
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00170-023-12403-z

ORIGINAL ARTICLE

Laser‑induced alloy nanoparticles: Au–Sn thin film morphology 
influence on the dewetting process

Paulina Dzienny1  · Tomasz Rerek2 · Robert Szczęsny3 · Marek Trzcinski2 · Łukasz Skowroński2 · 
Arkadiusz Antończak1

Received: 29 June 2023 / Accepted: 26 September 2023 
© The Author(s) 2023

Abstract
In this paper, the impact of thin Au–Sn layers morphology on the formation of laser-induced alloy nanoparticles (ANPs) is 
investigated. Also, the changes in composition observed over time in thin films are analysed. The influence of deposition rate 
and elemental composition was studied. The tests were performed on five sets of samples of varying atomic ratios of Au–Sn 
and film thickness, for which the optical parameters were measured with the spectroscopic ellipsometry technique (SE). The 
samples were dewetted with a nanosecond Yb:glass fibre laser. All fabricated surfaces were analysed using scanning electron 
microscopy (SEM). Moreover, the chemical composition of obtained structures was analysed using X-ray photoelectron 
spectroscopy (XPS) and transmission electron microscopy (TEM).

Keywords Alloy nanoparticles · Laser nanostructuring · Laser-induced dewetting · Intermetallic compounds · Self-
organising structures

1 Introduction

It is widely known and well described in the literature that 
the chemical and physical properties of nanostructures 
greatly differ from those of bulk materials and this is a con-
sequence of the atomic-scale behaviour of matter: energy 
quantisation, surface effects, single electron effects, etc. [1, 
2]. In bulk materials, properties are an average of all the 
quantum forces affecting the atoms. Going into nanoscale 
material reaches the point when the specific behaviour of 
individual atom molecules dominates, and it can be very dif-
ferent from the state in which they are aggregated. Develop-
ment in the field of nanotechnology depends mainly on the 
exploitation of these effects, due to intelligent design of the 

shape, size and structure of the nanostructures [3–5]. One of 
such designs is metallic alloy nanoparticles that inherit prop-
erties of the constituent metals. In many cases, the enhance-
ment of, among others, catalytic and optical properties is 
observed due to the synergistic effects. For example, Au-Pt 
bimetallic nanoparticles have a hybrid catalytic ability that 
can be enhanced by light [6]. It all led to a great interest 
from both academia and industry and, in turn, many applica-
tions. To name a few, in catalysis, since alloy nanoparticles 
exhibit higher catalytic activity than monometallic and their 
use improves the process [7–9]. Another, in biological imag-
ining, as a drug carriers and therapeutic agents and as poten-
tial vaccine adjuvants [3]. Au–Sn nanoparticles are tested in 
the role of solder, an alternative to traditionally used Sn–Pb 
alloys [10]. Also, they are applicable in gas sensors—one of 
the studied ways to enhance the performance of the semi-
conducting metal oxide nanostructures (SMONs) is their 
modification with metal nanoparticles and ions [11–13].

The properties of resulting nanostructures can be care-
fully tailored with the choice of fabrication method and its 
parameters. One of the techniques that has gained interest is 
the dewetting of thin films. Such films, up to certain thick-
ness, are generally unstable or metastable in the as-deposited 
state, poorly wetting the surface. In that state, it is possible 
for film’s internal attractive forces to disrupt the balance and 

 * Paulina Dzienny 
 paulina.dzienny@pwr.edu.pl

1 Faculty of Electronics, Photonics and Microsystems, 
Wroclaw University of Science and Technology, Wyb. 
Wyspianskiego 27, 50-370 Wroclaw, Poland

2 Institute of Mathematics and Physics, Bydgoszcz University 
of Science and Technology, Kaliskiego 7, 85-796 Bydgoszcz, 
Poland

3 Faculty of Chemistry, Nicolas Copernicus University 
in Torun, Gagarina 7, 87-100 Torun, Poland

/ Published online: 4 October 2023

The International Journal of Advanced Manufacturing Technology (2023) 129:1665–1676

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-023-12403-z&domain=pdf
http://orcid.org/0000-0002-9473-7032


1 3

destabilise the material. As a result, mass transfer occurs 
and film thickness unevenness is magnified, in turn causing 
film rupture and its agglomeration into islands/droplets. The 
process starts at holes (pre-existing or new ones) and at a 
film edges. The factors that determine the process of dewet-
ting and its results are the film thickness, temperature, the 
surface self-diffusivity and the energy of the film-substrate 
interfaces. In non-continuous polycrystalline films, grain 
size, distribution and grain boundary diffusivities are crucial 
factors that determine the process’s effect [14–17].

Analysing the dewetting process, it is important to con-
sider the substrate as it plays an important factor in structure 
formation. Both the heat and the radiation not absorbed by 
layers propagate into them. In dependence on the thermal 
conductivity, the heat may be dissipated or not, contributing 
to the temperature of the thin films. Moreover, heated films 
undergo mechanical stress due to different thermal expan-
sions of the layers and substrate [17]. Also, as mentioned 
before, the surface energies determine how well the film 
wets the substrate, on which the dewetting process occur-
rence depends. An interesting approach to dewetting is the 
pre-structurisation of substrates in order to achieve precisely 
controlled arrays of nanodrops [18, 19].

The research on laser-induced dewetting of thin films 
mainly focuses on single-metal layers, such as Au [20], Ag 
[21], Ni [22], C [23] and Co [24]. The bimetallic systems 
examined are Ag-Au [25], Co–Pt [26], Ni-Cu [27], Au–Sn 
[28, 29], Ag-Pt [30], Rh-Pd [31] and Au-Ni [32, 33], among 
which the first four references describe laser-induced dewet-
ting. During the traditional, long-time heating additional 
phenomena occur, such as diffusion of metal particles into 
the substrate and chemical interactions between metal and 
substrate. An alternative approach are rapid melting tech-
niques such as ion and electron beams and laser irradiation 
[14]. The advantages of the latter one are, among others, 
precise processing down to the micrometre range and the 
limitation of thermal damage of unprocessed substrate sur-
face, dependent on the thermal diffusion of the material.

During our previous research [28], we observed a corre-
lation between the thin film surface morphology and thick-
ness, and the size and distribution of nanoparticles formed 
through laser-induced dewetting. Hence, we decided to 
explore the topic further. This article describes experiments 

aimed to determine Au–Sn thin layers morphology role in 
the formation of laser-induced alloy nanoparticles. We ana-
lyse the dependence between the deposition ratio of thin 
films and the resulting grainy structure of the surface, and 
its consequence on laser dewetting and alloy nanoparticles 
produced in the process. We also study the changes in thin 
film structure by adding a thin layer of gold on the bottom 
that was meant to change the observed grain size. Moreover, 
we examine the change occurring in thin films over time and 
its influence on the laser dewetting conditions and resulting 
nanostructures. To the best of the authors’ knowledge, none 
of the above aspects has been analysed in the literature yet.

2  Materials and methods

2.1  Thin film preparation

As in our previous studies [28], sets of samples with varying 
sequences of deposition and film thickness (Table 1, Fig. 1) 
were produced by thermal deposition in a vacuum on the 
Si(100) wafers from the Institute of Electronic Materials 
Technology Łukasiewicz—ITME. The purity of the met-
als used was 99.999% for Sn and 99.997% for Au (Sigma 
Aldrich). The thin films were deposited at three different 
rates vd 0.05, 0.50 and 2.50 Å/s. The deposition rate and 
the mass thickness of sequentially grown Au and Sn lay-
ers were controlled by quartz microbalance. The distance 
between tungsten basket and substrate was 20 cm and the 
base pressure was below 2 ×  10−5 mbar. Due to diffusion of 
metals, the resulting thin films do not exhibit clear interfaces 

Table 1  Sequence of deposition, 
thickness, atomic ratio and 
deposition rate of all examined 
samples

Sample label Sequence of deposition Total thickness 
h [nm]

Au:Sn ratio Deposition 
rate vd [Å/s]

ES (S—slow) Si/Sn (11.4)/Au (3.6) 15 1:2 0.05
EN (N—normal) Si/Sn (11.4)/Au (3.6) 15 1:2 0.50
ER (R—rapid) Si/Sn (11.4)/Au (3.6) 15 1:2 2.50
AT (T—thick) Si/Au (0.6)/Sn (11.4)/Au (3.6) 15.6 1:1.75 0.50
AF (F—fine) Si/Au (0.6)/Sn (5.7)/Au (1.8) 8.1 1:1.6 0.50

Si(100)

na�ve SiO2 (~2 nm)

Sn (11.4 nm)

Au (3.6 nm)

Si(100)

na�ve SiO2 (~2 nm)

Sn (11.4/5.7* nm)

Au (3.6/1.8* nm)

Au (0.6 nm)

Fig. 1  Schematic representation of the element deposition sequence 
for  EN,  ES and  ER (on the left) and  AT and  AF* (on the right)
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between gold and tin and are rather a mixture of both ele-
ments in the whole volume [34].

2.2  Laser processing

The thin film samples were irradiated using Yb:glass fibre 
(IPG, YLP series) laser of pulse duration τ = 230 ns and 
λ = 1062 nm wavelength. The beam diameter was 2 �

0
 = 

38 μm. The samples were prepared by a raster scanning pro-
cedure using a galvanometric scanner (Fig. 2). The spot-to-
spot distance (dx) and the hatching distance (dy) were equal 
(dx = dy = 100 µm) and their value was chosen to obtain 
separate pulses on the surface. The pulse repetition rate 
f = 80 kHz was constant in all irradiation procedures. The 
parameters were chosen on the basis of previous detailed 
experiments that resulted in information on the energy range 
suitable for nanoparticle formation [28].

2.3  Characterisation of samples

2.3.1  Scanning electron microscopy

The surface imagining was conducted using the scanning 
electron microscopy (SEM). The equipment used was a 
SEM/Xe-PFIB FEI Helios PFIB microscope with Bruker 
EDX detector.

2.3.2  Spectroscopic ellipsometry

The spectroscopic ellipsometry (SE) technique was used to 
examine the optical characteristics of the films. The ellipso-
metric azimuths (Ψ and Δ) were measured for three angles 
of incidence (65°, 70° and 75°) in the spectral range of 0.6 
to 6.5 eV (191–2066 nm). The ellipsometric measurements 
were done with the V-VASE instrument from J. A. Woollam 
Co., Inc.

2.3.3  Particle analysis

The ImageJ 1.52v software was used for the particle analy-
sis. The parameters assumed were as in previous research 
(circularity > 0.5 and area < 1000  nm2) and all analysis was 
conducted on the basis of SEM images of 50,000 × magni-
tude, voltage 2.0 kV, current 0.1 nA and 0° tilt angle [28].

2.3.4  X‑ray photoelectron spectroscopy

The analysis of the composition and chemical state of the 
samples was performed using X-ray photoelectron spectros-
copy (XPS). The measurements were made in ultra-high 
vacuum conditions—the base pressure was 2∙10−10 mbar. 
The photoemission process was induced by means of an 
AlKα X-ray source (1486.6 eV); the angle of incidence of 
radiation on the surface of the sample was 55° in relation 
to its normal. Photoelectron energy was recorded with the 
VG-Scienta R3000 hemispherical analyser. The experimen-
tal data after background modelling were fitted to Gauss-
Lorentz shapes using the CasaXPS® software. To investi-
gate the composition changes in the subsurface layers, the 
samples were profiled by etching the surface with an argon 
ion beam. The ion energy was 4 keV; the incident angle of 
the ions was 69° with respect to the normal of the samples. 
The beam scanned a 4 × 4  mm2 area of the sample surface to 
ensure a homogeneous etching of the material. The ion cur-
rent on the sample surface was approx. 4 μA. The samples 
were ion-sputtered for a minute periods after which the XPS 
spectra were recorded.

2.3.5  Transmission electron microscopy

A probe Cs-corrected S/TEM Titan 80–300 FEI microscope, 
equipped with a Gatan Tridiem 863 spectrometer and Digital 
Micrograph GATAN ver. 3.43 software, was used to conduct 
the transmission electron microscopy (TEM) analysis.

3  Results and discussion

3.1  Characterisation of the samples fabricated 
by thermal deposition

The SEM images captured under two angles confirmed that 
the Au–Sn films have a grainy structure (Fig. 3) that differs 
not only in grain edge shape (visible for 0°) but also height 
(visible for 52°) and separation.

The varying size of grains in samples is linked to a variety 
factors. As it was mentioned in our previous study [28], it 
is the result of the Volmer-Weber growth mechanism that 
occurs in films produced by thermal evaporation under low 
vacuum conditions. In it, crystallite seeds are formed in the Fig. 2  Schematic representation of the irradiation process
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first phase, and as the deposited mass increases, the crystal-
lites grow and ultimately (when the layer reaches the neces-
sary thickness) coalesce into a continuous film. In all cases 
included in this article, the thin layer thickness was lower 
than the required to obtain a continuous layer.

The difference in microstructure is also associated with 
the melting point of the deposited metal, which is impor-
tant in thermal evaporation methods. When the substrate 
temperature (Ts) is less than 0.1 of the melting point of the 
metal (Tm)—Ts/Tm < 0.1, the resulting layer is composed of 
extremely small crystallites. Grain growth mainly progresses 
in orthogonal direction to the substrate. For gold, the melt-
ing point is about 1064 °C (Tm < Ts), so the resulting layer 
is formed by very small grains. For tin, Tm = 232 °C which 
means that even at RT the condition of 0.1 Tm ~ Ts is realised, 
so the grains formed have larger lateral sizes. Furthermore, 
it should be considered the fact that the substrate is heated 
due to adsorption of metal vapours and this effect depends 
(among other things) on the deposition rate. However, in 
our experiment, the temperature of the substrate could not 
be controlled during the film deposition.

The order of the applied elements is crucial, since the 
first layer determines the type of grains—the subsequent lay-
ers possibly imitate previous ones. The deposition rate also 
impacts the morphology of thin films. Higher rates tend to 
produce larger grains. This fact is related to the proportion 
Ts/Tm. A higher deposition rate transfers more energy to the 
substrate in a shorter time, which heats up the substrate (at 
least temporarily). Consequently, it causes a faster growth 

of the crystallites in width, a decrease in the proportion of 
voids/defects in the formed layer and a decrease in its thick-
ness (not to be confused with mass thickness). In addition, 
a higher substrate temperature induced by the increase of 
density of hot metal vapour reaching to the substrate leads 
to an increase in the efficiency of diffusion processes occur-
ring in the layers.

The  EN,  ER and  ES samples were prepared with the same 
elemental composition, ratio and sequence, but with varying 
deposition rate, so the last factor decided the differences in 
morphologies (Fig. 2). As predicted, the lowest deposition 
rate resulted in the smallest grains.

The  AT and  AF samples were prepared the same way as 
the  EN one, but with one exception—thin layer (h = 0.6 nm) 
of Au was deposited first, in order to obtain smaller grains 
(Fig.  2). Also, the  AF sample is significantly thinner 
(h = 8.1 nm in comparison to ~ 15 nm).

3.2  Optical characteristics of prepared samples

Ellipsometric measurements were performed to determine 
the optical parameters of thin films, such as the linear 
absorption coefficient α, refractive index n and the extinc-
tion coefficient κ (Table 2). The penetration depth δp was 
calculated from the relationship 1/α.

In all examined cases, the penetration depth values are 
greater than the thickness of the Au–Sn thin films. This 
means that a significant part of the energy is absorbed 
by the silicon substrate, resulting in heating of it and, in 

Fig. 3  SEM images of all sam-
ple surfaces, 0° on the left and 
52° tilt on the right; all images 
in scale

°25tlit°0tlit

ER 
Si/Sn(11.4)/Au(3.6) 

vd = 2.50 Å/s 

EN
Si/Sn(11.4)/Au(3.6) 

vd = 0.50 Å/s 

ES
Si/Sn(11.4)/Au(3.6) 

vd = 0.05 Å/s 

AT 
Si/Au(0.6)/Sn(11.4)/Au(3.6) 

vd = 0.50 Å/s 

AF
Si/Au(0.6)/Sn(5.7)/Au(1.8) 

vd = 0.50 Å/s 
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consequence, the layers. A significant change is visible for 
the samples with additional layer of Au—their absorption 
coefficient is smaller in comparison to other samples, result-
ing in higher penetration depth. The  AT and  AF samples are 
built of strongly separated crystallites (large voids between 
grains uncover the substrate), as can be seen in Fig. 2. The 
discontinuity of the layers is evident in the optical properties 
at low photon energies. There is light absorption associated 
with the interaction of incident light with free electrons, 
which is described by the Drude model. For samples with 
additional gold layer, the discontinuity of the Au–Sn film 
results in the Drude term having a very low amplitude and, 
consequently, a low light absorption. The effect is stronger in 
 AF sample due to smaller size of the grains. Similar depend-
ence is visible comparing  ES and  EN samples with  ER—the 
last one has higher value of the extinction coefficient, due 
to bigger grains.

3.3  The ageing effects on the deposited thin films

In Au–Sn bilayer systems, gold was on the surface to limit 
the tin oxidation. The thickness of Au was 3.6 nm (1.8 nm 
for  AF sample). For layers applied with this method and 
under these conditions, the gold film is not continuous, 

also, there is an oxygen diffusion into the layers, so oxida-
tion of tin cannot be avoided. The oxidation process could 
also change the optical properties of the produced sam-
ples. Another factor can be ongoing diffusion of elements 
between the layers. In order to investigate the changes in 
sample structures in time, spectroscopic ellipsometry and 
X-ray photoelectron spectroscopy were used.

Figures  4 and 5 present the refractive index (n) and 
extinction coefficient (κ) for the fabricated  EN,  ES,  ER, 
 AT and  AF layers as well as the absorption coefficients α. 
The reported results of ellipsometric measurements show 
changes that occur in the optical properties of Au–Sn films 
with their ageing. This effect is a consequence of changes 
in morphology of thin films. The sequential method of layer 
deposition (Sn first, then Au) is not negligible. The bound-
ary of Au and Sn films is characterised by high dynamics, 
both materials form an alloy and diffusion at their boundary 
is initiated, already at room temperature, and intermetal-
lic compounds such as AuSn,  AuSn2,  AuSn4 or  Au5Sn are 
formed [35]. At temperatures much lower than the melting 
point of the material, grain boundary diffusion is a primary 
component of diffusion. Consequently, for less extensive 
surface films composed of small grains, this diffusion should 
proceed faster. The microstructure of the films obtained by 
thermal evaporation strongly depends on their deposition 
conditions (e.g. rate or substrate temperature). This effect 
has been observed and described in [36] and is visible in the 
microstructure of the produced films (mainly in  EN,  ES and 
 ER). The most significant changes in optical properties are 
observed for the  ER layer, which was fabricated at a much 
higher rate (2.5 Å/s) than the  EN and  ES samples. For the  EN 
and  ES films, the changes in optical properties that evolved 
are at a similar level. The changes in the optical properties 
of layers  AT and  AF are smaller than in the E-series systems. 

Table 2  The values of the optical parameters of the samples for wave-
length 1064 nm

Sample ES EN ER AT AF

α  [nm−1] 0.040 0.042 0.055 0.017 0.005
δp (1/α) [nm] 24.8 23.7 18.3 57.8 191.3
n 3.78 3.65 3.37 3.15 2.49
κ 3.40 3.55 4.59 1.46 0.44

Fig. 4  Refractive index and extinction coefficient spectra for freshly prepared samples and after 3 months; marked 1064 nm
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These structures are different from the previous ones by the 
fact that a gold film 0.6 nm thick was deposited before the 
Sn coating. This procedure caused differences in the forma-
tion of the layers.

To further investigate, XPS measurements were con-
ducted on fresh and aged samples  EN, both on the surface 

and subsurface layers—first layer after 1 min of sputtering 
and second after another minute (Fig. 6).

The Au4f level for all thin films can be fitted with two 
components (Fig. 6a and b). The energy of the  Au4f7/2 
level ~ 84  eV suggests the content of metallic gold, 
whereas the energy level ~ 84.8 eV suggests the presence 

Fig. 5  Absorption coefficient 
spectra for samples after pro-
duction and in 3 months after; 
marked 1064 nm

Fig. 6  XPS spectra for samples  EN: a  Au4f7/2 measured 1  week 
after removal from PVD machine; b  Au4f7/2 measured 3  weeks 
after removal from PVD machine; c  Sn3d5/2 measured 1 week after 

removal from PVD machine; d  Sn3d5/2 measured 3  weeks after 
removal from PVD machine

1670 The International Journal of Advanced Manufacturing Technology (2023) 129:1665–1676



1 3

of AuSn. Below the surface, the intensity of metallic Au 
peak drops significantly which indicates that below 1 nm 
of the surface almost all gold is in the form of AuSn. The 
main distinction between the spectra of fresh and aged 
samples is in the intensity ratio of the mentioned lines, as 
the measurements suggest a higher content of AuSn on the 
surface of fresh samples (Table 3). It indicates that with 
time, AuSn partially breaks down into Au and Sn.

The  Sn3d5/2 characteristic presented in Fig.  6c 
and d can be fitted with two components. The energy 
level ~ 484.9 eV suggests the presence of AuSn or metallic 
Sn, while the energy level ~ 486.6 eV suggests the forma-
tion of  SnO2. Below the surface, the intensity ratios of the 
mentioned peaks change—the  SnO2 content drastically 
falls in favour of AuSn or Sn. The one difference between 
spectra of fresh and aged samples is in the intensity ratio 
of mentioned lines—the measurements suggest higher 
content of  SnO2 on the surface of older samples. It indi-
cates that with time, part of AuSn is converted into  SnO2 
and Au, which corresponds with the changes in Au4f 
spectra described above.

It is reported in the literature that the oxidation of 
Au–Sn alloys is similar to the oxidation of pure Sn [37]. 
The described changes may explain the difference in laser 
radiation energy needed to achieve the same effect on fresh 
and old samples, described in the next paragraph. This phe-
nomenon may arise from the melting temperature of Au 
(~ 1064 °C bulk) and  SnO2 (~ 1630 °C). The latter is signifi-
cantly higher than AuSn (~ 278 °C bulk, varies in depend-
ence on composition). The unmolten tin oxide in liquid 
metal increases the viscosity of the resulting composite [38].

3.4  Laser‑induced dewetting of the Au–Sn thin 
films

3.4.1  Evolution of nanostructures

The use of laser beam with a Gaussian intensity distribution 
made it possible to observe the effect of range of energy 
densities under the single laser pulse. When the radiation 
energy E does not exceed the minimum value ED, no changes 
are visible on the surface. The fully developed structures 
can be obtained when the energy exceeds the characteristic 
threshold ED necessary for the full process (E > ED). When 
the energy reaches the ablation threshold (E > EA), the sur-
face undergoes removal (not presented in the paper) [28]. 
During experimentation, it has been noticed that on samples 
irradiated in some time after removal of the thin films from 
PVD chamber additional region appeared. In this area, the 
nanoparticles are not fully formed, what means that the pulse 
energy was insufficient for the dewetting process to com-
plete, but enough to initiate it (EDmin < E < ED) (Fig. 7)—the 
oxide component changes the rheology of molten material 
and impedes its flow, what causes the necessity of usage of 
higher energy values for film to fully retract.

The consequence of these changes is the increase of the 
energy value necessary to obtain fully formed structures. 
With time passing, higher pulse energy was necessary to 
cause visible effect on the thin films and to form alloy nano-
particles. In Fig. 8, we present the phenomenon on the cho-
sen example: effects of irradiation of  ER sample in 1 week, 
1 and 3 months from removing from PVD chamber. The 
change in the 15 nm samples was significantly smaller than 
in ~ 7.5 nm. In case of  ES and  ER samples, the difference 
between 1 week and 1 month was around 0.5 µJ and another 
2 months 0.25 µJ. A significant difference in time necessary 
for change of dewetting process between the thin films was 
observed—samples  ER stand out requiring the most time 
for it to occur. Since it has the biggest and most flat grains 
among analysed thin films, what equals the lowest surface/
volume ratio, it is suspected that the oxidation process is 
the slowest.

As it was mentioned, in polycrystalline thin films the 
grain boundaries serve as a source of fluctuation required for 
the dewetting phenomenon to begin. It is particularly visible 

Table 3  Table of XPS peak height ratios, spectra of surface, after 
1 min of sputtering (1st layer) and another 1 min (2nd layer)

AuSn:Au ratio AuSn:SnO2 ratio

Fresh sample Old sample Fresh sample Old sample

Surface 1:0.58 1:0.64 1:2.77 1:4.25
1st layer 1:0.03 1:0.03 1:0.45 1:0.63
2nd layer 1:0.01 1:0.02 1:0.34 1:0.39

Fig. 7  The SEM images of 
structures formed on  EN sample, 
both images in scale

fresh EN sample

old EN sample
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in case of oxidised samples. The samples irradiated with a 
range of pulse energies underwent the SEM imagining. In 
Fig. 9, selected sample images are compiled. The amount of 
energy is the same for samples in row. Close inspection of 
images of surfaces with not yet fully developed structures 
confirms that they originate in grains. Therefore, the aver-
age size of the nanostructures is influenced by the average 
size of the grains. We suspect that this relation will become 
less direct with the increase of the film thickness, since the 
size mainly depends on the overall volume of the material. 
The particle analysis procedure of ImageJ results in infor-
mation about nanostructure size distribution and the area 
of the surface covered. Analysing, we can observe that the 
least amount of nanostructures is observed on  ER sample, 
the one with the lowest amount of grains. The total sample 

area covered by the nanostructures is (on average) 28% for 
 EN and  ES and 15.5% for the  ER sample. For the  AT and  AF 
samples, the values were 25% and 22%, respectively.

The size range of the nanoparticles was divided into 18 
subranges of 10 nm each. The standardised size distributions 
for chosen samples with well-developed nanostructures can be 
seen in Fig. 10. Since the distribution for samples with well-
developed structures were similar in wide range of param-
eters, we decided to present as example samples presented in 
Figs. 8 and 10. Please note that due to the method limitation 
the lower limit of the nanoparticle sizes was set to 35 nm. The 
statistics confirm what can be seen on the images. In compari-
son with  ES,  ER sample shows lesser amount of nanoparticles 
above 75 nm diameter. Also, their distribution is more even, 
without the clearly visible mode of size.

Fig. 8  The SEM images of 
structures formed on  ER sample, 
all images in scale

Energy   One week     One month Three months

2.5 µJ

3 µJ

3.5 µJ

ES EN ER

Fig. 9  SEM images of irradiated surfaces, all images in scale
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The distribution shown in Fig. 10b confirms the observa-
tions made in previous experiments with the usage of differ-
ent samples that the medium size of nanostructures strongly 
depends on the layer thickness—from thinner layers smaller 
nanostructures are formed (Fig. 11).

The experiments described in our previous work [28] con-
cluded that the final result of the laser dewetting depends on 
the highest energy deposited on surface per single impulse, 
not on the accumulated fluence. In case of overlapping 
impulses in comparison to experiments with single pulses, 
the amount of energy delivered on the surface necessary to 
obtain the same surface morphology decreases only slightly 
and it is probably connected with the Si substrate heating, 
not the thin layer absorption.

3.4.2  Structural and compositional characterisations 
of nanostructures

STEM/TEM/EDX measurements were conducted for sam-
ples  ER and  AT. In both cases, two sets of particles were 
visible in the prepared specimens: dominant large structures 
(100–200 nm for  ER and 60–90 nm for  AT) and small ones 
(10–20 nm). The first ones were characterised in detail. 
STEM-EDX analysis indicates an essential difference 
between  AT and  ER samples which is visualised in Fig. 12. 

The results obtained for sample  ER indicated rather uniform 
Au and Sn atoms distribution within the tested nanostruc-
ture. The estimated gold:tin ratio was about 1:1. The ana-
lysed nanoparticle from sample  AT pointed to the presence 
of Sn- or Ag-reach areas and thus on multi-compositional 
character of the nanoparticle. The most interesting is the 
bottom part of the particle where the bimetallic particle is 
laying on the thin padding. This arrangement is well visual-
ised by the insert in Fig. 12b.

The selected area electron diffraction (SAED) of  ER 
particle consists of sharp single spots and polycrystalline 
rings which can be connected mainly to AuSn (d-spac-
ing (nm)/plane: 0.378/(100), 0.310/(101), 0.229/(102), 
0.210/(110)). The analysis of the high-magnification 
STEM (Fig. 13a) and TEM images of  ER also pointed 
lattice distances corresponding to the d-spacing from the 
AuSn planes. Comparing our results discussed here with 
those published in 2021 [28], some differences should be 
mentioned. The sample deposited with a rate of 0.5 Å/s 
(previous studies) seems to have more multi-phase char-
acter. For example, the tin oxide crystalline phase was not 
detected for  ER (deposition rate 2.5 Å/s). The initial depo-
sition rate has an impact on the morphology of the layer 
and which also affects ageing (oxidation of layers) and, 
finally, on the dewetted nanostructure composition. This 

Fig. 10  Size distribution of nanoparticles formed on the a)  ES and  ER, b)  AT and  AF samples

Fig. 11  SEM images of chosen 
dewetted samples, images in 
scale

AT sample, E = 8.5 µJ AF sample, E = 15 µJ 
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opens the way for controlling the oxide content on the 
nanoparticles, since potential applications may depend 
on its presence [39].

The most interesting in the case of the sample with a thin 
underlayer of gold  (AT) was the formation of a tin “sad-
dle”. The detailed investigation of TEM/STEM images of 
this part of the nanostructure shows its rather amorphous 
character. The elemental composition indicates that this area 
consists of 17.95% of tin and 37.32% of oxygen resulting in 
the Sn:O ratio clearly pointing to  SnO2 formation. The crys-
talline structure of the At nanoparticle was studied by direct 
lattice fringes estimation, SAED and FFT images analysis. 
Some of the d-spacing cannot be unequivocally assigned; 
however, comprehensive analysis suggests the presence of 
 AuSn2 and AuSn phases. Moreover, the SAED indicated the 
monocrystalline-like character of this particle.

4  Conclusions

The paper investigated the influence of the morphology 
of Au–Sn thin films on the laser dewetting process and 
the morphology of the produced alloy nanoparticles. 
Two types of films were analysed: (i) series of the same 
elemental composition and deposition sequence but vary-
ing evaporation ratio and (ii) series of the same ratio but 
additional gold layer on the bottom. The influence of age-
ing processes occurring in thin layers of substrates on the 
dewetting process was also determined.

It has been shown that thin films significantly change 
optical parameters with time from deposition. The degree of 
these changes depends on the initial morphology and com-
position of the films. The shift can be attributed to two pro-
cesses that occur within the deposited samples: the oxidation 

Fig. 12  STEM-EDX analysis of samples  ER (a) and  AT (b) with estimated Au:Sn ratios for selected areas of nanoparticles. Insert in b is the 
nanoscale element mappings of a single  AT particle

Fig. 13  STEM/TEM analysis: 
a STEM image of  AT particle 
(scale bar 2 nm) with indicated 
0.375 nm d-spacing from AuSn 
(100) or  AuSn2 (112) and 
b TEM image of bimetallic 
particle (scale bar 10 nm) with 
TEM lamella (the Pt layer) and 
Sn-rich area on the bottom of 
nanoparticle
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of the layers and the diffusion of the elements between and 
within layers. The analysis of chemical composition (XPS) 
confirmed the source of mentioned transformations—spectra 
analysis shown the increase of  SnO2 content on the surface 
and the breaking down of AuSn into Au and Sn with time.

It has been proven that the recorded changes in the com-
position of the layers affect both the dewetting process and 
its final result. The tin oxide content changes the rheology 
of molten material and impedes it flow. Also, higher laser 
pulse energy values are necessary for alloy nanoparticles to 
form from aged samples.

The size of the alloy nanoparticles depends mainly on the 
thin film thickness, since it decides the volume of material 
to agglomerate. However, it was shown that in limited range 
the size and distribution of the NPs may depend on the size 
of the grains. It occurs in the case of films not thick enough 
to form a continuous surface. In this paper, thin films of the 
same composition but slightly different granularity (achieved 
through changes in growth resulting from different evapora-
tion rate) were compared.

The analysis of the morphology and phase composition 
(STEM/TEM/EDX) showed multi-phase composition within 
the single nanoparticle, with mainly AuSn content. The pres-
ence of  SnO2 external layer depends on the initial state of 
the thin films—whether they were covered by native oxide. 
Also, the NPs produced from oxidised thin films seem to 
have more multi-phase character, but this dependence needs 
to be investigated further.
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