposes dewetting and tex-
ture evolution and provides additional energy contributions to the
total energy balance. In particular, phase transformations and seg-
regation effects may occur as a function of dewetting temperature
in two-component films [21-24]. Besides fundamental studies, bi-
nary systems investigated so far are mostly related to the optimiza-
tion of magnetic (CoPd [25], CoPt [26], FePd(Cu) [27, 28], NiAu [29],
NiFe [30]), optical (AgAu [31-34], NiCu [35]) or catalytic (PtNi [36],
NiCu [37], PtAu [38]) performances of the thus obtained particulate
entities. As a general finding, alloying enhances the thermal stabil-
ity, i.e., in comparison to the pure metal thin film the onset of SSD
occurs at higher temperatures or longer annealing times [39-44].
However, the underlying mechanisms, the resulting ECS, including
facet and texture evolution as a function of alloying content and
thermal exposure are widely unknown.

The emphasis of this paper is to gain a better understanding
of the morphological and structural evolution of alloyed particles
formed at late stages of dewetting. However, we avoid long pro-
cessing times by rapid thermal annealing (RTA) at high tempera-
tures, a process commonly used in semiconductor industry. This
process has already been successfully applied for the synthesis of
catalytic PtNi particles on «-Al;03 [36] and NiAu particles on SiOx
[24,45-47]. In the present work, we focus on the influence of al-
loying for Ni-rich binary Ni-Au alloys due to several reasons:

1.1. Dewetting and interface structure

Besides missing fundamental studies of the interplay between
dewetting, texturing and alloying of bilayer Ni-Au films on «-
Al,03, also interesting interface configurations as a function of
Au content can be examined. For pure Ni particles dewetted on
«-Al;03, Meltzman et al. [16] describe the metal-ceramic inter-
face that develops upon equilibration as “delocalized coherent”, in-
stead of semi-coherent or incoherent. Aberration-corrected TEM in
conjunction with molecular statics simulations showed a periodic
buckling of the terminating Ni layer adjacent to the interface. In
this way, the interfacial misfit strain due to the large lattice mis-
match of ~9% can be reduced by a local shift of atoms that reflect
the coincidence symmetry of the two lattices. Upon alloying of Ni
with Au, the lattice mismatch decreases up to a Au concentration
of ~59 at% where matching for the Al,03 d;43, and NiAu dyyg lat-
tice planes (at room temperature) between substrate and particle
is obtained. As a result, a gradual change from a delocalized co-
herent interface to a semi-coherent interface composed of a misfit
dislocation network and further to a coherent interface can be an-
ticipated. However, also interface segregation of Au (as observed
for Ni-Au on SiO, [48,49]) may convolute interface formation and
structure. Hence, “A systematic experimental study of the influence
of mismatch on interface reconstruction is a challenging task” [16].

1.2. Catalysis

The formation of faceted (Ni-Au) micro-/nanoparticles termi-
nated by a high fraction of (111) and (100) planes and a high
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surface-to-volume ratio is of broad interest for heterogeneous
catalysis [50-52]: for hydrogenation catalysis, Au has been found
to improve selectivity over Ni-based catalysts [53-55], while hy-
drogenation activity is increased for Au by adding a group VIII
metal [56,57]. The drawback of immiscibility in the Ni-Au sys-
tem at low temperatures hinders progress in this field, although
different wet chemical synthesis routes have recently shown
potential applicability [50,58,59]. Rapid SSD of bilayer (Ni-Au)
films by RTA processing for capping agent-free catalyst synthe-
sis as alternative route has only sparsely been addressed yet
[24,36,60].

1.3. Micromechanics

Particle formation via SSD of thin films is an irradiation-free ap-
proach to obtain small-scale samples without preparation-induced
structural defects like, e.g., near-surface dislocations introduced by
focused ion beam (FIB) preparation [61]. The thus obtained pris-
tine particles are ideal specimens to unravel the truly active mech-
anisms of deformation of materials in confined dimensions. For ex-
ample, Mordehai synthesized faceted and <111> textured submi-
cron Au single-crystalline particles via SSD on «-Al,03 [62]. The
mechanical deformation behavior accessed by in situ scanning elec-
tron microscopy (SEM) compression experiments revealed a size-
dependent onset of catastrophic yielding at stresses close to the
theoretical shear strength of Au. The size effect was explained by
finite element (FE) and molecular dynamics (MD) simulations to
originate from the stress gradient along the active (111) {111}slip
planes. Similar observations were made by different groups for Au
[63,64], Ag [65] and Ni [66] particles. However, the influence of al-
loying on particle yielding and plasticity has not been addressed
yet. Most interestingly, the Ni-rich side of the Ni-Au system may
exhibit unique mechanical properties due to effects of solid so-
lution strengthening resulting from the large mismatch of atomic
radii (~15%).

Within the scope of this contribution, we first demonstrate
the combination of solid-state dewetting and rapid thermal an-
nealing to synthesize supersaturated and highly faceted Ni;_yAux
nanoparticles over a wide concentration range of up to 28 at% Au.
Second, the morphology, crystallographic texture (in- and out-of-
plane), atomic interface structure, as well as elemental segregation
at the interface and surface are investigated by a correlative ap-
proach utilizing advanced (transmission) electron microscopy and
X-ray diffraction (XRD) techniques. Finally, the mechanical proper-
ties are characterized by in situ SEM compression testing. Overall,
we present an elegant route to obtain particles with promising and
tunable structural as well as mechanical properties by SSD at short
processing times of only a few minutes.

2. Experimental

Pure Ni (99.995%) and bilayer Ni-Au (Au: 99.99%; both from
ChemPUR, Germany) thin films were deposited by electron beam
vapor deposition (HVB 130, Winter Vakuumtechnik, Germany) onto
polished (0001)-oriented sapphire single-crystals (5 x 5 mm?,
500 pm thickness, miscut angle < 0.3°, CrysTec Kristalltechnology,
Germany). Different alloy compositions were adjusted by varying
the thickness of the individual Ni and Au layers, while keeping the
total film thickness (~40 nm) constant. Ni was always deposited as
base layer to minimize oxidation during subsequent sample han-
dling. More importantly, this particular stacking sequence having
Au as top layer ensures fast intermixing of the constituents at el-
evated temperatures as investigated by Herz [67]. Table 1 summa-
rizes the investigated samples.

Rapid thermal annealing was conducted in a Jetstar 100 furnace
(Annealsys (formerly Jipelec), France, operated in a clean room fa-
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Table 1
Thin film deposition and nominal alloy compositions.

Base layer thickness Top layer thickness Binary alloy composition/

Ni/nm Au/nm at% Au
40 0 0

37 3 5

34 6 10

30 10 18

25 15 28

cility) for 2 min at 970 °C in a reducing atmosphere (Ar:H, = 20:1)
to induce solid-state dewetting above the miscibility gap of the Ni-
Au system. The heating rate was set to 200 K/s, whereas fastest
cooling was achieved by switching off the furnace (exponential
temperature decay reaching 400 °C after 1 min [45,68]). This cool-
ing rate is sufficient to avoid precipitation or spinodal decomposi-
tion [69].

Particle and particle-substrate interface characterization was
carried out by correlative microscopy and scattering techniques.
SEM (FE-SEM Gemini Ultra 55, Carl Zeiss, Germany) top and side
view secondary electron (SE) imaging was performed at 2 kV and
low beam current (< 10 pA, 10 pm objective aperture). To avoid
charging effects, samples were sputter-coated (Baltec MED 020, Le-
ica, Germany) with a ~5 nm thin amorphous carbon film. Site-
specific focused ion beam (FIB) lamella preparation of individ-
ual particles was carried out in a Helios NanoLab 660 FIB mi-
croscope (Thermo Fisher, USA). Details on the protection layer
deposition and Ga*™ ion milling parameters can be found else-
where [70,71]. For conventional (C) and high resolution (HR)
(S)TEM analysis of the FIB prepared samples a Titan®* Themis mi-
croscope (Thermo Fisher) was operated at 300 kV accelerating
voltage. Images and selected area electron diffraction (SAED) pat-
terns were acquired with a 4k CMOS camera. For chemical analysis
by energy-dispersive X-ray spectroscopy (EDXS) the microscope is
equipped with a Super-X™ system composed of four silicon drift
detectors.

XRD measurements in Bragg-Brentano geometry (out-of-plane)
were carried out using an Empyrean diffractometer (PANalytical,
the Netherlands). The X-ray source was equipped with Cu as anode
material (A = 0.15406 nm); a 2D solid-state detector (GaliPIX3D)
operated in 1D scanning mode (7° (260) active length, 501 chan-
nels) was used for data acquisition. Samples were mounted on a
flat sample stage and measured in an angular range of 20° - 100°
(260). Step size and counting time were set to 0.007° (20) and
25 s/step, respectively. Pole figures and in-plane XRD scans were
acquired using a SmartLab 9 kW diffractometer (Rigaku, Japan)
with a rotating Cu anode setup, Johansson monochromator, parallel
beam optics and in-plane soller slits with 0.5° angular acceptance.
Surface sensitive in-plane scans under gracing incidence at 0.27°
(6;) were performed in a small angular range (~10° (2 )) around
the (3030) «-Al,05 reflection.

Micromechanical compression experiments were carried out
with a custom-built manipulation device [72] operated in a con-
ventional SEM (FE-SEM Gemini Ultra 55). Force-displacement data
were acquired with resolutions of 10 uN and 5 nm, respectively;
the probe displacement rate was 200 nm/s. A boron-doped dia-
mond flat punch indenter with an initial plateau diameter of 2 pm
was further thinned down to ~1 pm by FIB milling to adequately
remove excessive particles before single particle compression. The
procedure of the removal of particles next to the particle of in-
terest is exemplarily illustrated within the supporting video file
(V1). The electron beam was kept blanked during compression. SE
images before and after (consecutive) compression were acquired
with low dose imaging conditions.
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3. Results
3.1. Particle morphology

Representative top view backscattered electron (BSE) and sec-
ondary electron (SE) images of rapidly dewetted and subsequently
quenched pure Ni and binary Ni-Au samples are depicted in Fig. 1.
On the left, low magnification BSE images give an overall impres-
sion of chemical homogeneity and particle morphology. As a gen-
eral finding, the process of SSD progressed within the RTA process-
ing time frame (~2 min) beyond the initial stages of void initia-
tion and agglomeration to the stage of particle formation. Besides
spherical particles (see white circles in case of pure Ni), elongated
but faceted particle structures are discernible, which are far from
their ECS according to Kaishew [73] and the Winterbottom con-
struction [74]. In contrast, only spherical particles are observed for
highly alloyed Ni-Au samples (18, 28 at%). Most interestingly, all
spherical and non-spherical particles comprise a distinct flat top
facet aligned parallel to the sapphire substrate. Samples of lower
Au content (5, 10 at%), however, also contain irregularly shaped
spheroidal particles exhibiting no clear facet relation with respect
to the substrate (marked by red circles). Almost all particles show
chemical homogeneity, few exceptions are encircled in green. Im-
ages for Ni-5 at% Au can be found within the Supplement (Fig. S1).

High magnification BSE and SE images of individual particles
are shown in the middle column of Fig. 1, in combination with
derived ECS simulations using the Zucker [75] software tool (right
column). Typical low index facets can be observed for pure Ni:
{111} colored in green, {100} in red and {110} in yellow. The top
{111} facet is aligned parallel to the sapphire substrate. Besides
closed-packed planes, also high-index facets like {210} in blue and
{511} in cyan are found. The latter facet is unambiguously iden-
tified within the particle cross-section depicted in Fig. 3A and B,
which was prepared and imaged along a [110] zone axis (ZA). For
Ni-Au particles, the fundamental low-index facets are still present,
however, their relative surface area has changed remarkably: in
case of 10 & 18 at% Au, the {511} facets are dominant at the ex-
pense of {100} facet area. In addition, new high-index facets ap-
pear: {311} in violet and {331} in dark green. The highly alloyed
28 at% Au particles exhibit the same facets (except {311}) but with
a more balanced facet area ratio. Similar to pure Ni, the Ni-28 at%
Au particle cross-section prepared close to a [121] ZA (Fig. 3C and
D) identifies most of the facets mentioned above.

3.2. Structure and orientation relation

Fig. 2 summarizes the out-of-plane and in-plane scattering data
which were further complemented by pole figure measurements
(see Fig. S2). XRD out-of-plane measurements in Bragg-Brentano
geometry, which probe lattice planes aligned parallel to the sub-
strate surface are displayed in Fig. 2A. Two main trends can be
observed: (i) a systematic shift of the most intense 111 fcc Ni(-
Au) reflection (and all other Ni(-Au) reflections) towards smaller
scattering angles with increasing Au content and (ii) an increase of
the 200 fcc Ni(-Au) reflection intensity for 5 at% Au (indicating a
decrease of <111> out-of-plane texture), followed by a systematic
decline up to the maximum Au content of 28 at%. Note the loga-
rithmic intensity scale. Additional weak reflections are observed,
originating from NiOy traces and a Au-rich alloy phase, which
stems from Au segregation at surfaces and interfaces [44] (see
Section 4.3). Moreover, a significant broadening of the Ni(-Au) re-
flections with increasing Au content is observed. The intrinsic peak
width of the instrument is nicely captured by the 0006 Al,03 re-
flection and is much smaller than the widths of the 111 fcc reflec-
tions. Neglecting thermal vibrations, an evolution of internal parti-
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low magnification

BSE contrast BSE
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«
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high magnification simulation
110 100 511 21
SE PARE R A
311 331
O @

Fig. 1. Overview of RTA-processed (bilayer) thin films. The Au concentration increases from top to bottom. The topmost images correspond to pure Ni. Left column: low
magnification BSE images; middle: BSE and SE of individual, equilibrated particles; right: ECS simulations using the Wulffmaker software [75]. For pure Ni and low Au
concentrations (5, 10 at%), only few particles reach a spherical but faceted equilibrium shape (marked by white circles), while elongated particles/islands, which are far from
their ECS, are prevalent. Particles highlighted by red and green circles indicate deviations from out-of-plane texture and chemical homogeneity, respectively. For the highest
Au content, only spherical and highly faceted particles are discernible, having a distinct in-plane and out-of-plane texture. Corroborating ECS simulations reveal a multitude

of low and high index facets, especially pronounced for alloyed particles.

cle strain and variations in particle composition are the remaining
candidates for peak broadening.

To access the in-plane texture, pole figures of the 111 fcc Ni(-
Au) reflection were recorded (see Fig. S2). For pure Ni, the ob-
served sixfold symmetry of the 111 pole figure (i.e.,, symmetri-
cally distributed {111} reflections) is caused by a twinned in-plane
orientation relation and matches observations found in literature
[16]. With increasing Au content, the sixfold symmetry evolves to-
wards a threefold symmetry. Knowing the in-plane texture, we
were able to conduct in-plane XRD measurements under grazing
incidence conditions. The resulting scattering curves are displayed
in Fig. 2B. Three main trends with increasing Au concentration are
discernible: (i) a systematic shift of the 202 fcc Ni(-Au) reflection
towards smaller scattering angles, (ii) a broadening of the same
reflection and (iii) an increase of the diffuse background around
the 0330 Al,05 reflection. Qualitatively, the first observation is in-
line with the out-of-plane measurements (Fig. 2A), both indicating
an increase in cubic lattice parameters upon addition of Au. Af-
ter extracting the lattice parameters this holds also quantitatively

(see Fig. 2C, overlapping red & blue data), revealing a fully relaxed
cubic fcc Ni(-Au) lattice. No tetragonal distortion resulting from
the epitaxial relationship to the substrate and/or thermal stresses
upon cooling (due to considerably different thermal expansion co-
efficients of Ni(-Au) and Al,03) could be detected. The 202 Ni(-
Au) reflections are significantly broader compared to the internal
Al,03 reference reflection. Although the instrumental resolution
for in-plane measurements is worse than for out-of-plane mea-
surements, a quantitative evaluation is feasible since Ky, contri-
butions are avoided by using a Johansson monochromator to gen-
erate a solely Ky containing primary beam. Since we have not
recognized strong variations in the chemical composition by SEM-
EDX measurements, we attributed the peak width evolution to in-
ternal particle strain. After Gaussian subtraction of the intrinsic in-
strumental broadening width, the strain as function of Au content
could be extracted for the specimens up to 18 at% Au. The evalu-
ation (see Fig. S3) reveals an increase of internal strain with in-
creasing Au content. Due to the proximity to the monotonically
increasing diffuse background centered around the sapphire host
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Fig. 2. (A) Out-of-plane X-ray data showing a strong (111) texture parallel to the
substrate normal for pure Ni and highly alloyed particles, indicated by only minor
contributions of the 200 Ni(-Au) reflection. Small alloying contents, however, de-
crease the out-of-plane texture (indicated by the inclined arrow). The continuous
shift of the 111 reflection (horizontal arrow) proves the formation of a solid solu-
tion. (B) Correlative in-plane X-ray scans. Besides a shift of the 202 Ni(-Au) reflec-
tion, the diffuse background signal of the sapphire reflection increases as a function
of alloying (vertical arrow). (C) Lattice parameters derived from A, (200 reflection)
& B, (202 reflection).

reflection, the Ni(-Au) reflection width could not be evaluated for
28 at% Au.

The ensemble-averaged structural findings by different XRD
techniques were corroborated by single-particle TEM evaluations
of FIB prepared cross-sections of selected nicely faceted particles.
In Fig. 3A and B, a bright-field (BF) TEM image and a correspond-
ing selected area electron diffraction (SAED) pattern of the in-
terface region are depicted for pure Ni. The sapphire substrate
was aligned in a [1010] ZA using Kikuchi diffraction. By using a
small SAED aperture, the interface region between particle and
substrate was probed for determination of the crystallographic ori-
entation relationship between particle and substrate: Besides the
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sapphire reflections ([1010] ZA, red circles in B), also fcc Ni reflec-
tions characteristic for a [110] ZA are observed (encircled in blue).
With the out-of-plane reflections of 111 fcc Ni and 0006 hcp sap-
phire being parallel, the orientation relation can be summarized
as (111)<110>y; || (0001)<1010>4p03. Also, the particle surface
facets can be identified by looking for g vectors that are perpen-
dicular to a certain facet imaged edge-on in BF TEM; correspond-
ing facet families are labeled in Fig. 3A. Following the Winterbot-
tom equation, the solid-solid interface energy can be estimated us-
ing the surface energy of Ni yyjq11) = 2.14 J/m? [15,76] and sap-
phire ¥ apo30001) = 1.25 J/m? [77] at 970°C. With the measured
ratio R;/Ry = 0.53 (distances from Wulff point to interface and sur-
face), the interface energy of Ni(111)//Al;03(0001) equilibrated at
970°C is computed to 2.38 J/m?.

For Ni-28 at% Au, a similar analysis has been performed
with a particle prepared in a [121] ZA (Fig. 3C,D). The SAED
pattern taken at the interface reveals coincidence of the 111
fcc and 0006 hcp reflection; a peak splitting is observed for
higher order reflections. Again, the in-plane orientation can be
deduced from the identified ZA pattern for fcc Ni-Au ([121] ZA)
and hcp sapphire ([2110] ZA). Hence, the orientation relation is
(111)<121>y; || (0001)<2110>p503. This orientation relation is
identical to the one found for pure Ni, taking into account that the
FIB cross sections in Fig. 3A-D reveal two different projections ro-
tated by 30° around the substrate surface normal. Furthermore, the
interface has been imaged by diffraction-contrast TEM using weak-
beam dark-field (WBDF) and two-beam conditions. In Fig. 3E the
WBDF image using a 202 reflection only a weak contrast at the in-
terface is found. Similarly, the two-beam image (Fig. 3F) using the
same reflection near a [221] ZA (~30° sample tilt) only displays a
Moiré contrast with a 4.76 nm periodicity, from which the lattice
parameter for Ni-28 at% Au can be determined to 3.67 A, compared
to 3.74 A as deduced from in-plane XRD.

3.3. Interface segregation

A minor segregation of Au to the interface and local surface
sites can be observed within the STEM-HAADF image depicted
in Fig. 4A (see white arrows). A higher magnification STEM-EDXS
mapping of the right particle corner (B) in conjunction with the
extracted concentration profile (C) along the orange arrow drawn
in B proves an enrichment of Au in a ~2 nm thick interface layer.
The particle interior exhibits a homogeneous Ni/Au ratio of 73/27,
close to the nominal composition.

3.4. Micromechanical compression behavior

Individual particle compression experiments were carried out
for pure Ni (28 particles) and the highly alloyed Ni-28 at% Au sam-
ple (17 particles). The compressive deformation behavior is illus-
trated by consecutive compression steps in Fig. 5A, B. For data
analysis, those experiments are omitted; furthermore, only par-
ticles close to their ECS are considered. During the actual com-
pression, the pristine faceted half-spherical particles deform into
a pancake-like flat cylinder. According to the side-view SE images
the flow of material during plastic deformation is homogenously
distributed. From top view, a flat but triangular-like shape evolves
with characteristic linear surface steps. The Fast-Fourier-Transform
(FFT) in Fig. 5A proves an orientation relation between surface
steps of ~60°. At large deformations, the conductive carbon sur-
face layer delaminates from the material below. Morphologically,
no differences between pure and alloyed particles are discernible.

In contrast, the recorded force-displacement data reveals signif-
icant differences, see Fig. 5C. After a linear loading segment, the
force level drops suddenly (often denominated as pop-in or strain
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Fig. 3. Conventional TEM analysis of individual particles prepared by site-specific FIB milling. (A) BF TEM image of pure Ni along the [110] imaging direction. (B) SAED
pattern acquired at the interface region marked by the black circle in A, with Ni and sapphire reflections encircled in blue and red, respectively. (C) BF TEM of a highly
alloyed 28 at% Au particle viewed along the [121] ZA. (D) Corresponding SAED pattern of the interface region. The orientation relation between the Ni-Au particle and
sapphire is identical to the relation found for pure Ni in B, only FIB prepared with an in-plane offset angle of 30° (E) Weak-beam dark-field image of C using the 202
reflection. (F) Two-beam image at a sample tilt of ~30° near a [221] ZA. A Moiré contrast with a periodicity of 4.76 nm is visible at the interface.

burst [62]). This behavior is similar for both pure and alloyed par-
ticles. The subsequent elastic and plastic loading behavior is char-
acterized by discrete flow events for pure Ni; the alloyed sam-
ple, however, displays homogeneous plastic flow. Data normaliza-
tion (force/maximum initial particle cross section; displacement/
initial height) yields one master curve for alloyed Ni-Au (red cir-
cles), whereas a strong scattering is observed for pure Ni (black
and greyish data). Further analysis was confined to the evaluation
of particle strength at the point of yielding. The axial compressive
strength is estimated by dividing the maximum force at the elas-
tic limit by the (original) surface area of the upper facet. Fig. 6
summarizes the obtained compressive strength data for pure and
alloyed Ni(-Au) particles as a function of initial particle diameter.

Particles smaller than 400 nm reach the theoretical strength
limit predicted by the model of Frenkel [78] for dislocation slip on
{111} planes. The blueish data zone in Fig. 6 is confined by maxi-
mum shear stress values in the range of 15.4 GPa to 8.7 GPa for full
dislocation {111} <110> slip and partial dislocation {111} <112>
slip, respectively. Particles larger than 400 nm show a decrease in
particle strength, irrespective of alloying content. The correlation of
strength vs. sample size is often characterized by an inverse power
law fit, however, the strong data scattering in Fig. 6 impedes a ro-
bust fitting.

4. Discussion
4.1. Particle morphology and ECS
The known ECS shape of Ni dewetted on sapphire is fully

faceted, mainly composed of {111}, {100} and {110} surfaces as
deduced from prolonged heating experiments [15,79]. In addition,

high-index facets were observed as a function of oxygen partial
pressure (po2): {531} and {831} facets at low pg,, {210} and {310}
facets at high pgy [15]. In the present study, Ni particles processed
at relatively low temperature and extremely short heating time
are faceted with few rounded edges. Besides typical low-index
facets, i.e. {111}, {100}, {110}, also {210} and {511} high-index facets
were identified by imaging and simulations. Due to kinetic limita-
tions, especially at lower temperature and simultaneously shorter
processing time compared to former studies, the ECS is certainly
not reached. Instead, the obtained particle morphology is hence-
forth denominated as kinetic or growth shape. This kinetic shape,
which might also be influenced by stress [80] as present in the
high misfit Ni-Au system, can serve as an indicator for specific
facet families being stable at even lower temperatures [81,82]. The
reason for the appearance of high-index facets is the increase of
surface energy anisotropy for temperatures far below the melting
point: Some fcc orientations exhibit energy minima or undergo
a faceting-roughening transition (if surface diffusion is still suffi-
cient). Those are facets of high planar density, e.g. {311}, {331},
{210} and {211} [82].

Alloying of Ni with Au significantly changes the kinetic shape
towards a higher fraction of high-index facets of type {210}, {311},
{331} and {511}. Hence, the portion of low-index facets is lower
compared to pure Ni. Similar observations were made by Nahor
et al. [83] for Cr- and Cr-Fe-doped Ni particles equilibrated on yt-
trium stabilized zirconia (YSZ). The segregation of Cr to the parti-
cle surface is seen as a major factor causing a change in surface
energy anisotropy and, hence, the growth shape or ECS. The influ-
ence of dopants by adsorption or segregation on crystal shapes has
been observed for other systems as well [82,84,85]. From Fig. 4A
and B, the segregation of Au to the particle surface and inter-
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Fig. 4. (A) STEM-HAADF image of the particle depicted in Fig. 3C. White arrows mark minor Au segregation to the particle surface. (B) STEM-EDXS mappings (green: Ni,
red: Au, blue: O, yellow: Al) of the orange framed particle corner in (A). A segregation of Au at the interface is evident, while chemical homogeneity is present within the
particle. (C) Elemental concentration profile extracted along the orange arrow drawn in (B).

face is evident, yielding energetically changed surface energy ra-
tios and maybe microscopic surface reconstruction. The influence
of adsorbed species from the gas phase like oxygen or carbon dur-
ing annealing can be neglected: All samples were heated within
the same heating experiment in a pre-cleaned furnace under re-
ducing atmosphere.

In addition, alloying with Au reduces the fraction of elongated
and non-spherical particles, which demonstrates that the diffusion
mechanism as rate limiting step is altered with increasing Au con-
tent. Indeed, higher self- and interdiffusion coefficients for Au and
Ni are reported with increasing Au content for Ni/Au bulk alloys
[86].

4.2. Particle structure and texture

A comparison of the lattice parameter as a function of Au con-
tent with Vegard’s law [87] and experimental data from bulk sam-
ples [88] is plotted in Fig. 2C. The expected deviation from Eymery
et al’s law [89,90] follows that of Ni-Au bulk alloys. The differ-
ence can be attributed to uncertainties in chemical composition
(see Table 1 in SI) and should not be attributed to a size effect.

Although alloying does not change the predominant (111) tex-
turing nor the in-plane alignment along densely packed directions
as reported for pure and doped Ni particles before [16,83], it in-
fluences the ratio of the observed twin variants, where one twin
variant grows on expense of the other. A similar observation was
recently made for the Ni-Fe system [30], where differences in the
2nd & 3rd layer configuration were identified as driving force.

Interestingly, the evolution of texture is almost fully completed
within the processing time of 2 min. The temporal interplay be-

tween texture formation and dewetting was studied for thin Au
films on amorphous SiNx membranes by in situ heating experi-
ments in the TEM [91]: Texture evolution is found to be highly
correlated with the process of dewetting, as material agglomer-
ates into preferentially oriented grains. The same holds true for the
Ni-Au bilayer configuration investigated in this study, whereby the
crystalline substrate and resulting epitaxial orientation relationship
plays an additional role. Time- and temperature-resolved diffrac-
tion experiments may shed further light on the interplay between
texture evolution and intermixing of bilayer Ni-Au in the first stage
of SSD.

4.3. Au segregation and interface structure

Segregation of Au is observed towards the free surface of the
particle as well as to the particle-substrate interface (see Fig. 4).
The amount of Au excess in atoms per nm? can be estimated
by calculating the planar density of the aligned {111} fcc lattice
planes, which is 16.5 atoms/nm? (PD;;; = 4/+/3a?). For this quan-
tification, the lattice spacing of ~3.74 A from the XRD measure-
ments was utilized. A typical excess of ~10-20 at% was observed
yielding an Au excess at the interface of ~1.65-3.30 atoms/nm?>

The segregation of Au towards the particle surface at temper-
atures above the miscibility gap of the Ni-Au system is driven by
the energy contribution of the surface. Considering the {111} sur-
face energies of Au (1.40 J/m? [18]) and Ni (2.14 J/m?) at 970°C, Au
atoms are energetically favored to occupy surface sites. Moreover,
the large atomic size misfit or strain between Ni and Au leads to
a further driving force for segregation as demonstrated by Kelley
et al. for Ni-rich (1 at% Au) and Au-rich (1 at% Ni) alloys at 700°C
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Fig. 5. Micro-compression testing in the SEM. Consecutive SE side view images dur-
ing the compression of pure Ni (A) and alloyed Ni-Au (B) particles illustrate homo-
geneous deformation. Corresponding top view images are obtained after remount-
ing the sample wafer. The FFT of the inner particle region in top view proves dis-
location motion along {111} <110>. (C) Force-deformation data of alloyed particles
converge to one master curve after normalization (red circles). Data for pure Ni
(black and gray circles) exhibit strong scattering and discrete flow events.

[92]. Experimental data and pair-potential modeling suggest an en-
richment of Au at the surface for both alloy compositions.

As can be inferred from the high magnification BSE images in
Fig. 1 for 10 and 18 at% Au as well as the HAADF STEM image
in Fig. 4A, surface segregation is not homogeneous. Local surface
sites enriched with Au are confined to regions near the 100 and
210 surface facets, respectively. These findings corroborate experi-
mental results by the group of Wynblatt, which show surface seg-
regation anisotropy of Au detected by Auger microprobe analysis in
a Ni-0.1 at% Au alloy up to 900°C [93,94]. The highest Au concen-
trations were found close to 100 and 210 poles.
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In contrast, the segregation of Au to the particle-substrate in-
terface as depicted in Fig. 4C cannot be understood from an in-
terface energy consideration: Although not measured at identical
conditions, the almost similar interface energies of Ni//sapphire
(216 J/m? [16]) from samples equilibrated at a very low oxygen
partial pressure like in our work and Au//sapphire (2.15 J/m? [18])
from samples annealed in air do not explain this segregation phe-
nomena. Note that in this context a very low oxygen partial pres-
sure might change the termination and lead to metal-metal bonds
at the interface [95], thus changing the interface energy.

In contrast, even a Ni segregation is expected for a metal/oxide
interface since Ni exhibits the higher oxide forming tendency as
compared to Au [96]. All these arguments point towards a reduc-
tion of the total strain energy of the system as driving force for
Au segregation. To shed further light on this hypothesis, another
28 at% Au particle cross-section was prepared in a [110] ZA with a
final thickness of ~30 nm.

Fig. 7A validates the ~2 nm thin Au segregation layer at the
interface (cf. Fig. 4). Note the Au/Ni ratio beyond ~13 nm is not
meaningful, since it is extracted from background EDX noise ac-
quired within the Al,03 substrate. A detailed high resolution STEM
analysis using ADF and HAADF signals is depicted in Fig. 7B and
C. The ADF signal reveals a bright contrast line directly at the in-
terface. Such bright interface contrast in ADF images has been at-
tributed to lattice strain [97], in particular at larger sample thick-
ness as in the present case [98]. The width of the bright contrast
line amounts to ~0.45 nm, which is in the range of one interfacial
dq11 Ni(-Au 28 at%) layer and one dgggg layer of sapphire. Within
the HAADF image, a misfit dislocation is found in a stand-off posi-
tion [99], namely one atomic layer away from the interface.

By combining this information, the confined ADF signal can be
at least partly attributed to local strain associated with misfit dislo-
cations [100], which are expected to form a dense two-dimensional
(hexagonal or triangular) network at the interface [101]. For the
present lattice mismatch of ~4.0% as calculated from the dyp,
spacing of Ni(-Au 28 at%) and dg33¢ spacing of sapphire, the spac-
ing of misfit dislocations in this network is expected to be in the
range of a several nanometers depending on whether a/2<110>
perfect or a/6<112> partial dislocation are present. Considering
the fact that the TEM lamella is ~30 nm thick, projection effects
are expected to complicate the interpretation of lattice fringe con-
trast and it is even astonishing that a quite clear edge-on disloca-
tion contrast is revealed. Even though a relaxation of the disloca-
tion structure in the thin TEM lamella cannot be excluded we try
to determine the Burgers vector (BV) of the dislocation in stand-off
position by performing a Burgers circuit in the HAADF-STEM im-
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Fig. 7. STEM-EDXS mapping of a 28 at% Au particle prepared in [110] ZA clearly revealing Au segregation at the interface (A). The drop in the Au/Ni ratio profile towards the
substrate cannot be interpreted since both elements are absent in the substrate. HRSTEM ADF (B) and HAADF (C) images of the interface reveal a confined ~ 0.45 nm thin
strained region and the presence of misfit dislocations, respectively. The Burgers circuit analysis shows a projected BV of type a/4<112>, corresponding to the projection of
a perfect a/2<110> dislocation into the image plane. In (D) the role of Au segregation on the (out-of-plane) position of misfit dislocations and the overall reduction of the
shear modulus (Gy- < G; < < Gj) at the interface to reduce the total strain energy is depicted.

age (Fig. 7C). However, due to the close proximity of the interface
a precise determination of the BV is not possible as there is only
one atomic layer between the dislocation core and the interface.
According to the Burgers circuit depicted in Fig. 7C the closure er-
ror appears to be of type a/4<112> (see arrow), which would cor-
respond to the projection of an inclined aj2<110> BV (of a 30°
perfect dislocation) into the image plane. However, within the pre-
cision of the analysis the BV could be equally of type a/6<112>,
corresponding to a 90° partial dislocation, which is more likely as
pure edge dislocations most efficiently relax lattice misfit [101-
103].

The importance of strain fields originating from lattice mis-
match and misfit dislocations at the interface extending towards
both the substrate and the particles becomes obvious in the sur-
face sensitive in-plane X-ray diffraction data (Fig. 2B). Here, a
monotonic increase of the diffuse background around the sapphire
reflection with increasing Au concentration is found, which typi-
cally originates from strain fields in the otherwise perfect crystal
lattice [104-106]. In this context, an increasing particle lattice con-
stant with increasing Au concentration leads to a lower misfit and
thus misfit dislocation density, which in turn results in strain field

contributions reaching further into both the substrate and the par-
ticles. Indeed, as stated in [103] the spatial extension of the dis-
location strain fields perpendicular to the interface is of the same
order as the in-plane spacing of dislocations in the interface. This
supports the interpretation that less confined strain fields are the
origin of the observed increase of the diffuse background.

Beyond this purely structural consideration, we identified a
clear segregation of Au to the interface (Fig. 7A) and propose that
this segregation is driven by a reduction of total strain energy in
both the particle and the substrate. First, due to a higher shear
modulus of Ni (G = 76 GPa) compared to Au (G = 27 GPa), the
shear modulus of the NiAu solid solution is considerably decreased
by local segregation of Au. This directly decreases the strain en-
ergy of the dislocation network and is expected to further increase
the stand-off position, as the particle lattice becomes even less
stiff compared to the sapphire substrate [99]. As a result, the dis-
location strain fields penetrate less deeply into the much stiffer
sapphire substrate which further reduces the total strain energy.
Moreover, besides a reduction in shear modulus, segregation of the
considerably larger Au atoms (compared to Ni) to the tensile side
of the misfit dislocations further reduces the total strain energy. A
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sketch illustrating the aforementioned contributions and the role
of G for reduction of the total energy of the semi-coherent inter-
face is depicted in Fig. 7D.

4.4. Deformation behavior

The compressive strength of pure Ni nano-/microparticles
dewetted on sapphire has been studied recently by Sharma [66].
Although these particles were prepared at higher temperature
(1050°C) and longer annealing time (12 h), similar strength val-
ues are obtained for pure Ni particles in the present study ap-
proaching the theoretical strength of Ni for particles smaller than
400 nm (see Fig. 6). The nucleation of full dislocations in the other-
wise pristine and dislocation-free crystal as carrier of plasticity was
identified by MD simulations [66], which is also the case for our Ni
particles as inferred from the surface step arrangement after com-
pression (see Fig. 5A). The compressive strength of alloyed particles
follows the same trend as pure Ni, however, slightly larger particles
due to Au facilitated growth of the initial grains [43] have been
tested. Therefore, no concluding remark can be given related to the
size-dependency of strength in alloyed particles or a slightly lower
theoretical strength value. Considering the theoretical strength as
a portion of the shear modulus, a lower theoretical strength is ex-
pected for Ni-Au alloys.

Most interestingly, the plastic deformation for compressive
strains beyond the yield point shows significant differences. Inter-
mittent, discrete flow events as in pure Ni are not observed for
alloyed particles, only a continuous plastic flow without significant
hardening. While the former has been frequently observed in pure
small- and large-scale specimens [107,108], the latter phenomena
can be attributed to the interaction of nucleated dislocations with
solute Au atoms. Here, micro-compression tests at various strain-
rates could be employed in the future to determine characteristic
dislocation activation volumes and energies in order to decipher
the truly active deformation process [109].

5. Summary and conclusion

In this work, we present an elegant route to fabricate supported
supersaturated Ni-Au nanoparticles with tunable composition and
properties in short processing times at a cm? scale by combining
solid-state dewetting and rapid thermal annealing. By correlating
results from advanced electron microscopy, X-ray diffraction and
micromechanical testing, a comprehensive insight into the struc-
ture and properties is presented:

- Particle formation and texture evolution are completed within
2 min processing time. Highly textured, faceted and capping
agent-free particles suitable for catalysis can be fabricated. The
ratio of high and low-index facets can be tuned by changing the
initial ratio of the Au/Ni bilayer films.

Out-of-plane and in-plane X-ray diffraction, electron diffraction
as well as STEM-EDX consistently reveal that the NiAu parti-
cles are successfully quenched-in as homogeneous solid solu-
tion with fully relaxed cubic lattice, i.e. thermal stresses result-
ing from the considerably different thermal expansion coeffi-
cients of NiAu and the sapphire substrate are fully released.
The interplay of solute atoms and the substrate manifests in
a minor segregation of Au at the surface and interface, the
growth of one twin variant on expense of the other and strain
within the substrate as revealed by an increase in the diffuse
X-ray scattering background. The semi-coherent nature of the
interface including the reduction of the total strain energy acts
as driving force for the nanoscale interface segregation of Au
within Ni-rich particles.
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» Tuning the particle size by reducing the overall bilayer thick-
ness, amplifying Au segregation to specific facets by intention-
ally heating below the solubility gap or combining the particles
with light harvesting oxides like TiO, or ZnO can be explored
in future to optimize particles for catalytic applications.

Particles below 400 nm are intrinsically free of extended de-

fects, thus approaching the theoretical strength of Ni.

« The interaction of solute Au atoms with nucleated dislocations
leads to a fundamental change from an intermittent and dis-
crete plastic flow behavior into a homogeneous deformation
regime at large compressive strain.
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