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Abstract 

Ag50Cu50 films were deposited on glass substrates by a sputtering system. Effects of accumulated energy on nano-
particle formation in pulse-laser dewetting of AgCu films were investigated. The results showed that the properties of 
the dewetted films were found to be dependent on the magnitude of the energy accumulated in the film. For a low 
energy accumulation, the two distinct nanoparticles had rice-shaped/Ag60Cu40 and hemispherical/Ag80Cu20. Moreo-
ver, the absorption spectra contained two peaks at 700 nm and 500 nm, respectively. By contrast, for a high energy 
accumulation, the nanoparticles had a consistent composition of  Ag60Cu40, a mean diameter of 100 nm and a peak 
absorption wavelength of 550 nm. Overall, the results suggest that a higher Ag content of the induced nanoparticles 
causes a blue shift of the absorption spectrum, while a smaller particle size induces a red shift.
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Introduction
Noble metallic nanoparticles have been widely 
researched due to their many interesting physical char-
acteristics; interesting electrochemical and mechanical 
properties [1–3]. One of the most important properties 
of such nanoparticles is their localized surface plasmon 
resonance (LSPR), which originates from the interaction 
between the incident light and the free electrons on the 
metallic surface [4]. In particular, the time-varying elec-
tric field associated with the incident light exerts a force 
on the free electrons, which causes them to oscillate [5]. 
At a certain excitation frequency, the oscillation of the 
surface free electrons coincides with that of the incident 
light and the resulting resonance leads to a significant 

increase in the light absorption of the surface at the cor-
responding wavelength. Metallic nanoparticles exhibit a 
localized surface plasmon resonance behavior when their 
size reduces to a scale less than that of the wavelength of 
the incident light [6].

Among the various metallic materials in common 
use, silver (Ag) and copper (Cu) have been extensively 
explored and have found widespread use in the antibac-
terial [7, 8], photovoltaic [9, 10], optoelectronic [9, 11], 
and electrocatalysis [12] fields. In many such applica-
tions, it is desirable to pattern metallic nanoparticles on 
the substrate surface. This is commonly performed using 
a laser dewetting process [13–16]. The literature contains 
many studies on the formation of metallic nanoparticles 
through laser dewetting [17]. However, most of these 
studies focus on the dewetting of pure metals [14, 16–18]. 
In other words, the literature contains only scant infor-
mation on the laser dewetting of alloys [13, 15]. How-
ever, thin alloy films with nanoparticle structures are of 
great practical importance in many applications, includ-
ing surface plasmon resonance and optical hydrogen 
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sensors [19, 20]. Ruffino reported that the absorbance 
of the surface structures in arrays fabricated at various 
periods would clearly show the possibility to tune the 
plasmonic properties by tuning the arrays’ geometrical 
characteristics [17]. The sensing property of the metallic 
nanoparticles owing to their characteristic surface plas-
mon resonance (SPR) is under development [21]. The 
sensing ability of the synthesized nanoparticles was fur-
ther supported by Raman spectroscopy. The synthesized 
nanoparticles were further employed for the sensing of 
pesticide using absorption spectral technique [22]. Thus, 
further research into the effects of laser dewetting on the 
chemical and mechanical properties of thin alloy films is 
required.

The properties of pure Ag and Cu under laser dewet-
ting are well understood [13, 23]. Despite many assorted 
applications of monometallic nanoparticles, the synthe-
sis of bimetallic nanoparticles has also accelerated due 
to the combined properties of the constituent metals. 
For example, the bimetallic nanoparticles have enhanced 
reactivity over their monometallic counterparts in the 
catalysis field [24]. Thus, in seeking to clarify the dewet-
ting mechanism in alloy systems, the present study delib-
erately chooses AgCu alloy as the research target. In 
particular, equimolar AgCu thin films are deposited on 
glass substrates and the morphologies, compositions and 
absorption properties of the films are examined following 
laser dewetting performed with different laser pulse rep-
etition rates, laser powers and scanning speeds.

Methods
Ag50Cu50 films with a thickness of 10 nm were co-sput-
tered from pure Ag and Cu targets on glass substrates 
(Nippon Electric Glass Co., thickness: 7  mm, surface 
roughness: 1.8  nm) using a high-vacuum sputtering 
system with a base pressure of 2 ×  10−6  torr and an Ar 
gas flow rate of 30 sccm. The microstructures of the as-
deposited  Ag50Cu50 films (100 nm) were examined using 
a D8 X-ray Diffractometer (XRD, Bruker D8 Advance) 
with Cu-Kα radiation (λ = 0.1540  nm) and an operating 
voltage and current of 40  kV and 30  mA, respectively. 
The as-deposited films (10 nm) were then dewetted using 
a pulsed near-infrared radiation (NIR) laser system (SPI-
12, UK Fiber Laser) with a wavelength of 1064  nm, a 
pulse duration of 200 ns and a spot size with 40 μm. To 
investigate the effect of different processing conditions on 
the nanoparticle formation in the thin films, the dewet-
ting process was performed using two repetition rates 
(100 and 300 kHz), four pulse powers (2, 6, 8 and 12 W) 
and four scanning speeds (50, 400, 800 and 1200 mm/s). 
In every case, the scan pitch was set as 20 μm. For each 
dewetting process, the pulse energy (E) was calculated as 
[25]:

where PAVG is the average power of the laser and rep is 
the repetition rate. For the processing conditions consid-
ered in the present study, the pulse energy ranged from 
6.7 to 120 μJ.

The optical properties of the dewetted samples were 
analyzed using a UV–vis-IR spectrophotometer (Lambda 
35, PerkinElmer) at wavelengths ranging from 300 to 
1000 nm. The surface morphologies of the dewetted sam-
ples were observed by a Field-Emission Scanning Elec-
tron Microscope (FE-SEM, JSM-7600F). The particle size 
distribution was measured using ImageJ image-process-
ing software (National Institutes of Health, USA) with a 
minimum of 100 particles per sample. Finally, the micro-
structures and element compositions of the as-deposited 
film and nanoparticles were examined using a Field-
Emission Transmission Electron Microscope (FE-TEM, 
Tecnai F20 G2) equipped with Energy Dispersive X-ray 
Spectrometry (EDS). To fabricate the TEM samples, an 
ultra-thin layer of Pt was deposited on the sample sur-
face in order to protect the nanoparticles during milling. 
Then, a Focus Ion Beam system (FIB, Hitachi NX2000) 
was then used to accurately cut and mill the cross-section 
of the chosen dewetted nanoparticles into TEM samples.

Results and Discussions
Figure  1a shows the X-ray diffraction pattern of the as-
deposited  Ag50Cu50 film. The obvious diffraction peak in 
the (111) plane indicates that the film has a crystal struc-
ture. Hsieh [26] also reported that as–deposited  Ag50Cu50 
film only has one diffraction peak. Compared with the 
reference, the similar XRD result could be obtained. It is 
known that Cu can dissolve Ag atoms only up to 4.9 at %, 
while Ag can dissolve up to 14.1 at % Cu. The Ag (111) 
shifts to the right with the increase in Cu content. There-
fore, only one diffraction peak appeared in our result. 
Moreover, the SEM image of the  Ag50Cu50 image shown 
in Fig. 1b shows that film has a smooth and continuous 
appearance. Finally, the EDS mapping results presented 
in Fig.  1c, d confirm the compositional homogeneity of 
the Ag and Cu alloying components.

Figure  2a–h present the morphologies of the pulse-
laser dewetted nanoparticles, the corresponding size 
distribution diagrams, and the absorption spectra of the 
dewetted  Ag50Cu50 films produced using a constant repe-
tition rate and scanning speed of 300 kHz and 400 mm/s, 
respectively, and laser powers of 2, 6, 8 and 12  W. For 
the processing conditions considered in Fig.  2a–h, the 
pulse energy varies from 6.7 to 40  μJ. Moreover, due to 
the high repetition rate, the accumulated energy is rela-
tively low [13]. The size distribution plots show that the 
considered processing parameters result in the formation 

(1)E = PAVG/rep,



Page 3 of 11Lin et al. Nanoscale Res Lett          (2021) 16:110  

Fig. 1 a XRD pattern, b SEM image, and the corresponding composition mapping, c Ag and d Cu, of the as-deposited  Ag50Cu50 film

Fig. 2 a–d Surface morphologies of dewetted nanoparticles induced using constant repetition rate (300 kHz) and scan speed (400 mm/s), but 
different pulse laser powers (2, 6, 8 and 12 W, respectively); e–g corresponding size distributions of nanoparticles; h corresponding absorption 
spectra. i–l Surface morphologies of dewetted nanoparticles induced using constant repetition rate (100 kHz) and scan speed (400 mm/s), but 
different pulse laser powers (2, 6, 8 and 12 W, respectively); m–p corresponding size distributions of nanoparticles; q corresponding absorption 
spectra. All the scale bars are equal to 1 μm
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of nanoparticles with two different sizes, namely larger 
nanoparticles with a size of approximately 200  nm and 
smaller nanoparticles with a size of around 50 nm. Fur-
thermore, the absorption spectra show the presence of 
two obvious peaks at around 500 and 700  nm, respec-
tively. Notably, such a double-peak absorption spectrum 
has never previously been reported in laser dewetting 
studies.

Figure  2i–q present the morphologies, size distribu-
tions and absorption spectra of the  Ag50Cu50 films pro-
cessed using the same scanning speed (400  mm/s) and 
laser powers (2, 6, 8 and 12 W) as those described above, 
but a lower repetition rate of 100 kHz. In this case, the 
pulse energy varies from 20 to 120 μJ and the low repeti-
tion rate results in a relatively high accumulated energy 
[13]. It is noted that the size distributions and absorp-
tion spectra obtained under a higher accumulated energy 
are very different from those obtained under the lower 
energy condition (Fig.  2e–h). In particular, the nano-
particle size has a Gaussian distribution with a mean of 
100 nm for all values of the laser power, while the absorp-
tion spectrum contains only a single peak at a wavelength 

of approximately 550  nm. Figures  3 and 4 show the 
dewetted morphologies of the  Ag50Cu50 surfaces pro-
cessed with different laser powers and scanning speeds 
at repetition rates of 300 kHz and 100 kHz, respectively. 
Comparing the absorption spectra shown in Fig.  2h, q, 
respectively, with those of pure Ag [16] and Cu [13], the 
absorption peaks in the two spectra lie between those of 
pure Ag and Cu. For the spectra shown in Fig. 2h, for a 
low energy accumulation, the absorption peak at around 
500  nm is caused by the larger  Ag80Cu20 nanoparticles, 
while that at the higher wavelength of 700 nm is associ-
ated with the smaller  Ag60Cu40 nanoparticles. (Note that 
the chemical compositions of the various NPs are listed 
in Table  1). In other words, the higher Ag concentra-
tion results in a blue shift of the absorption peak toward 
a smaller wavelength. For the spectra shown in Fig.  2q, 
corresponding to a high energy accumulation, the sin-
gle absorption peak at a wavelength of around 550  nm 
is also associated with nanoparticles with a composition 
of  Ag60Cu40 (see Table  1). According to [27], the shape 
of nanoparticles has a significant effect on the position 
of the absorption peak. For example, the absorption 

Fig. 3 Surface morphologies of dewetted  Ag50Cu50 films processed using same repetition rate (300 kHz), but different scan speeds and powers. All 
the scale bars are equal to 1 μm
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peak of pure Ag nanoparticles with a size of 80  nm is 
located close to 500 nm for a spherical shape, but shifts 
to 650  nm for an oblate particle shape [28]. In consid-
ering the blue shift caused by a reducing particle size 
and the red shift caused by a higher Cu content and the 

shape effect, it can be concluded that the absorption peak 
observed in Fig. 2h at around 700 nm is the result of small 
 Ag60Cu40 rice-shaped nanoparticles with a diameter of 
50 nm. Overall, the results show that the rice shape of the 
smaller  Ag60Cu40 nanoparticles produced in the 300-kHz 
sample prompts a red shift of the absorption peak from 
550 to 700 nm, while the absorption peak caused by the 
larger hemispherical  Ag80Cu20 nanoparticles remains at 
around 500 nm.

A detailed cross-section TEM analysis was performed 
to determine the exact microstructures and element com-
positions of the various nanoparticles formed in the 300-
kHz samples. Figure 5a, b present a bright field image and 
HAADF-STEM image of the large nanoparticles formed 
dewetted structure, respectively. The diffraction pattern 
shown in the inset of Fig. 5a reveals that the nanoparti-
cle has an amorphous structure as a result of the rapid 
cooling rate induced in the dewetting process. A similar 
structure is also observed for the smaller nanoparticle 
produced under the same dewetting conditions (Fig. 5e). 

Fig. 4 Surface morphologies of dewetted  Ag50Cu50 films processed using same repetition rate (100 kHz), but different scan speeds and powers. All 
the scale bars are equal to 1 μm

Table 1 Summed composition results at different analysis points 
in Figs. 5 and 9

Spectrum Ag (at%) Cu (at%)

1 81.1 18.9

2 80.2 19.8

3 81.6 18.4

4 58.7 41.3

5 59.5 40.5

6 58.0 42.0

7 61.0 39.0

8 60.3 39.7

9 61.8 38.2

10 62.0 38.0
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However, comparing the images shown in Fig. 5e, f ) with 
those in Fig. 5a, b, respectively, it is seen that the smaller 
nanoparticles have a rice-like shape, while the larger 
nanoparticles have a hemispherical shape. Observing 
the EDS analysis results presented in Fig. 5c, d, g, h, it is 
found that, irrespective of the nanoparticle size, the Ag 
and Cu elements are evenly distributed throughout the 
nanoparticle structure with no obvious phase separation 
between them. Figures  6 and 7 show the detailed EDS 
mappings of the large and small nanoparticles, respec-
tively. It is seen that both nanoparticles contain small 
quantities of Pt, Si and O. However, broadly speaking, the 
larger nanoparticle has a composition of  Ag80Cu20, while 
the smaller nanoparticle has a composition of  Ag60Cu40 
(see also Table 1).

Comparing the size distributions and chemical com-
positions of the nanoparticles formed in the 300-kHz 
and 100-kHz samples, respectively, it is seen that the 
use of a lower repetition rate (i.e., a higher accumulated 
energy [13]) causes the size distribution to approach 
a Gaussian distribution and the nanoparticles to have 
a consistent  Ag60Cu40 concentration. By contrast, 
for a higher repetition rate (i.e., a lower accumulated 

energy), the nanoparticles have two different sizes 
(50  nm and 200  nm) and two different compositions, 
namely  Ag60Cu40 and  Ag80Cu20, respectively. Interest-
ingly, the composition of  Ag60Cu40 lies at the eutectic 
point in the Ag–Cu binary system [29]. Overall, the 
results suggest that for a higher accumulated energy, 
the diffusion rate of the atoms is enhanced; resulting in 
a more even distribution of the composition elements 
during the dewetting process. Furthermore, it seems 
that the composition adjusts itself along the liquidus 
line and moves toward the eutectic point given the 
occurrence of sufficient diffusion. As a result, the whole 
dewetted surface is covered by  Ag60Cu40 nanoparticles 
with a Gaussian size distribution. Moreover, the weak 
FCC crystalline structure observed in the nanoparticles 
can be attributed to the lower cooling rate associated 
with a higher accumulated energy. For the 300-kHz 
sample, the accumulated energy is reduced, which is 
insufficient to prompt a complete film dewetting. Thus, 
partial film perforation and contraction occurs; result-
ing in the formation of larger nanoparticles together 
with unstable molten metal filaments, which subse-
quently transform into smaller nanoparticles [30]. In 

Fig. 5 TEM analysis results for 6 W–300 kHz–400 mm/s dewetted nanoparticles. a Bright field image of larger nanoparticle and b corresponding 
HAADF-STEM image. EDS mapping results for c Ag and d Cu. e Bright field image of smaller rice-shaped nanoparticle and f corresponding 
HAADF-STEM image. EDS mapping results for g Ag and h Cu
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other words, the larger nanoparticles experience a 
faster cooling rate and hence retain their original size, 
while the molten filaments experience a slower cool-
ing rate and separate into smaller nanoparticles under 
the effects of thermal cooling. Consequently, the final 
dewetted film contains both large nanoparticles with a 
composition of  Ag80Cu20 associated with a faster cool-
ing rate and small nanoparticles with a composition of 
 Ag60Cu40 associated with a lower cooling rate.

According to the literature [31], copper has a lower 
viscosity than silver. Therefore, during the dewetting 
process, the copper atoms diffuse faster and more read-
ily than the silver atoms. A clear evident is the adjacent 
region near nanoparticles shows more Cu but fewer 

Ag as presented in those HAADF-STEM EDS mapping 
results, implying the loss of Cu “in nanoparticles”. As a 
result, a temporary high silver concentration  (Ag80Cu20) 
region is formed within the nanoparticle. Note that the 
role of diffusion (rather than evaporation) in prompting 
a loss of Cu within the nanoparticles is supported by the 
relatively higher boiling temperature of Cu (2562 °C) than 
Ag (2162 °C), which suggests that the Cu loss is unlikely 
to be the result of evaporation. Nonetheless, despite the 
generally low diffusion rate, some regions of the dewet-
ted film still experience sufficient diffusion, and thus 
small rice-shaped nanoparticles with a composition of 
 Ag60Cu40 are formed.

Fig. 6 a HAADF STEM image of large 6 W–300 kHz–400 mm/s dewetted nanoparticle and b–f corresponding EDS mapping results. (Note that the 
nanoparticle has a composition of  Ag80Cu20.)
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Figure 8 shows the cross-section TEM analysis results 
for the nanoparticles in the 100-kHz sample. The bright 
field image presented in Fig.  8a shows that the nano-
particles also have a hemispherical shape. However, the 
diffraction pattern in Fig.  8b shows that they have an 
FCC structure. Nonetheless, most of the regions in the 
nanoparticle have an amorphous microstructure. As 
described above, this can be attributed to the rapid cool-
ing rate during the dewetting process. However, the cool-
ing rate for the film processed with a repetition rate of 
100 kHz is lower than that for the film processed with a 
repetition rate of 300  kHz, and hence the nanoparticles 
have a weak crystalline structure, as evidenced by a com-
parison of the diffraction pattern in Fig. 8b with that in 
the inset of Fig.  5a. Nonetheless, the convergent beam 
diffraction image shown in Fig. 8d confirms that the nan-
oparticles in the 100-kHz sample have an FCC structure. 
The HAADF-STEM image (Fig.  9a) and corresponding 

EDS mapping results (Fig. 9b–f) show that the Ag and Cu 
elements are uniformly distributed throughout the hemi-
spherical nanoparticles without any significant phase 
separation. Moreover, the composition of the nanoparti-
cles is approximately  Ag60Cu40, as shown in Table 1.

It is theoretically possible that the two absorption 
peaks in the spectra of the 300-kHz samples are the result 
of both dipole and quadrupole plasmon resonance, as 
reported previously in the literature for large nanopar-
ticles with a size of 140  nm [28]. Thus, Fig.  10 presents 
a wider examination (300–1000  nm) of the absorption 
spectra in the 300-kHz and 100-kHz samples. It is noted 
that the absorption peak characteristic of Ag quadru-
pole plasmon resonance at 300–400 nm is absent in both 
spectra. Since the nanoparticles in both samples are suf-
ficiently large to support quadrupole plasmon resonance 
[32], the absence of such a peak implies that the double 
peak absorption spectrum observed for the 300-kHz 

Fig. 7 a HAADF STEM image of small 6 W–300 kHz–400 mm/s dewetted nanoparticle and b–f corresponding EDS mapping results. (Note that the 
nanoparticle has a composition of  Ag60Cu40.)
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samples is the result of size distribution, nanoparticle 
shape and nanoparticle composition effects rather than 
quadrupole plasmon resonance.

Conclusions
This study has investigated the effect of the accumulated 
energy induced by different repetition rates on the dewet-
ted morphologies of  Ag50Cu50 thin films. The results have 
shown that given the use of a lower repetition rate, the 
diffusion rate of the atoms during the dewetting pro-
cess increases. The resulting nanoparticles have an even 
composition distribution of  Ag60Cu40, a mean diameter 
of 100 nm and a peak absorbance wavelength of 550 nm. 

By contrast, for a higher repetition rate, the diffusion rate 
of the atoms is suppressed. Thus, the dewetted structure 
contains two different types of nanoparticles, namely 
large hemispherical nanoparticles with a composition 
of  Ag80Cu20 and small rice-shaped nanoparticles with a 
composition of  Ag60Cu40. The corresponding absorption 
spectrum contains two peaks at wavelengths of 500 nm 
and 700  nm, respectively. It is thus speculated that a 
higher concentration of Ag in the nanoparticles results in 
a blue shift of the peak in the absorption spectrum, while 
a rice shape of the nanoparticles causes a red shift of the 
peak in the absorption spectrum.

Fig. 8 a Bright field image and corresponding b diffraction pattern and c dark field image of 6 W–100 kHz–400 mm/s dewetted nanoparticle. d 
Convergent beam diffraction pattern showing FCC structure
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LSPR: Localized surface plasmon resonance; XRD: X-ray diffraction; NIR: Near-
infrared radiation; FE-SEM: Field-emission scanning electron microscope; FE-
TEM: Field-emission transmission electron microscope; EDS: Energy dispersive 
x-ray spectrometry; FIB: Focus ion beam; FCC: Face centered cubic.
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