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a b s t r a c t 

The solid state dewetting (SSD) of metallic bilayers is a straightforward method for the fabrication of alloy 
nanoparticles. In particular, alloys that present a gap of miscibility offer a rich phenomenology regarding not 
only the particle formation but also the composition of their phases. In the present work, AuNi precursor bilayers 
have been annealed at different temperatures and times to produce AuNi alloy nanoparticles. The evolution 
of the shape, size, and interparticle distance as well as the composition of the different phases formed in the 
nanoparticles, allow to unravel the role of the annealing temperatures and times for the fabrication of AuNi 
supersaturated alloys. Furthermore, the results offer a morphological and compositional map for the fabrication 
of AuNi alloys nanoparticles of different shapes, sizes, and compositions. Therefore, this map is a useful tool for 
the tailored design of supersaturated or decomposed nanoparticles by SSD. 
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i An update to this article is included at the end
. Introduction 

The solid-state dewetting (SSD) of thin films received much attention
n the past for causing the failure in micro- and nano-electronic compo-
ents. However, in the recent years the targeted dewetting of thin films
ecame an interesting field of research for the fabrication of arrays of
anoparticles [1–5] . One of the assets of SSD is that it provides a fast
nd straightforward way to produce nanoparticles from either single
omponent or bilayer metallic thin films, which means a cost-effective
lternative to chemical methods [6–10] . 
While the SSD of single component films has been profusely studied

n the past, SSD of metallic bilayers or binary alloys presents a more
omplex scenario and offers a richer phenomenology because the com-
osition of the forming phases might also play a role in the particle
ormation. The understanding of this role supposes an extra tool in SSD
or the tailored design of nanoparticles or nanoalloys presenting a par-
icular shape, size, or distribution as well as composition. This way, the
SD of Co-Pd alloys presented an intermediated morphology and dewet-
ing rate that those of the elemental materials [11] . More interesting re-
ulted the alloying with Pt in Au-Pt systems, which kinetically hindered
he diffusivity of the alloy and delayed the voids formation and growth
 12 , 13 ]. Similar results were obtained in Au–Fe bilayers, where the Fe
nderlayer provided a higher thermal stability against SSD. Moreover,
n the formed nanoparticles Fe-rich phase precipitates were controlled
y the annealing conditions [ 14 , 15 ]. As an example of an immiscible
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ystem, Co–Au lead to the formation of independent Au-rich and Co-
ich nanoparticles [11] . 
The SSD of AuNi bilayers to form alloys is a particularly interesting

ase because Au and Ni present a miscibility gap [16] . Tuning the ther-
al process by annealing above the miscibility gap and rapidly cooling
own to room temperature to freeze the compound is possible to ob-
ain supersaturated AuNi alloys in different shapes such as layers with
ollows or independent nanoparticles [17–20] . Previous works focused
n the influence of different annealing temperatures on the morphology
nd alloying state of the formed nanoparticles for a fixed time how-
ver, the influence of the annealing time in the evolution of the mor-
hology and alloying state remained unexplored. In this work, we study
he SSD of AuNi bilayers at different temperatures above the miscibility
ap and for different annealing times. By the analysis of the evolution
f shape and size of the nanoparticles together with the composition of
he formed phase, we unravel the roles of annealing temperatures and
imes, being the later a new complementary parameter to use as tool.
urthermore, we provide a morphological and compositional map of
uNi alloy nanoparticles that offers a useful kit for the tailored design
f nanoparticles. 

. Materials and methods 

.1. Deposition of the precursor AuNi bilayer 

Metallic bilayers of Au and Ni were deposited by electron beam in
n Ardenne CS 400 ES PVD-cluster system. The bilayers were fabricated
 2021 
rticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. SEM pictures of the formed particles after annealing the AuNi precur- 
sor bilayers for different annealing temperatures and times. The insets show a 
selected representative particle of each system. 

Fig. 2. a) Mean circularity of the nanoparticles formed in the systems as a func- 
tion of the annealing time for the different systems. The error bars represent the 
standard deviation. The mean circularities were determined from the histograms 
of the circularities, which can be found in the panels b) of figures A1 to A12 of 
the appendix information. b) Circular, oval, elongated and polyhedral shapes 
and their corresponding circularities. 
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y the deposition of 10 nm of Ni and the subsequent deposition of an-
ther 10 nm of Au on top. The films were grown at a working pres-
ure of 1 • 10 − 6 mbar and their thicknesses were controlled by a quartz
alance. A p-type silicon wafer with (100)-orientation (conductivity <
.005 Ω • cm) was used as substrate. To prevent any interaction between
i and the metallic material, an SiO 2 layer of 100 nm was thermally
rown prior deposition at 1050 °C for 55 min in a furnace with dry
xygen atmosphere. 

.2. Thermal treatments 

Thermal annealing processes of the AuNi bilayers were carried out
y a flash light in an RTP Jipelec Jetfirst 100. The treatments consist
f a pre-heating of the chamber at 300 °C for 1 min and after that, a
apid heating (within 10 s) to the desired temperature (875, 900, 925
nd 950 °C) and annealing at that temperature for a given annealing
ime (1, 5, 10 min), followed by rapid cooling (see Fig. A13 for details).
 reducing atmosphere of H 2 (50 sccm) and Ar (1500 sccm) was main-
ained inside the chamber during the process and until it cooled down
o about room temperature to avoid the oxidation of the Ni phase. We
sed a fresh precursor AuNi bilayer for each treatment, a total of 12
amples. In the text, we will refer to the systems as AuNi-followed by
he temperature and the duration of the annealing. This way, the system
nnealed at 875 °C for 1 min will be labeled as “AuNi-875C-1min ”. We
ill use the label AuNi-temperature to refer to all the systems annealed
t that temperature, i.e., the three systems annealed at 875 °C will be
alled “AuNi-875C ”. 

.3. Characterization 

Scanning electron microscopy (SEM) pictures of the treated samples
ere recorded in a Hitachi-S4800. Both secondary electrons (SE) and
ackscattered electron (BSE) detectors were used to characterize the
orphology and to find out information about the composition, respec-
ively. Because elements with higher atomic number backscatter more
lectrons, in the BSE mode, the Au phase appears brighter than the Ni
hase, meanwhile their alloys present an intermediated contrast. 
To determine the phase composition and crystallinity of the treated

amples, X-ray diffraction (XRD) analyses were performed at Bragg-
rentano configuration in a Siemens D-5000 diffractometer employing
u-K 𝛼 radiation. 2 𝜃 angles from 36° to 56° were recorded because both
u and Ni present their most characteristic diffraction reflexes in this
ange, i.e. those that correspond to the (111) and (200) orientations.
he powder diffraction files PDF65-2870 and PDF04-0850 were used to
dentify in the diffractograms the orientations of the reflexes of Au and
i, respectively [21] . 
ImageJ software was used to determine from SEM pictures the in-

erparticle distance, the particle size, and the circularity of the formed
anoparticles after the annealing treatments [22] . The interparticle dis-
ance was estimated from the first maxima of the normalize correla-
ion functions. The particle size was calculated by measuring the area
f the nanoparticles and considering them circular, so the size was
𝑖𝑧𝑒 = 2 

√
𝑎𝑟𝑒𝑎 ∕ 𝜋. The circularity by its part, was determined by apply-

ng the equation 𝑐 𝑖𝑟𝑐 𝑢𝑙𝑎𝑟𝑖𝑡𝑦 = 4 𝜋( 𝑎𝑟𝑒𝑎 ∕ 𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒 𝑟 2 ) . 

. Results 

.1. Morphology of annealed AuNi bilayers at different temperatures and 

nnealing times 

Fig. 1 presents an overview of the AuNi precursor bilayers after ther-
al treatments at different temperatures and annealing times. At a first
lance, it shows that the annealing at lower temperatures (AuNi-875C,
uNi-900C) lead to the formation of larger and more elongated parti-
les than those at higher temperatures (AuNi-925C, AuNi-950C), which
2 
re smaller and more spherical. These elongated and oval nanoparti-
les are particularly noticeable in the AuNi-875C-1min and they do not
onger form in the systems AuNi-925C and AuNi-950C, and in AuNi-
00C-10min. 
To quantify these observations about the shape, size and spatial dis-

ribution of the nanoparticles, SEM pictures of larger areas (2800 μm 
2 )

han those presented in Fig. 1 (110 μm 
2 ) were analyzed and can be found

n the panels a) of figures from A1 to A12 of the Appendix. Fig. 2 a)
resents their mean circularity C in the different systems, which is de-
ned by 𝐶 = 4 𝜋 ⋅ 𝐴 ∕ 𝑃 , where area A and perimeter P refer to those of
he nanoparticles. This parameter is a shape descriptor that compares
he actual area of the nanoparticles to that of a virtual circle of radius
etermined by the perimeter ( 𝑟 = 𝑃 ∕2 𝜋) . That way, as shows Fig. 2 b),
 perfect circular particle presents a circularity of 1 by definition and
longated, oval or faceted particles are always below that value. Fig. 2 a)
xhibits that the nanoparticles are more elongated at lower tempera-
ures and that they became more circular with longer annealing times
nd increasing temperatures. 
This evolution becomes more noticeable when considering the stan-

ard deviations from the mean values, which are included as error bars
n Fig. 2 a). The decreasing values of the standard deviations indicate
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Fig. 3. Mean particle size a), and interparticle distance (con- 
necting lines are only to guide the eyes) b) of the dewetted 
particles as a function of the annealing time for the different 
systems. The mean particle sizes were calculated from the his- 
tograms of the particles sizes presented in the panels c) of fig- 
ures A1 to A12 of the appendix. The interparticle distances 
were determined from the first maxima of the normalized cor- 
relation function of the systems and are included in the panels 
d) of figures A1 to A12 of the Appendix. 
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Fig. 4. XRD pattern of the dewetted systems. 
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he increasing homogeneity of the shape of the nanoparticles with the
ncreasing annealing times and temperatures. 
The mean particle size of the nanoparticles of the systems in Fig. 3 a)

eveals two clear tendencies. On the one hand, the particle size decreases
ith increasing temperatures for the same annealing times, and on the
ther at a given temperature the particle size decreases with longer an-
ealing times. This decreasing size of the nanoparticles seems to present
 limit about 300 nm regardless of the annealing time. 
In Fig. 3 b) the averaged interparticle distance depends on the tem-

erature similarly to the mean particle size, i.e., higher temperatures
ead to shorter interdistances. As regards to the annealing time, the in-
erparticle distance is not considerable affected except in the systems
uNi-900C, where it clearly decreases with increasing annealing times.
he systems AuNi-950C show a deviation of the main trend and their in-
erparticle distance slightly increases with longer annealing times. The
volution of the different systems points to a minimum interdistance of
bout 900 nm. 
A closer view of the different systems in the insets of Fig. 1 allows

o identify two different phases in the nanoparticles thanks to the ma-
erial contrast. Regarding to their shape, for a given annealing time the
articles evolve from large flat particles to truncated polyhedrons with
ncreasing annealing temperatures. In the cases of given temperatures,
onger annealing times lead to more faceted nanoparticles. Only the sys-
em AuNi-950C-10min does not follow these trends and presents spher-
cal shapes with mixed darker areas. 

.2. Phase formation in dewetted AuNi bilayers as a function of 

emperature and annealing time 

To determine the phases formed after SSD in the systems, Fig. 4
hows their XRD diffractograms. 
All the systems present a main reflex between Au (111) and Ni (111)

hat indicates the formation of supersaturated AuNi alloy nanoparticles
nd that is identified as their (111) orientation [23] . Most of the systems
lso show a small reflex shifted rightward from Ni (111) pointing the
ormation of Ni-rich phases. 
In the systems AuNi-875C-1min, AuNi-900C-1min, and AuNi-925C-

min, a single reflex appears about 41.5° indicating the formation of
 single phase of supersaturated AuNi alloy. Longer annealing times at
hose temperatures lead to a shift leftwards of the AuNi supersaturated
eflexes, and to raise a reflex about 44.2°, which indicates a rather pure
i-rich phase. It is worth noting that with increasing temperatures the
eflexes belonging to the supersaturated phases shift leftward, mean-
hile the intensity of the reflexes of the Ni-rich phase just increases. 
The systems AuNi-950C presented a different trend. AuNi-950C-

min shows a main reflex corresponding to a supersaturated AuNi alloy
ith a shoulder at its left side, and a Ni-rich phase. The shoulder is the re-
ult of a convolution of a third phase consisting in a Au-rich AuNi phase.
he diffractogram of AuNi-950C-5min is similar to those recorded for
ther temperatures, but AuNi-950C-10min presents small reflexes about
3 
5° that we attribute to the orientation (200) of the Au-rich phase, and
o the (200) orientation of the remaining AuNi supersaturated alloy. 
The composition of the phases forming the nanoparticles can be de-

ermined from the position of the reflexes in the diffractograms, which
rovides their lattice spacing. Crawley and Fabian demonstrated that
egard’s law cannot be applied to AuNi supersaturated alloys because
he actual values differ from the theoretical predictions. Therefore, they
nvestigated those deviations and determined the actual composition
s a function of the lattice spacing [24] . Following that correction,
able 1 presents the composition of the AuNi supersaturated phase of the
anoparticles determined from the position of their reflexes. As the pre-
ursor bilayers consisted of a Ni and a Au layers of 10 nm of thickness,
he expected composition should be 39 at% Au and 61 at% Ni. Those
alues are in good agreement with the systems AuNi-875C-1min, AuNi-
00C-1min, and AuNi-925C-1min, although they present slight devia-
ions that can be caused by marginal stresses due to quenching or evap-
ration effects during annealing [25] . For the other systems, as com-
ented above, the supersaturated alloy phase shift from the expected
omposition. To visualize this evolution of the phases, Fig. 5 depicts the
ompositions calculated in Table 1 . It shows that both longer annealing
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Table 1 

Lattice spacing and derived composition of the different systems calculated from the tabu- 
lation of Crawley and Fabian [24] . 

System 

(111) AuNi 
reflex position 
2 𝜃 [°] 

Lattice spacing 
a 0 [nm] 

x Au, atomic 
fraction [%] 

x Ni, atomic 
fraction [%] 

AuNi-875C-1min 41.42 0.377 37 63 

AuNi-875C-5min 41.36 0.378 39 61 

AuNi-875C-10min 41.06 0.380 42 58 

AuNi-900C-1min 41.36 0.378 39 61 

AuNi-900C-5min 41.00 0.381 44 56 

AuNi-900C-10min 39.52 0.395 71 29 

AuNi-925C-1min 41.44 0.377 37 63 

AuNi-925C-5min 39.58 0.394 69 31 

AuNi-925C-10min 39.32 0.397 75 25 

AuNi-950C-1min 40.90 0.382 46 54 

AuNi-950C-5min 39.48 0.395 71 29 

AuNi-950C-10min 38.98 0.400 82 18 

Fig. 5. Composition of the (111) supersaturated AuNi alloy phases. The lines 
connecting the dots are just to guide the eye. The dashed line represents the 
deposited concentration. 
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imes and higher temperatures lead to an increase of the Au concentra-
ion in the (111) supersaturated alloy phase and therefore, a decrease
f the Ni concentration. This Au enrichment and Ni decay in the super-
aturated phases is complemented by the Ni-rich phases, which gathers
he excess Ni. 
In Fig. 1 , the nanoparticles of the systems that exhibit a single phase

n the XRD analysis, i.e. AuNi-875C-1min, AuNi-900C-1min, and AuNi-
25C-1min, present a homogeneous contrast over their surface. In the
anoparticles of the rest of the systems, a darker and more faceted sec-
nd phase appears that we identify with the Ni-rich phase due to the
maller atomic number of Ni with respect to Au. At a given tempera-
ure, these separated phases become larger with longer annealing times,
hich is particularly noticeable in the systems AuNi-875C. Besides, the
articular morphology of the system AuNi-950C-10min coincides with
ts singular diffractogram commented above. 

. Discussion 

.1. SSD of AuNi precursor bilayers and particle formation 

The morphologies observed in Fig. 1 correspond with the latest
tages of SSD, at which the rims of the holes already broke up into elon-
ated nanoparticles (also called fingers) that might undergo Rayleigh’s
nstabilities splitting up into smaller particles [ 26 , 27 ]. The particles that
re too small to split will evolve towards circular shapes first to mini-
ize the surface energy, and eventually towards the equilibrium crys-
al shape (ECS) forming polyhedrons [ 28 , 29 ]. The system AuNi-875C-
min clearly exhibits this fingering phenomenon and it is possible to
bserve an incipient narrowing in some of the elongated particles that
oint where the particles would have split in the case of longer anneal-
4 
ng times. The evolution time scale for Rayleigh’s instabilities ( t Rayleigh )
nder surface-diffusion-dominated transport obeys the following depen-
ence [ 26 , 30 ]: 

 𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ ∝
𝑅 
4 
𝑐𝑦𝑙 

𝐷 𝑠 

(1) 

here D s is the surface diffusivity and R cyl is the radius of the elongated
article approximated to a cylinder. According to this equation, higher
emperatures will increase the surface diffusivity reducing the time scale
eeded for Rayleigh’s instabilities to occur. Therefore, at higher temper-
tures or longer annealing times these elongated particles would split
nto smaller ones. This effect together with the minimization of the sur-
ace energy lead to the absence of elongated particles in the systems
uNi-925C and AuNi-950C, and in the system AuNi-900C-10min. 
The analysis of the circularity and the insets of Fig. 1 shows the for-
ation of more circular particles with increasing annealing times for
he systems AuNi-875C and AuNi-900C. The systems AuNi-925C and
uNi-950C present a circularity about 0.9 independently of the anneal-
ng time. This points a different evolution related with their dewetted
tate. Meanwhile in AuNi-875C and AuNi-900C the particles split into
maller ones and become more spherical to minimize the surface energy,
n AuNi-925C and AuNi-950C they evolved towards the ECS decreasing
lightly their circularity. 
The mean particle size together with the interparticle distance bring
ore light about the evolution of the nanoparticles. In the systems AuNi-
75C the mean particle size decreases and the interparticle distance
emain practically constant, which suggests the splitting of elongated
anoparticles and their subsequent retraction. The particle size of the
ystems AuNi-900C also decreases for longer annealing times however,
he interparticle distance decreases too considerably. The latter points
he splitting of oval particles whose formed particles remain closer. For
he systems AuNi-925C and AuNi-950C there are no significant changes
ointing that the SSD is already accomplished after 1 min. 
Furthermore, the evolution of the systems exposes both lower lim-

ts, the mean particle size ( ∼300 nm) and the interparticle distance
 ∼900 nm). The wavelength of the Rayleigh’s instabilities that deter-
ines the size of the splitting nanoparticles depends on the cylinder
adius rather than on the temperature, which affects the time required
or the splitting to occur [27] . This way, these limits are determined by
he thickness of the deposited precursor bilayers and cannot be further
educed even with longer annealing times or higher annealing temper-
tures. 

.2. Supersaturated AuNi alloys: formation and decomposition 

The systems AuNi-875C-1min, AuNi-900C-1min, and AuNi-925C-
min, present single phase supersaturated AuNi alloy as a result of the
nnealing over the miscibility gap and a subsequent fast cooling that
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reeze the alloy. The highly texturing is the result of the minimization
f the surface energy. In the case of a FCC structure as is the present case,
he texture (111) exhibits the lowest surface energy [25] . The formation
f a single phase in those systems indicates that 1 min of annealing time
t those temperatures is enough to fully mix both phases even at solid
tate [31] . Therefore, the enrichment of Au of the supersaturated AuNi
lloy phases and the Ni-rich phases that appears in the other systems,
ust be the result of the decomposition of the AuNi alloys. This decom-
osition takes place during the cooling step, which is not fast enough
n those cases to freeze the supersaturated alloys. The cooling rates for
he systems AuNi-900C presented in figure A13 of the appendix, shows
hat for longer annealing times the cooling rate of the chamber is much
ower. This happens because our annealing set up lack of active cool-
ng and therefore, longer annealing times leads to higher residual heats,
hich in turn, slow down the cooling assisting the decomposition of
he supersaturated alloys. The same effect takes place in the systems
uNi-950C due to their higher temperature. At the studied composition
61 at% Ni), the miscibility gap starts below 786 °C and the end of the
toms mobility should be around 220 °C according to Tamman’s rule
0.4 × T s , with the melting temperature of the AuNi alloy T s = 1227 K)
32] . Therefore, longer annealing times and higher temperatures lead
o more decomposition of the AuNi alloys. 
Once unraveled the role of the residual heat, it can be correlated

ith the decomposition state of the systems. In the systems AuNi-875C
nd AuNi-900C the ongoing decomposition affects the crystallinity of
he samples with a considerably decrease of the (111) orientation as the
i-rich phase appears. The systems AuNi-925C by their part, present
etter defined reflexes and their increase for the system AuNi-925C-
0min indicates that the phase separation already took place and that
he nanoparticles evolve towards the ECS increasing considerably their
rystallinity. This can be clearly observed in Fig. 1 . At the higher temper-
ture studied here, the decomposition already starts in the AuNi-950C-
min. The AuNi-950C-10min also exhibits a weak (200) Au-rich phase
ssociated to a decrease of the strain energy in the supersaturated al-
oy [33] , which points that the decomposition mechanism was different
han in the other cases. An overall conclusion from these behaviors is
hat the decompositions begin by the segregation of a rather pure Ni-
ich phase from the alloy, which is in good agreement with the founding
f Herz et al. [17] . 

. Conclusions 

Supersaturated AuNi alloy nanoparticles of different shape, size and
omposition were successfully produced by the SSD of AuNi bilayers.
ost of these nanoparticles were highly textured and exhibited super-
aturated phases whose composition depends on the thermal treatments.
hus, the role of the cooling rate has been proved to be crucial for the fi-
al composition. Only the systems AuNi-875C-1min, AuNi-900C-1min,
nd AuNi-925C-1min, presented single phase supersaturated AuNi al-
oy. In the other systems, the supersaturated alloy phase decomposed
ue to the residual heat inside the annealing chamber, which triggers
he phase separation below the miscibility gap. Moreover, it was found
hat the decomposition of the supersaturated AuNi alloys starts with the
egregation of a Ni-rich phase. 
Regarding the morphology of the systems, the particle size decreased

ith increasing temperatures for the same annealing times, and at a
iven temperature the particle size decreases with longer annealing
imes. Also, the shape of the particles evolved from elongated at lower
emperatures, to circular with longer annealing times and increasing
emperatures. Furthermore, we found the lower achievable limits of
ean particle size ( ∼300 nm) and interparticle distance ( ∼900 nm) from
 bilayer of 10 nm of Au and 10 nm of Ni by SSD. 
These results exhibit the tendencies of the SSD of precursor bilay-

rs and provide a morphological and compositional map of AuNi alloy
anoparticles that offers a useful tool for the tailored design of nanopar-
icles. 
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