
1

Vol.:(0123456789)

Scientific Reports |        (2023) 13:10107  | https://doi.org/10.1038/s41598-023-37343-2

www.nature.com/scientificreports

Transformation of bimetallic Ag–Cu 
thin films into plasmonically active 
composite nanostructures
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Formation of plasmonically active silver, copper and composite silver-copper nanostructures were 
studied in this paper. Metallic nanostructures were fabricated by thermal disintegration, so called 
dewetting, of the thin films in an argon atmosphere. The formation process of the nanostructures 
was in-situ observed by a novel method, based on resistance measurements. The influence of the 
material and thickness of the initial thin film on temperature of their disintegration was investigated. 
Electrical measurements were validated by scanning electron microscopy observations, while 
metallic the behavior of nanostructures was studied by XPS method. The formation of silver-copper 
nanocomposite structures was confirmed by UV–vis spectroscopy. Plasmon resonance with two 
characteristic peaks for nanocomposite structures was observed.

Noble metals nanostructures are widely used in plasmonic applications. However, their fixed optical proper-
ties, such as the position of plasmon resonance or the extinction coefficient of monometallic nanostructures, 
currently limit their use in photonic devices. To achieve plasmonic structures with tuneable optical response, 
nanoalloyed and nanocomposited structures can be considered1–4. For metallic nanostructures, the extinction 
coefficient, as well as the plasmon resonance wavelength, depends on the dielectric properties of the environ-
ment around nanostructures, the dielectric function of material of nanostructures and their shape and size. For 
the spherical nanostructures, plasmonic behaviour can be described by the dipolar approximation of the Mie 
law, given by Garcia5:

where σ is the extinction (the sum of optical absorption and scattering), R is the radius of nanostructures, εe 
is the dielectric constant of the environment, ε1 + iε2 is the complex dielectric function of metal and λ is the 
resonance wavelength5.

Ignoring the effects of environment (εe) and size (R), the optical properties of metallic nanostructures are 
mainly determined by its free electrons and bound electrons. In alloyed nanostructures atoms create a new 
structure due to the mixing of free electrons and energy level hybridization6. It results in the appearance of new 
optical properties. Changes in electronic structure influence the variation of dielectric function. Possibility to 
modulate the dielectric function (ε = ε1 + iε2) in alloyed nanostructures would allow to control the plasmonic 
response of nanostructures. It opens a new possibilities for fabricating a optoelectronic devices with unique 
properties, like for example, metamaterials for tuneable absorbers and optical filers, high-performance detectors 
or high efficiency solar cells3,7–9. Another fascinating area of applications for nanoalloyed and nanocomposite 
structures could be photocatalysis10–12. Also in plasmonic applications, nanoalloys and nanocomposites may 
spark an interests. While the alloyed nanostructures have a different dielectric function from the metals used 
to create them, nanocomposites conserve the dielectic function of base materials13. Nanocomposites could 
be considered as a quite small grains creating bigger nanostructure or as a core–shell structures. The plas-
mon response of bimetallic nanocomposites and its dependence on the grain or the unit size are still a subject 
of intensive scientific research13–16. Among various techniques, the thermal evolution of bimetallic thin films 
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seems to be one of the most promising method for nanocomposites production. It has been recently studied 
and is well known, that thermal annealing results in thin-film transformation into droplets or islands17–20. The 
transformation mechanism is driven by thermally accelerated diffusion that leads to the minimalization of 
surface energy in the system21–24. However, there is no clearly explained, step by step, mechanism for this pro-
cess, as well as no common terminology for it. This phenomenon can be named as an agglomeration25,26, thin 
film disintegration27, rupture28, self-organisation29, dewetting7,30,31 or melting32. There is no even consensus on 
whether thin film transformation into droplets occurs in the liquid or solid phase17,32,33. In Fig. 1 theoretically 
calculated and experimentally measured melting temperatures of the thin film in a function of thickness for Ag 
and Cu are compared. To determine the melting temperature, Qi proposed a model based on size-dependent 
cohesive energy34, while Gromov and Kitsyuk presented both, theoretical and experimental results25,32. One can 
see a strong correlation between layer thickness and melting point. In particular, it may be note that the nature 
of the curve is similar35,36. Theoretically calculated values are higher, than experimental, probably due to not 
taking all factors into account in models. Additionally on experimental results influence of substrate material is 
visible, due to various surface tensions.

Based on our previous experiments with gold, silver and bimetallic Au–Ag nanostructures, we can explain 
the formation of metallic islands from thin films as a nucleation of voids in the film’s surface. Holes appear in 
the grain boundaries, most likely at the triple junctions of boundaries. It can be explained as a surface melting or 
premelting in a region with a lower film thickness37–39. Voids expand and the material diffuse and create a raised 
ridge. These ridges transform into isolated islands. As a result of the melting of the nanoislands at temperatures 
well below melting point of the bulk body, nanostructures evolved into spherical droplets2,7,31,40,41. Moreover, the 
process can be more complicated for multimetallic films, when eutectics must be taken into account. It could 
play a key role especially in nanodimensional systems, when the eutectic temperature drastically decreases, as 
well as the eutectic composition changes, with size reduction42–45.

In this work we present the results of our study of the transformation of silver, copper and bimetallic, silver-
copper thin films into nanoislands. Due to the high segregation factor, in contrast to e.g. gold-silver systems, cop-
per and silver forms not nanoalloys, but nanocomposites46–48. We proposed a novel method, based on electrical 
measurements, for in situ observations of disintegration of the thin films. It could be described as the breaking 
of electrical conductivity of a metallic film. The method was validated by scanning electron microscopy, while 
the plasmon resonance of manufactured nanostructures, was controlled by UV–Vis optical spectroscopy.

Experimental.  Thin films were deposited on a both type substrates: silicon (111) for SEM and XPS observa-
tions and Corning 1737 glass for electrical and optical measurements. Substrates were cleaned with acetylac-
etone and then rinsed in isopropyl alcohol. For electrical measurements, four strip gold electrodes, with a width 
of 0.8 mm and a thickness of 200 nm were evaporated on glass substrates. The distance between electrodes was 
1 mm. Thin silver, copper and bimetallic Ag–Cu films with a various thickness were sputtered with the use of a 
table-top dc magnetron sputtering coater (EM SCD 500, Leica) in the pure Ar plasma state (Argon, Air products 
99.99%), at room temperature. The Cu and Ag targets had 99.99% purity. The sputtering process was carried out 
with an incident power in the range of 12–15 W, which provided a film deposition rate of approximately 0.1 nm 
per second for Cu, and ca. 0.2 nm per second for Ag. The magnetron coater was equipped with a quartz crystal 
microbalance, which provided in-situ film thickness measurements. For experiments, pure silver and copper 
films with a thickness in a range of 2–20 nm were selected. Additionally bilayer structures with thickness ratio 
of 50% silver and 50% copper (Ag–Cu samples) were produced for tests. As a bottom layer copper was deposited 
and silver film was sputtered as a top layer. In order to form plasmonic nanostructures, as prepared films of vary-
ing thicknesses were subsequently put to the hot furnace. Samples were annealed at various temperatures for 
15 min in an ambient argon gas atmosphere (Argon, Air products 99.99%).

Figure 1.   Melting temperature of copper and silver thin films in a function of their thickness. Data of 
theoretical calculations and experimental results from Refs.25,32,34.
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In order to analyse the formation of nanostructures from thin films, electrical measurements were performed. 
Electrical resistance of the mono- and bilayers was measured by the conventional four-point method by the 
Keysight 3490A multimeter. In place of evaporated electrodes, wires were connected to films with silver paste. 
The measurements were performed at a temperature range of up to 900 K, controlled with a thermocouple type 
K placed in direct vicinity of the sample, with a heating rate of 5 K per minute in a pure argon atmosphere. Data 
was collected with a rate of 1 s.

To observe the morphology and evolution of the thin films, SEM images were collected by FEI Quanta FEG 
250 scanning electron microscope. The microscope was operated at 10 kV. Additionally the energy dispersive 
X-ray spectrometer (EDS) for elemental analysis of nanoislands was used.

The chemical composition of samples was confirmed by the X-ray photoelectron spectroscopy (XPS) method. 
Measurements were carried out with an X-ray photoelectron hemispherical spectrometer (Argus Omicron Nano-
Technology) with a Mg-Kα source of X-ray and anode operated at 15 keV, 300W. XPS measurements were 
conducted under an ultra-high vacuum at room temperature, with pressure below 1.1 × 10–8 mbar. Results were 
calibrated to C1s line and analysed by Casa XPS software package.

Plasmonic properties of UV–Vis spectra were recorded with a Thermo Fisher Scientific Evolution 220 double 
beam spectrophotometer in the transmittance mode in the range of 200 nm–1000 nm.

Results
Disintegration of the metallic or bimetallic thin films was observed by a nonconventional approach—by measure-
ments of the electrical resistance. Drastically increasing of resistance of the film during its heating is associated 
with breaking electrical continuity. That phenomenon was observed for example by Wójcik et al. during imped-
ance spectroscopy measurements49. In Fig. 2a results of resistance measurements in a function of temperature 
for selected metallic samples are presented. One can see a sharp increase of resistance and a strong correlation 
between the temperature of breaking of electrical continuity and thickness of films. In Fig. 2b resistance charac-
teristic for Ag–Cu bilayer, with a total thickness of 10 nm is presented. Overall characteristic is similar to recorded 
for monolayers (Fig. 2a). On the other hand, close to breaking temperature characteristics for monolayer and 
bilayers are slightly different (see enlargements in Fig. 2a and b). For pure silver film the resistance increases 
steadily, while for bilayer two regions with a various slope can be observed. It is evidence for breaking continuity 
not at the same time for Ag and Cu layer. It can be assumed that for a 10 nm bilayer film, as a first, silver layer 
disintegrate, at temperature ca. 20 K lower, than copper layer. The melting point of silver is lower than for copper, 
which could be the reason for the faster disintegration of Ag film. Additionally, a top layer is more sensitive to 
premelting. Results of electrical measurements are compared in Fig. 2c, where onset points of sharp resistance 
increasing are collected. The obtained characteristics are in line with the theory and experiments done by others 
(Fig. 1). Lower breaking temperature for bilayers could be explained by uneven disintegration of top and bottom 
layers which could be considered as a almost separate films.

In Fig. 3 an example SEM image of the as-deposited, 8 nm thick silver film is presented. As can be seen, a grain 
structure of the film is well visible, due to Stransky–Krastanov model of layer growth. That mixed, island-layer is 
characteristic for magnetron sputtered metallic films. Moreover, in Fig. 4 selected SEM images of nanostructures 
formed during annealing at different temperatures for 15 min of 8-nm silver and copper thin films and silver-
copper bilayers are presented. One can see, that the process of forming nanostructures begins with ruptures in 
the layer, on the grain junctions. Then, voids are growing and initially irregular-shaped structures are formed. 
Finally, with the temperature increasing, separated metallic nanostructures are formed. The process looks similar 
for both metals, but the temperature at which the nanostructures form is different due to higher melting point of 
copper than silver. The influence of the initial metallic or bimetallic film thickness on the temperature of forma-
tion of nanostructures is shown in Fig. 5. The temperature of nanostructure formation was determined on the 
basis of SEM images. It was assumed that it is the temperature at which isolated islands are already completely 
formed, as is shown for example in Fig. 3 at 700 K for silver. The nature of characteristic presented in Fig. 5 is 

Figure 2.   (a) Temperature dependence of resistance for Ag thin films with thickness of 5 nm, 10 nm and 
20 nm; (b) Temperature dependence of resistance for Ag–Cu thin film with a thickness of 10 nm; (c) Thickness 
dependence of the breaking of the electrical continuity for Ag, Cu and Ag–Cu thin films.
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similar to characteristic prepared on the basis of electrical measurements, and presented in Fig. 2c. However 
temperatures determined from SEM observations seems to be higher, than from electrical measurements. This 
could be explained by difference in observation method. Isolated islands are formed at higher temperatures, than 
electrical continuity is broken. Additionally, a detailed elementary analysis were performed for nanostructures 
formed from Ag–Cu bilayers. On SEM images of the well-formed, bimetallic nanostructures with size from ca. 
50 nm up to 100 nm, two regions can be distinguished. Bigger, elongated shape corresponding to copper and 

Figure 3.   SEM image of the as-deposited silver film, with thickness of 8 nm.

Figure 4.   SEM images of the 8 nm Ag, Cu and Ag–Cu films at various temperature in a range of 500 K–800 K 
for 15 min.

Figure 5.   The influence of film thickness on the temperature of formation of Ag, Cu and Ag–Cu 
nanostructures. The temperature of nanostructure formation was determined on the basis of SEM images.
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round spots consist silver, due to better substrate wetting by Cu than Ag. EDS point measurements confirmed 
a perfect separation of silver and copper in nanostructures (Fig. 6). Nanocomposites formation, due to high 
separation factor of Ag and Cu46 is a different result, than the creation of Au–Ag nanoalloys, as presented in our 
previous work2.

XPS analysis conformed the metallic behaviour of manufactured structures. In Fig. 7 an example spectra for 
nanostructures formed in a result of thermal annealing at 800 K of bilayer with a total thickness of 8 nm (4 nm 
Cu and 4 nm Ag) are presented. The high resolution Cu2p spectrum consists of two peaks: 2p3/2 and 2p1/2 at 
932.5 eV and 952.3 eV. The splitting energy of 19.8 eV and very weak satellite peaks between two main maxims 
is characteristic for metallic copper50,51. Silver 3d5/2 and 3d3/2 photoelectron peaks could be observed at 368.1 eV 
and 374.1 eV respectively. Separation distance of 6 eV between two components is characteristic for silver in 
metallic form52,53. Additionally, to confirm metallic state of silver, the Auger parameter (α) has been calculated 
according to the formula:

where BE is the binding energy of Ag3d5/2 peak and KE is the kinetic energy of Ag M4N45N45) peak52,54,55. The 
calculated parameter is 726 eV, what perfectly match to metallic silver55,56.

Plasmonic activity of manufactured nanostructures was measured by UV–vis spectroscopy method. As can 
be seen in Fig. 8 position of resonance for silver and copper based nanostructures is different, as well as, the 
intensity of resonance is various. It corresponds to results obtained by others5,57–60. Especially the multipolar 
resonance mode can be observed for silver nanostructures, due to its relatively large size40. Extinction coefficient 
of copper nanostructures is lower than for silver, what result in lower intensity of recorded resonance for Cu based 
nanomaterials5. The spectrum recorded for bimetallic nanostructures is an ideal composition of two spectra for 
Ag and Cu. Presence of two resonance minims, characteristic for silver and copper, indicates a nanocomposite, 
not a naoalloyed structure of islands13,60.

(2)α = BE + KE,

Figure 6.   Results of the EDS analysis in a selected two regions of nanostructures obtained by annealing of the 
8 nm Ag–Cu bilayer at 800 K.

Figure 7.   High resolution XPS spectra for Cu2p, Ag3d and AgMNN regions, recorded for nanostructures 
manufactured from Ag–Cu bilayers with total thickness of 8 nm, annealed at 800 K for 15 min.
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Conclusions
Silver, copper and bimetallic silver-copper thin films were deposited by the magnetron sputtering method. 
The thermal instability of deposited layers was observed by a novel approach, based on electrical resistance 
measurements. It was compared the disintegration of monometallic film with that of bimetallic. It was found 
that bimetallic films disintegrate at a lower temperature, in comparison to silver or copper films with the same 
thickness. In the case of bilayers, the top (silver) and bottom (copper) layers dewetted at different times. As a 
result of thermal annealing of bimetallic layers, nanocomposite structures appeared. Formation was illustrated 
by the SEM images and metallic behaviour of nanostructures was affirmed by the XPS method. Additionally, 
the creation of composite nanostructures was confirmed by the optical method. The spectrum recorded for 
Ag–Cu nanostructures is an ideal composition of two spectra for Ag and Cu. Two resonance minima indicate 
the nanocomposite nature of nanostructures.

Our studies have shown that thermal disintegration of the metallic films can be observed by electrical method. 
Moreover, we have shown, that Ag–Cu thin films can be used to produce an composites structures with two 
plasmon resonance peaks.

Data availability
The datasets generated and/or analysed during the current study are available in the Transformation of bimetallic 
Ag–Cu thin films into plasmonically active composite nanostructures, https://​doi.​org/​10.​17605/​OSF.​IO/​SY43F.

Received: 12 May 2023; Accepted: 20 June 2023

References
	 1.	 Guisbiers, G. et al. Goldld copper nano-alloy, “Tumbaga”, in the era of nano: Phase diagram and segregation. Nano Lett. 14, 

6718–6726 (2014).
	 2.	 Kozioł, R. et al. Experimental tuning of AuAg nanoalloy plasmon resonances assisted by machine learning method. Appl. Surf. 

Sci. 567, 150802 (2021).
	 3.	 Gong, C. & Leite, M. S. Noble metal alloys for plasmonics. ACS Photonics 3(4), 507–513 (2016).
	 4.	 Guisbiers, G. et al. Electrum, the gold-silver alloy, from the bulk scale to the nanoscale: Synthesis properties, and segregation rules. 

ACS Nano 10(1), 188–198 (2016).
	 5.	 Garcia, M. A. Surface plasmons in metallic nanoparticles: Fundamentals and applications. J. Phys. D Appl. Phys. 44, 28300 (2011).
	 6.	 Ma, H., Liu, X., Gao, C. & Yin, Y. The calculated dielectric function and optical properties of bimetallic alloy nanoparticles. J. Phys. 

Chem. C 124(4), 2721–2727 (2020).
	 7.	 Łapiński, M. et al. Thermal dewetting as a method of surface modification of the gold thin films for surface plasmon resonance 

based sensor applications. Mater. Today Commun. 32, 104066 (2022).
	 8.	 Saravanan, S., Kato, R., Balamurugan, M., Kaushik, S. & Soga, T. Efficiency improvement in dye sensitized solar cells by the plas-

monic effect of green synthesized silver nanoparticles. J. Sci. Adv. Mater. Devices 2, 418–424 (2017).
	 9.	 Hylton, N. P. et al. Loss mitigation in plasmonic solar cells: aluminium nanoparticles for broadband photocurrent enhancements 

in GaAs photodiodes. Sci. Rep. 3, 2874 (2013).
	10.	 Manchala, S., Nagappagari, L. R., Venkatakrishnan, S. M. & Shanker, V. Solar-light harvesting bimetallic Ag/Au decorated graphene 

plasmonic system with efficient photoelectrochemical performance for the enhanced water redution process. ACS Appl. Nano. 
Mater. 2, 4782–4792 (2019).

	11.	 Zhang, S. et al. Plasmonic AuPd-based Mott-Shottky photocatalyst for synergistically enhanced hydrogen evolution from formic 
acid and aldehyde. App. Catal. B Environ. 252, 24–32 (2019).

Figure 8.   Transmittance spectra silver, copper and bimetallic silver coper nanostructures obtained during 
annealing of 8 nm thin films at 800 K for 15 min.

https://doi.org/10.17605/OSF.IO/SY43F


7

Vol.:(0123456789)

Scientific Reports |        (2023) 13:10107  | https://doi.org/10.1038/s41598-023-37343-2

www.nature.com/scientificreports/

	12.	 Li, J., Lou, Z. & Li, B. Nanostructured materials with localized surface plasmon resonance for photocatalysis. Chin. Chem. Lett. 
33, 1154–1168 (2022).

	13.	 Chung, T. et al. Au/Ag bimetallic nanocomposites as a highly sensitive plasmonic material. Plasmonics 14, 407–413 (2019).
	14.	 Oh, Y., Lee, J. & Lee, M. Fabrication of Ag-Au bimetallic nanoparticles by laser-induced dewetting of bilayer films. Appl. Surf. Sci. 

434, 1293–1299 (2018).
	15.	 Borah, R. & Verbruggen, S. W. Silver-gold (Au-Ag) bimetallic nanoparticles: Alloy nanoparticles versus core-shell nanoparticles 

(implications for plasmonic enhancement and photothermal applications). J. Phys. Chem. C 124(22), 12081–12094 (2020).
	16.	 Njoki, P. N., Roots, M. E. D. & Maye, M. M. The surface composition of Au/Ag core/alloy nanoparticles influences the methanol 

oxidation reaction. ACS Appl. Nano Mater. 1(10), 5640–5645 (2018).
	17.	 Giermann, L. & Thompson, C. V. Solid-state dewetting for ordered arrays of crystallographically oriented metal particles. Appl. 

Phys. Lett. 86, 121903 (2005).
	18.	 Wang, D. & Shaaf, P. Thermal dewetting of thin Au films deposited onto line-patterned substrates. J. Mater. Sci. 47, 1605–1608 

(2012).
	19.	 Ruffino, F. & Grimaldi, M. G. Self-organized patterned arrays of Au and Ag nanoparticles by thickness-dependent dewetting of 

template-confined films. J. Mater. Sci. 49, 5714–5729 (2014).
	20.	 Preston, A. S., Hughes, R. A., Demille, T. B., Rey Davila, V. M. & Neretina, S. Dewetted nanostructures of gold, silver, copper and 

palladium with enhanced faceting. Acta Mater. 165, 15–25 (2019).
	21.	 Toliopoulos, D. et al. Solid-state dewetting dynamics of amorphous Ge thin films on silicon dioxide substrates. Nanomaterials 

(Basel) 10(12), 2542 (2020).
	22.	 Wakayama, Y., Tagami, T. & Tanaka, S. I. Three-dimensional islands of Si and Ge formed on SiO2 through crystallization and 

agglomeration from amorphous thin films. Thin Solid Films 350, 300 (1990).
	23.	 Cheynis, F., Leroy, F. & Müller, P. Dynamics and instability of solid-state dewetting. C. R. Phys. 14, 578 (2013).
	24.	 Thompson, C. V. Solid-state dewetting of thin films. Annu. Rev. Mater. Res. 42, 399–434 (2012).
	25.	 Gromov, D. G. & Gavrilov, S. A. Heterogeneous melting in low-dimensional systems and accompanying surface effects. In Ther-

modynamics—Physical Chemistry of Aqueous Systems (ed. Pirajn, J. C. M.) (InTech, 2011). https://​doi.​org/​10.​5772/​21429.
	26.	 Potejanasak, P. & Duangchan, S. Gold nanoisland agglomeration upon the substrate assisted chemical etching based on thermal 

annealing process. Crystals 10, 533 (2020).
	27.	 Gromov, D. G. et al. Non-monotonic dependence of temperature of Au nanometer films dissociation into droplets on their thick-

ness on Al2O3 surface. Appl. Phys. A 99, 67–71 (2010).
	28.	 Durán-Olivencia, M. A. et al. Instability, rupture and fluctuations in thin liquid films: Theory and computations. J. Stat. Phys. 174, 

579–604 (2019).
	29.	 Mukherjee, R. & Sharma, A. Instability, self-organization and pattern formation in thin soft films. Soft Matter 11, 8717–8740 

(2015).
	30.	 Sanders, C. E., Zhang, C., Kellogg, G. L. K. & Shih, C.-K. Role of thermal processes in dewetting of epitaxial Ag(111) film on 

Si(111). Surf. Sci. 630, 168–173 (2014).
	31.	 Gapska, A. et al. Au–Si plasmonic platforms: Synthesis, structure and FDTD simulations. Beilstein J. Nanotechnol. 9, 2599–2608 

(2018).
	32.	 Kitsyuk, E. P. Specifics of low-temperature melting and disintegration into drops of silver thin films. Prot. Met. Phys. Chem. Surf. 

48, 304–309 (2012).
	33.	 Trice, J., Thomas, D., Favazza, C., Sureshkumar, R. & Kalyanaraman, R. Pulsed-laser-induced dewetting in nanoscopic metal films: 

Theory and experiments. Phys. Rev. B. 75, 235439 (2007).
	34.	 Qi, W. H. Size effect on melting temperature of nanosolids. Phys. B 368, 46–50 (2005).
	35.	 Fedorov, A. V. & Shulgin, A. V. Mathematical modeling of melting of nano-sized metal particles. Combust. Explos. Shock Waves 

47, 147–152 (2011).
	36.	 Font, F. & Myers, T. G. Spherically symmetric nanoparticle melting with a variable phase change temperature. J. Nanopart. Res. 

15, 2086 (2013).
	37.	 Ewing, G. E. Thin film water. J. Phys. Chem. B 108(41), 15953–15961 (2004).
	38.	 Dai, C. et al. A test of a phenomenological model of size dependent melting in Au nanoparticles. Acta Mater. 136, 11–20 (2017).
	39.	 Chen, J. et al. Heating-rate and particle-size effects on melting process of Au nanoparticles. J. Phys. Chem. C 124, 7414–7420 (2020).
	40.	 Kozioł, R. et al. Evolution of Ag nanostructures created from thin films: UV–vis absorption and its theoretical predictions. Beilstein 

J. Nanotechnol. 11, 494–507 (2020).
	41.	 Łapiński, M. et al. Substrate dependence in the formation of Au nanoislands for plasmonic platform application. Plasmonics 15, 

101–107 (2020).
	42.	 Chu, M. Z. et al. Melting and phase diagram of Au-Cu alloy at nanoscale. J. Alloy. Comp. 891, 162029 (2022).
	43.	 Chu, M. Z. et al. Thermodynamic reassessment of the Ag–Cu phase diagram at nano-scale. Calphad 72, 102233 (2021).
	44.	 Gladkikh, N. T., Bogatyrenko, S. I., Kryshtal, A. P. & Anton, R. Melting point lowering of thin metal films (Me = In, Sn, Bi, Pb) in 

Al/Me/Al film system. Appl. Surf. Sci. 219(3–4), 338–346 (2003).
	45.	 Amin Jabbareh, M. & Monji, F. Thermodynamic modeling of Ag–Cu nanoalloy phase diagram. Calphad 60, 208–213 (2018).
	46.	 Martirosyan, M. V., Nersisyan, R. S. & Presnyakov, A. A. Effect of segregation on the properties of a copper-silver alloy. Met. Sci. 

Heat Treat. 23, 735–737 (1981).
	47.	 Zhevnenko, S. N., Vaganov, D. V. & Podgornyi, D. A. Direct method for determining the segregation in silver-copper solid solu-

tions not prone to brittle breakage of grain boundaries. J. Surf. Investig. 5, 683–686 (2011).
	48.	 Guisbiers, G., Mendoza-Cruz, R. & Bazán-Díaz, L. Electrum, the gold-silver alloy, from the bulk scale to the nanoscale: Synthesis, 

properties, and segregation rules. ACS Nano 10, 188–198. https://​doi.​org/​10.​1021/​acsna​no.​5b057​55 (2016).
	49.	 Wójcik, N. A. & Barczyński, R. J. The influence of thin gold electrodes on the high-temperature impedance of oxide glasses. Coat-

ings 12, 784 (2022).
	50.	 Sivkov, D. V. et al. The identification of Cu–O–C bond in Cu/MWCNTs hybrid nanocomposite by XPS and NEXAFS spectroscopy. 

Nanomaterials 11, 2993 (2021).
	51.	 Jiang, J. et al. Self-supported sheets-on-wire CuO@Ni(OH)2/Zn(OH)2 nanoarrays for high-performance flexible quasi-solid-state 

supercapacitor. Processes 9, 680 (2021).
	52.	 Ramstedt, M. & Franklyn, P. Difficulties in determining valence for Ag0 nanoparticles using XPS—Characterization of nanopar-

ticles inside poly (3-sulphopropyl methacrylate) brushes. Surf. Interface Anal. 42, 855–858 (2010).
	53.	 Lewandowski, T. et al. Structural and luminescent study of TeO2-BaO-Bi2O3-Ag glass system doped with Eu3+ and Dy3+ for 

possible color-tunable phosphor application. Opt. Matr. 79, 390–396 (2018).
	54.	 Kaushik, V. K. XPS core level spectra and Auger parameters for some silver compounds. J. Electron Spectrosc. Relat. Phenom. 56, 

273–277 (1991).
	55.	 Wagner, C. D., Wm, R., Davis, L. E., Moulder, J. F. & Muilenberg, G. E. Handbook of X-Ray Photoelectron Spectroscopy, Perkin-Elmer 

Corporation (Physical Electronics Division, 1979).
	56.	 Lewandowski, T. et al. Heat treatment effect on Eu3+ doped TeO2-BaO-Bi2O3 glass systems with Ag nanoparticles. J. Nanomater. 

https://​doi.​org/​10.​1155/​2017/​50753​26 (2017).

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

https://doi.org/10.5772/21429
https://doi.org/10.1021/acsnano.5b05755
https://doi.org/10.1155/2017/5075326
http://mostwiedzy.pl


8

Vol:.(1234567890)

Scientific Reports |        (2023) 13:10107  | https://doi.org/10.1038/s41598-023-37343-2

www.nature.com/scientificreports/

	57.	 Oh, H., Pyatenko, A. & Lee, M. Laser dewetting behaviors of Ag and Au thin films on glass and Si substrates: Experiments and 
theoretical considerations. Appl. Surf. Sci. 475, 740–747 (2019).

	58.	 Bhui, D. K. et al. Synthesis and UV–vis spectroscopic study of silver nanoparticles in aqueous SDS solution. J. Mol. Liq. 145, 33–37 
(2009).

	59.	 Peiris, S., McMurtriea, J. & Zhu, H. Y. Metal nanoparticle photocatalysts: Emerging processes for green organic synthesis. Catal. 
Sci. Technol. 6, 320–338 (2016).

	60.	 Siripraparat, A., Ponchai, J., Kanjanaboos, P. & Pakawatpanurut, P. Efficiency enhancement of perovskite solar cells by using Ag- or 
Ag-Cu composite-doped surface passivation of the electron transport layer. Appl. Surf. Sci. 562, 150147 (2021).

Acknowledgements
Financial support of these studies from Gdańsk University of Technology by the DEC- 11/1/2022/IDUB/I3b/Ag 
grant under the ARGENTUM—‘Excellence Initiative—Research University’ program is gratefully acknowledged.

Author contributions
M.Ł.: Conceptualization, Supervision, Writing—Original Draft, Visualization, Investigation, Writing—review 
and editing. R.K.: Investigation. W.S.: Investigation. P.W.: Investigation. R.M.Y.E.: Investigation. W.S.: Writing—
review and editing. B.K.: Writing—review and editing, Investigation.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.Ł.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Transformation of bimetallic Ag–Cu thin films into plasmonically active composite nanostructures
	Experimental. 
	Results
	Conclusions
	References
	Acknowledgements


