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Abstract
Nanoparticles of high purity can be produced from a variety of materials by pulsed laser ablation of solids in liquid. Com-
posite nanoparticles are of great importance in various applications such as catalysis or biomedicine and the process of their 
formation is still a subject of intense research. In this work, gold/silver composite nanoparticles were synthesized in aqueous 
media by ns pulsed laser ablation of gold–silver multilayer targets with different absolute layer thicknesses and layer thick-
ness ratios. The generated nanoparticles showed a log-normal distribution of sizes, with average diameter in the 20–40 nm 
range and standard deviation of 9–30 nm. By comparing the UV–VIS absorbance spectra of the nanoparticle colloids with 
two theoretical calculations (based on the Mie and the BEM model), it was found that there is a direct correlation between 
the average Au and Ag content of the nanoparticles and the composition of the films on the substrate. Assuming thermal 
ablation, our model calculations showed that there is a maximum thickness of the top layer up to which both layers can be 
ablated simultaneously and alloy nanoparticles can be produced.

1  Introduction

Over the past decades, the versatility and unique chemical, 
electrical, magnetic, and optical properties of nanoparticles 
(NPs) with different compositions have led to their rapidly 
growing range of applications. They are used, for example 
in drug delivery [1, 2], bioimaging [3], cancer diagnosis and 
therapy [4, 5], solar cells and collectors [6, 7], electrochemi-
cal energy storage [8] and generation [9, 10], biosensors 
[11, 12], chemical sensors [13, 14], and surface-enhanced 
Raman-spectroscopy (SERS) [15–17]. The diversity of 
applications and needs continues to encourage research to 
develop new nanoparticle production methods.

There is a particular interest in multi-element NPs with 
unique and controllable properties. Alloy nanoparticles offer 

the possibility to tune functional properties (e.g., local sur-
face plasmon resonance and/or adsorption energies) for sens-
ing or catalytic applications [18, 19].There are three basic 
ways to synthesize alloy NPs [20]. Chemical methods use 
(electro)chemical reduction [21, 22], chemical precipitation 
[23], hydrothermal synthesis [23, 24], etc. in the produc-
tion process. The main drawbacks of chemical methods are 
the presence of impurities, the use of hazardous chemicals 
[25, 26] and the complexity of the synthetic processes [27, 
28]. NPs can also be produced using a biological approach. 
Microorganisms-like bacteria, yeasts, fungi, and viruses 
[29], or plants [30] or even agricultural and industrial waste 
[31] can be the source of alloy NPs. However, the complex-
ity of the parameters and constituents usually pose limita-
tions when it comes to controlling the size and shape of 
NPs [29, 32]. Another option is using traditional physical 
processes such as mechanical milling [33], sputtering [34], 
spark discharge [15, 35], and electro-explosion [36]. These 
methods generally have the disadvantage of low efficiency, 
high energy needs or the presence of impurities.

For the synthesis of colloidal NPs, pulsed laser ablation 
in liquid, i.e., the PLAL technique offers the advantages of a 
single experimental setup, low costs, the purity of the colloid 
product, being an environmentally friendly procedure and 
the controllability of the NPs’ parameters [37–39]. The key 
advantage of PLAL for the synthesis of NPs with innovative 
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composition is the fast kinetics of NP formation [40]. Dur-
ing PLAL, the laser irradiated area heats up to temperatures 
of 103–104 K, and a plasma plume is generated. Due to the 
extreme temperature and pressure conditions, the plasma 
expands into the liquid environment and a cavitation bubble 
emerges, which contains the target material in the form of 
droplets and vapour. NP generation takes place in the plasma 
plume and in the cavitation bubble [40]. After the collapse of 
the cavitation bubble, a colloid of NPs is obtained. The pro-
cesses involved in the early stages of PLAL and the effects 
of target, liquid, and laser conditions on the NPs’ properties 
have been widely studied both experimentally and theoreti-
cally [41–44].

To prepare metal alloy NPs bulk alloys or metal powder 
mixtures are most commonly applied as targets [45, 46]. 
At the same time, thin metal films either as homogeneous 
metal alloy films or as segregated metal bilayers/multilay-
ers are less frequently used [47–49], although they might be 
significant. Nikov et al. successfully produced gold–silver 
nanoparticles by PLAL of bimetallic thin films [50], and 
established a linear dependence of the surface plasmon reso-
nance (SPR) maximum of the colloidal NPs on the metal 
concentration of the films. They studied the influence of the 
laser parameters and film thickness on the morphology, par-
ticle-size distribution, and optical properties of the obtained 
colloidal NPs [51].

Amendola et al. and Lin et al. demonstrated that the use 
of multilayer films as target material in the ablation process 
is suitable for the fabrication of alloy NPs [52, 53]. The 
combination of pure metal layers in the substrate and the 
choice of liquid medium allowed to control the chemical 
processes, which is of great importance in the synthesis of 
multi-element NPs. The results of a joint computational and 
experimental study of the nanoparticle formation in ultra-
short PLAL of Ag–Cu bilayer films, presented by Cheng-
Yu Shih et al., provided clear evidence of a limited mixing 
between the two components of the bilayer films [54].

Thus, since PLAL is a promising technique for the pro-
duction of designed NPs using thin film targets, we aimed 
to study the process in more detail. We applied a set of Au/
Ag bilayer film combinations as targets and investigated the 
ablated NPs optical properties, size distributions and compo-
sitions. We compared the experimental results with theoreti-
cal models and tried to give an interpretation of the ablation 
process on the basis of a simple temperature model.

2 � Experimental methods

2.1 � Synthesis

Cr/Ag/Au multilayers were prepared on fused silica sub-
strates. The substrates were cleaned with acetone/methanol 

mixture and Ar-plasma cleaning was used to remove any 
surface contaminants before deposition. To increase adhe-
sion between the silica substrate and the silver layer, a 2 nm 
thick chromium bonding layer was first deposited by electron 
beam evaporation. Silver and gold layers were deposited by 
thermal evaporation using wolfram boats. Each deposition 
process was performed at a working pressure of 3E-5 mbar, 
and the layer thickness was controlled by quartz crystal 
microbalance. The deposition rates were 0.1 nm/sec for Cr, 
0.5 nm/sec for Ag and 1 nm/sec for Au. Since only one ther-
mal evaporation source (one boat) could be used at a time 
in the coating chamber, a venting & evacuating cycle had 
to be inserted between the deposition of the silver and gold 
layers. To avoid oxidization, gold films were always on top 
of silver films (except in the reference samples). For PLAL 
substrates, seven different gold/silver layer combinations 
were prepared (fixed 50 nm gold layer on 20, 50 and 200 nm 
silver layers; and 20, 50, 100, and 200 nm gold layers on 
fixed 100 nm silver layer, respectively). For reference, pure 
silver and gold layers of 50 and 200 nm thickness were used.

For the PLAL process a pulsed Nd-YAG laser (Quantel, 
operated at wavelengths of 1064 nm and 532 nm, a pulse 
duration of 8 ns and a repetition rate of 6.67 Hz) was applied. 
The laser energy was 4.25 mJ for both wavelengths, and the 
pulses were focused by a lens (focal length f = 5 cm) to a 
300 µm diameter beam spot, resulting in a fluence of 6.01 J/
cm2. Fig. 1 shows the schematic of the experimental setup. 
The 2 × 2 cm2 target was immersed in 3 ml distilled water. 
The laser beam passed through the approx. 7 mm thick water 
column and was focused on the target surface. The sub-
strate holder was mounted on a programmable, motorized 
x–y translating stage, which made it possible to ablate the 
target in an automated scanning process. To ensure that by 
each shot a different spot of the target is ablated, the speed 
of the stage translation was set to 2 m/s. Nanoparticle col-
loidal solutions were obtained after ~ 20 min (8,000 pulses) 
of ablation.

2.2 � Characterization

We studied the morphology and size distribution of the NPs 
using Scanning Electron Microscopy (SEM, Hitachi S-4700 
FESEM) and Transmission Electron Microscopy (TEM, FEI 
Tecnai G2 20 X-TWIN). Prior to imaging, small amounts of 
the colloidal solutions were dropped and allowed to dry on 
the surface of a clean Si-plate and highly oriented pyrolytic 
graphite (HOPG). We investigated 300 to 1300 particles/
sample with the help of ImageJ software. To determine the 
elemental composition of the NPs, Energy Dispersive X-ray 
spectroscopy (SEM–EDX, RÖNTEC XFlash Detector) anal-
ysis was performed. The UV–VIS absorbance spectra of the 
colloidal solutions were recorded using a UV-2101PC scan-
ning spectrophotometer. The absorbance spectrum of the 
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reference distilled water was subtracted in real time. The 
optical properties of the NPs were modelled and compared 
to the experimental data. For modelling, a Mie model and 
a boundary element method (BEM)-based simulation were 
performed using the Mieplot 4.6.19 software [55] and the 
MNPBEM® Mathlab toolbox [56]. The optical constants 
necessary for the simulations were taken from [57], and the 
average particle size and size distribution data were obtained 
from the SEM analysis. We developed a thermal model 
using the COMSOL software. The physical properties of 
the materials were taken from COMSOL’s built-in libraries 
and [58, 59].

3 � Results and discussion

Typical SEM and TEM images of the NPs generated 
by PLAL of the layered substrates are shown in Fig. 2. 
Regarding the morphology of the NPs seen by SEM, most 
NPs with gold content are well separated spherical parti-
cles. However, the silver NPs are often embedded in an 
amorphous precipitate, and are barely distinguishable. 
Probably an oxidation and/or aggregation effect is involved 
in the case of silver. TEM images show that there are many 
particles with sizes below the resolution limit of the SEM. 

Thus, we suspect that NPs ˂10 nm are underrepresented 
in the size distribution plots based on the analysis of SEM 
images. Due to the aggregation and/or oxidation effects 
mentioned above, the size distribution of pure silver NPs 
cannot be determined. In all other cases, log-normal par-
ticle-size distribution can be observed (shown in Fig. 3). 
These results are in good agreement with the literature 
[53, 60]. The precise determination of the particle bounda-
ries was often hampered by the aggregation of particles 
too. We found that the size of NPs depends neither on the 
absolute thickness of the layers nor on the ratio of layer 
thicknesses. The fitted log-normal curves show that the 
mean value of the particle sizes is in the 20–40 nm range, 
with a standard deviation of 9–30 nm.

Comparing NPs generated with 532 nm and 1064 nm 
laser pulses, no significant differences in morphology and 
size distribution were observed. However, ablation with 
1064 nm laser pulses resulted in a higher nanoparticle yield.

The SEM–EDX measurements (Fig. 4) indicate that most 
of the material surrounding the NPs is also an ablation prod-
uct, but consists either of very small particles (i.e., their size 
falls below the resolution limit of SEM) or of some Ag/Au 
containing precipitate. It must be noted that the SEM–EDX 
setup is more appropriate for the qualitative analysis of the 
composition of NPs than for quantitative analysis.

Fig. 1   Schematic of the experi-
mental setup

Fig. 2   Typical SEM (a, b) and TEM (c) images of the PLAL-generated NPs. (The thickness of the silver and silver/gold layer on the substrate is 
indicated in the upper right corner of the pictures.)
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The element mapping images provide unambiguous evi-
dence that ablation of the multilayer target results in alloy 
NPs (Fig. 4). However, the images also show that not all of 
the particles produced are alloyed; some are pure gold or 
silver. No core–shell structure could be observed. Alloy-
ing is not necessarily homogeneous, and domain formation 
is more probable in the particles (see marked particle in 
Fig. 4). We note that due to the resolution and detection 
limit of SEM–EDX, alloying could only be analysed for the 
larger (> 50–100 nm) particles. Although TEM-XRD meas-
urements could be used to investigate the domains within 

individual NPs, since the lattice constants of gold and sil-
ver are essentially identical, this method is not applicable to 
Au–Ag alloys.

SEM–EDX line scans (Fig. 5) confirm the alloying for 
certain layer thickness combinations. The line-scan spec-
trum shown in Fig. 5a suggests that a 200 nm Au upper layer 
is too thick for alloying to occur to any significant extent. It 
also revealed that the composition of the particles varies. It 
is known that silver has an SPR peak in the absorption spec-
trum around 400 nm and gold around 530 nm [37] (assuming 
several 10 nm diameter spherical NPs). It is also known that 

Fig. 3   Typical size histograms 
(for 100 nm Ag–100 nm Au in 
this particular case) of the NPs 
produced at a λ = 532 nm and b 
λ = 1064 nm laser wavelengths, 
and the mean particle diameters 
(c)

Fig. 4   SEM–EDX elemental mapping of NPs produced by ablation (λ = 1064 nm) of the 20 nm Ag + 50 nm Au layered substrate
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for alloy NPs, the SPR peak falls between the SPR peaks of 
the pure materials and is shifted linearly as a function of the 
composition ratio [15, 61]. (If the colloidal solution con-
tained a mixture of pure gold and pure silver NPs, the meas-
ured absorption spectrum would show two distinct peaks.) 
Therefore, we recorded the UV–VIS absorbance spectra of 
the colloidal solutions of the NPs and investigated the shift 
of the SPR peak as a function of Au–Ag layer thickness 
combinations on the substrate. In fact, absorbance spectra 
are related to the average composition of the NP population 
in the solution.

It is clearly seen in the series of the normalized absorb-
ance spectra of the colloids that the position of the SPR 
peak is shifted as a function of the Au:Ag layer thickness 
ratio. This indicates that there is direct correlation between 
the Au and Ag content of NPs and the composition of the 
films on the substrate. Since we were primarily interested in 
the composition of alloy NPs in the colloid, we performed 
simulations to see where the absorption peaks are for NPs 
with known Au:Ag composition. First, a simulation based on 
the Mie model was used assuming spherical NPs of 30 nm 
with a standard deviation of 50%. The refractive indices of 
gold–silver alloys were applied to alloys with a composi-
tion varying by 10%, from pure gold to pure silver [57]. 
We found some phenomena that the Mie model could not 
explain. For this reason, we performed a simulation based on 
a different approach, called the Boundary Element Method 
(BEM) [56], for further investigations. The essence of the 
BEM method is to solve Maxwell's equations in the dielec-
tric environment of bodies with homogeneous and isotropic 
dielectric functions, separated by abrupt interfaces. By com-
paring the experimental and the simulation results, three 
important observations can be made (Figs. 6 and 7).

First, the higher the gold content of the particles, the 
greater the similarity between the shape of the measured 
absorbance curves and the theoretical predictions. At higher 
silver contents, however, the difference becomes more pro-
nounced and is particularly striking when the experimen-
tal curves are compared to simulations based on the BEM 

method (Fig. 6). The reason for this is that, due to compu-
tational capacity constraints, only a few particles could be 
considered with the BEM method. The difference may also 
be attributed to the fact that silver is more prone to oxida-
tion, so particles with higher Ag content are probably not 
as spherical as assumed in the theoretical model. In addi-
tion, the relatively low signal-to-noise ratio of the meas-
ured spectra leads to a broadening of the SPR peak during 
normalization.

It is also observed that if we plot the SPR peak positions 
of colloids as a function of Au content in the ablated film 
and the theoretical curves (i.e., the SPR peak positions as 
a function of Au content in the simulated NPs) in the same 
figure, all the recorded SPR peaks are at longer wavelengths 
than the calculated ones (Fig. 7). Based on the results of 
Isnaeni et al. [62], we suspect that this difference is (par-
tially) caused by the aggregation of NPs in the colloids. 
Using the BEM method, we were able to take the aggrega-
tion effect into account and thus achieve a better agreement 
between the theoretical curves and the experimental results.

Finally, it can also be seen in Fig. 7 that the thicker 
the gold layer is relative to the silver layer, the greater 
the above discussed difference (i.e., the experimental data 
points of the SPR peak positions are above the simulation 
curve). This phenomenon can be explained by the fact that 
in all cases the gold layer was on top of the silver layer, 
and as the thickness of the gold layer increased, the laser 
pulse had a smaller impact on the silver layer. So, although 
the film had a non-zero silver content (dsilver > 0), the silver 
layer was so deep under the thick gold layer that the laser 
could barely ablate it, and the NPs produced had a higher 
gold content than we had expected from the Au:Ag ratio in 
the film. However, the higher gold content of the NP means 
that its SPR peak position is closer to 540 nm (the SPR 
peak of pure gold). The same explains why NPs ablated 
from the 100 nm Ag–100 nm Au films have a higher gold 
content than those ablated from the 50 nm Ag–50 nm Au 
films (even though the Au:Ag ratio is the same in the two 
films). We also observed that the SPR peak positions of 

Fig. 5   EDX elemental line-scan profiles with corresponding SEM images of NPs produced by PLAL of various silver/gold layered substrates 
(layer thicknesses are indicated above the plots)
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NP colloids produced with laser pulses at λ = 1064 nm are 
much closer to the simulated values, especially for thinner 
gold layers. This may be because the photothermal effect 
of the ablation is more pronounced for 1064 nm pulses 
than for 532 nm pulses. During thermal ablation, the heat 
conduction allows the complete and rapid evaporation of 
the material forming the layers, and so, alloy NPs with 
a composition ratio that closely approximates the layer 
thickness ratio can be produced.

When comparing PLAL with 532 and 1064 nm laser 
pulses, we found that the absolute value of absorbance was 
significantly higher for 1064 nm pulses (Fig. 8). This is most 
probably due to the higher nanoparticle yield at the higher 
laser wavelength.

The morphology and composition of the ablation 
craters were also investigated by SEM and SEM–EDX 
(Fig. 9). As can be seen in images a and d, the shape of 
the ablation craters corresponds to the shape of the Gauss-
ian beam profile. The EDX images show that for thicker 
gold layers, more silver is detected in the residual crater 
material. For the 200 nm Au–100 nm Ag sample (a–c), 
it can be seen that while the gold in the irradiated areas 
has basically disappeared, the signal from the silver is 
clearly visible in the same locations. This observation can 
be explained on the one hand by the fact that some of the 
silver is re-deposited back to the sample during the abla-
tion process, and on the other hand by the fact that with a 
thicker gold layer, the deeper silver layer is only partially 

Fig. 6   Mie (a) and BEM solver 
(b) simulated absorbance spec-
tra of alloy NPs with gradually 
increasing Au content (10% 
more Au from left to right in the 
successive curves). Measured 
absorbance spectra of the col-
loids for 1064 (c) and 532 nm 
(d) laser pulses. e shows a 
picture of colloids made with 
different layer combinations
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removed from the sample. This observation supports the 
result in the case of 200 nm gold layer the silver does not 
participate in nanoparticle formation. In the case of 50 nm 
Au–100 nm Ag (d–f), both the gold and the silver layer is 
fully evaporated at the irradiated sites. It is also observed 
that the signal from the gold and silver layers suppresses 
the signal from the deepest chromium layer, so in the irra-
diated areas, where the top two layers are thinned/fully 
evaporated, the signal from the chromium layer is appar-
ently enhanced (c, f).

Although it cannot be seen in the absorbance spectra of 
the NP colloids, the SEM–EDX images of dried droplets of 
the colloids show that trace amounts of Cr and Si elements 
are also present (Fig. 10). This suggests that, especially in 
the case of thin Au–Ag layers, both the Cr bonding layer and 
the fused silica substrate are ablated during the PLAL pro-
cess. EDX mappings imply that chromium is mainly repre-
sented as separate spherical CrOx microparticles and it does 
not form alloys. Silicon also occurs as oxide (most likely in 
the form of SiO2), but it does not form particles and appears 
to be more uniformly distributed in the colloid.

4 � Theoretical study

To study how the different combinations of thin films on 
the substrate affect the composition of NPs produced during 
PLAL, an in-depth time-dependent temperature model of the 
ablation process, similar to that seen in the work of Min Qiu 
and his colleagues [63], was constructed. In our model, the 
incident λ = 1064 nm wavelength laser pulse was approximated 
with a flat-top spatial intensity profile and Gaussian tempo-
ral characteristics, with an intensity of I = 7.5 ∙ 108 W/cm2 
and a pulse length of τ = 8 ns (FWHM). The absorption of 
light is described by the Beer–Lambert law, and the ablation 
mechanism was considered to be entirely photothermal abla-
tion. In this case, the incident pulse is absorbed by the free 
electrons, which then transfer the energy to the entire lattice. 
The energy transfer takes place on the ps timescale, which is 
much shorter than the ns pulse duration, therefore, the ns pulse 
can be considered as a heat source. Since the temperature of 
the material rises well before the end of the incident pulse, 
the optical properties of the material must be considered with 
temperature-dependent parameters. Therefore, the reflection, 
absorption, and emission coefficients were derived from the 

Fig. 7   Comparison of experimental and simulation results. Note that 
the experimental results are plotted as a function of Au ratio in the 
film (dgold/(dgold + dsilver)), while the theoretical curves as the Au con-
tent in the NPs. In case of 50% Au in the film, we had measurements 
with two different absolute layer thicknesses (marked (1, 2) both in 
the table and the plot)

Fig. 8   Absolute absorbance spectra of NP colloids produced by ablation of pure Ag (a) and pure Au (b) films using 1064 nm and 532 nm laser 
pulses
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complex refractive indices calculated from the Drude model. 
The dielectric function describing the light-matter interaction 
is given by �(�) = �1(�) − �2(�) , in which, according to the 
Drude model,

(1)�1(�) = 1 −
�0�

�0

1
[
1 + (��)2

]

and

where � =
�0m

∗

nee
2
 is the collision time of electrons, �0 is the 

dc conductivity, ne = Nval
�

u
 is the electron density, Nval is the 

number of electrons in the valence band, � and u are the 

(2)�2(�) =
�0

�0�
[
1 + (��)2

] ,

Fig. 9   SEM images and EDX mappings (a–c: 200 nm Au–100 nm Ag, d–f: 50 nm Au–100 nm Ag) of the residual ablation craters

Fig. 10   SEM image (a) and 
EDX element mappings (b–d) 
of a dried droplet of NP-colloid 
produced by PLAL. The 
substrate was 50 nm Ag film 
on fused silica and the colloid 
solution was dropped and dried 
on the surface of HOPG prior 
to analysis
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density and molar weight of the matter, � is the frequency 
of light, and m∗ is the effective electron mass. Out of these, 
�0 and � are temperature-dependent, and m∗ is state-of-matter 
dependent parameters. Using these parameters and the 
n = Re(

√
�) , k = Im(

√
�) relations, temperature-dependent 

complex refractive indices can be calculated, and from these, 
the temperature dependence of the optical coefficients are 
o b t a i n e d  ( F i g .   1 1 ) ,  u s i n g  t h e  r e l a t i o n s 

R =
||
|
|

nvíz−narany

nvíz+narany

||
|
|

2

, 𝛼 =
4𝜋k

𝜆
and𝜀 =

4n

(n+1)2+k2
 . In the absence of 

data, the relationships are extrapolated to extreme high 
temperatures.

For thermal ablation, the laser pulse as a heat source is 
described by

where I(t) is the intensity of the pulse at a given moment, 
R is the reflectivity and �a is the penetration depth. The 
energy flow is governed by heat conduction, described as

where � is the density, Cp is the specific heat capacity, T  
is the temperature, and k is the thermal conductivity coef-
ficient of the matter. Our model also takes into account the 
heat radiated and dissipated into the water environment with 
the equation �⃗n(k∇T) = q0 + h

(
Twater − T

)
+ 𝜎𝜀

(
T4

water
− T4

)
.

The resulting temperature–time plots for 20  nm 
Au–100 nm Ag and 200 nm Au–100 nm Ag layer thickness 
combinations are shown in Fig. 12. The time profile of the 
incident laser pulse is also plotted in Fig. 12a. The graphs 
show that from the moment the laser pulse hits the surface, 
the surface temperature starts to increase rapidly. At around 
3.2–4.5 ns, depending on the layer thickness, a short plateau 
in the temperature increase is visible, indicating the melting 
of the material. After melting is complete, the temperature 
rises rapidly again until the beginning of the evaporation 
(4.0–4.8 ns), where another plateau, slightly longer than the 

(3)G(z, t) = I(t)(1 − R)
e

−z

�a

�a
,

(4)�Cp

�

�
− ∇(k∇T) = G(z, t),

previous one, is visible. After the evaporation process, the 
surface temperature (not taking into account the mass ejec-
tion) rises again dramatically, peaking a few ns after the 
maximum of the incident pulse, at ~ 16 000 K. Thereafter, 
the temperature of the material starts to decrease. Compar-
ing these results with the literature, we found that the evolu-
tion of the surface temperature is in good agreement with the 
previous calculations [64].

Figure 13 illustrates how the temperature changes in the 
irradiated volume element (inner circle) and its close sur-
roundings during evaporation. Comparing the different layer 
thickness combinations, it can be seen in Fig. 13 (for the two 
most different thicknesses) that the thicker the gold layer, the 
later the temperature of the deeper regions will rise (both 
in the gold and the silver films), and the lower the peak 
temperature of these deeper regions will be. It is important 
to note that while at 20, 50, and 100 nm gold layer thick-
nesses the evaporation of the gold and silver films occurs 
quasi simultaneously, at 200 nm gold layer thickness this 
temporal overlap is very small (enlarged figures). A fun-
damental condition for the formation of composite NPs is 
the simultaneous presence of both elements in the plasma 
plume. This is fulfilled if evaporation occurs simultaneously 
from both layers. However, at 200 nm gold layer thickness 
gold is evaporated earlier than silver, and so alloying cannot 
happen. Consequently, our simulation result confirms our 
experimental observation that at a gold layer thickness of 
200 nm, pure gold NPs are formed predominantly.

5 � Conclusions

We have shown that Au–Ag composite NPs can be produced 
by PLAL of gold–silver multilayer targets and that the com-
position of the NPs can be varied by changing the absolute 
and relative thicknesses of the gold and silver layers.

SEM–EDX studies confirmed the spherical shape and the 
Au and Ag content of the NPs. However, since the exact 
Au:Ag ratio in the NPs remained unclear, we recorded 
the UV–VIS absorbance spectra of the NP colloids. We 

Fig. 11   Temperature dependence of the reflection (a), absorption (b) and emission (c) coefficients, according to the Drude model
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investigated the position of the SPR peak in the spectra as 
a function of the relative thicknesses of the Au and Ag lay-
ers on the substrate. By comparing our observations with 
two theoretical models (Mie and BEM), we found that the 

position of the SPR peaks for different relative layer thick-
nesses is consistent with the SPR peak positions calculated 
for NPs with known Au:Ag compositions. This allowed us 
to demonstrate a direct correlation between the thickness and 

Fig. 12   Time evolution of temperature in the layers and at layer interfaces; zoomed out images show the melting and evaporation range

Fig. 13.   3D visualization of the temperature change in time in the evaporation regime. For illustrative purposes, the ratio of vertical to horizontal 
dimensions does not correspond to the actual, but the ratio of Au and Ag layer thicknesses does
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composition of the Au–Ag layers on the substrate and the 
average composition of the NPs produced by PLAL.

However, for larger absolute layer thicknesses, the 
obtained NPs had a slightly different composition than 
expected based on the layer composition. To explain this, 
we developed a model to describe the ablation process for 
a layered target.

Assuming thermal ablation, our model showed that if 
one of the metals to be alloyed (in our case Ag) is too deep 
(≥ 200 nm) under the other metal layer (in our case Au 
layer), it is evaporated from the surface with a time delay, 
and thus the alloying is inherently impossible. Therefore, 
if the aim is to produce alloy NPs, it must be taken into 
account that there is a maximum thickness of the top layer 
up to which both layers can be ablated simultaneously.

We note that the total thickness of the multilayer cannot 
be arbitrarily thin either if we want to avoid ablation of the 
substrate material.

The advantage of NP production with PLAL of layered 
targets is that, despite its relatively low yield, it is a sim-
ple, clean and well-controlled technology. Considering that 
it applies widely implemented thin film technologies and 
well-established laser ablation in liquid procedures, it has 
great potential to produce nanomaterials with a complex 
structure and multiple functionalities of interest for cutting-
edge applications in nanomedicine, catalysis, photonics 
and information technology. We assume that by varying the 
composition and the number/thickness of the layers, PLAL 
could be a straightforward method to create NPs that cannot 
be synthetized on other (e.g., chemical) ways.
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