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Abstract: We present a two-step physical method for the fabrication of composite nanoparticle-based
nanostructures. The proposed method is based on the pulsed laser deposition (PLD) technique
performed sequentially in vacuum and in air. As a first step, thin-alloyed films of iron with noble
metal were deposited by PLD in vacuum. The films were prepared by ablation of a mosaic target
formed by equal iron and gold sectors. As a second step, the as-prepared alloyed films were ablated
in air at atmospheric pressure as the laser beam scanned their surface. Two sets of experiments
were performed in the second step, namely, by applying nanosecond (ns) and picosecond (ps) laser
pulses for ablation. The structure, microstructure, morphology, and optical properties of the samples
obtained were studied with respect to the laser ablation regime applied. The implementation of
the ablation process in open air resulted in the formation of nanoparticle and/or nanoparticle
aggregates in the plasma plume regardless of the ablation regime applied. These nanoparticles
and/or nanoaggregates deposited on the substrate formed a complex porous structure. It was found
that ablating FeAu films in air by ns pulses resulted in the fabrication of alloyed nanoparticles, while
ablation by ps laser pulses results in separation of the metals in the alloy and further oxidation of
Fe. In the latter case, the as-deposited structures also contain core–shell type nanoparticles, with
the shell consisting of Fe-oxide phase. The obtained structures, regardless of the ablation regime
applied, demonstrate a red-shifted plasmon resonance with respect to the plasmon resonance of pure
Au nanoparticles.

Keywords: ns-PLD; ps-PLD; open air; nanocomposites; alloys

1. Introduction

Iron-oxide-containing magnetic nanoparticles and nanostructures have found a variety
of practical applications, including high-density data storage media, electronic elements
and sensors, and controlled drug delivery and cancer diagnostics/treatment systems [1–6].
Magnetite as well as maghemite, because of their unique physical properties in nanosized
form, are among the most investigated oxides, with numerous current and potential
applications. These oxides exhibit unique magnetic properties, biocompatibility, and
biodegradability, which in turn make them suitable for biomedical application [2,3,7]. Such
uses usually require a specific size distribution and a desired shape of the nanoparticles or
ensembles of nanoparticles, since these define their magnetic properties and, respectively,
their efficiency. This is why such nanosized objects should be fabricated through precise
size- and shape-controlling synthesis, on the one hand, and, if possible, without the use
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of additional toxic chemicals, on the other. In general, conventional approaches such
as chemical, template-assisted, and lithographic have been extensively investigated and
applied for fabrication of a wide variety of magnetic nanostructures such as iron oxides,
pure metals, metal alloys, and core–shell structures [2–4,8–11]. Therefore, the challenge
and the efforts of scientists and engineers are focused on devising ways of environmentally
friendly fabrication of magnetic nanoparticles or nanostructures, utilizing simple and
flexible methods and conventional low-cost equipment.

Pulsed laser deposition is a well-established physical method for fabrication of thin
films and structures based on laser ablation of a target material [12]. When the process is
performed in the air at atmospheric pressure (PLD in open air or atmospheric PLD), the
ablated material directly forms nanoparticles in the plasma plume [13,14]. The method
has been successfully applied for production of oriented nanowires of magnetic mate-
rials [15,16]. Further, the proposed method is easily modified for fabrication of more
complicated systems such as composite nanostructures made of magnetic and nonmagnetic
materials [17,18]. This technology was developed and applied for ultrashort (ps and fs) and
later for short (ns) laser pulses [15,19,20]. The main difference between short and ultrashort
ablation in open air is that, in the case of ns-laser pulses, the nanoparticles are formed via
condensation of ablated material [15,16], while using ultrashort laser pulses leads to a direct
ejection of nanoparticles thanks to the specific mechanisms of material removal [19–21].
The PLD technology in open air is generally applied for ablation of bulk target material.
However, the same technology could also be applied if the bulk target material is replaced
by a thin film deposited from the desired material in advance. The laser ablation of thin
films is an area of rapidly growing interest. Numerous researchers have focused their
efforts on clean micropatterning of thin films or selective ablation of metal films, even in
the case of complicated multilayer structures [22–25]. Such application of laser ablation on
thin films requires the use of ultrashort laser pulses for precise processing of the materials.
Also, this technology has been successfully applied for fabrication of nanoparticles and/or
nanostructures in liquid [16–28]. In general, optical absorption, thermal, and structural
properties of the film, and adhesion to the substrate influence and determine the ablation
process. The mechanism of synthesis as well as the advantages and possible applications
of a variety of complex materials and structures produced in liquid are summarized by
Amendola et al. [26]. Similarly, laser ablation from a thin-film target performed in air could
be used for production of nanoparticles and nanoaggregates on a substrate. In the latter
case, the attention will be focused on the material removed by the ablation of the thin film.
The advantage of using a thin-film target versus a bulk target stands out for the materials
for which preparation as bulk material is a hard and/or expensive task, for example, the
fabrication of bulk alloyed targets from hardly miscible, as well as expensive, metals such
as iron and noble metals. Fe has a body-centered cubic cell (bcc), while noble metals have a
face-centered cubic cell (fcc). Such metal alloyed thin films with a desirable thickness could
be easily and less expensively fabricated by well-developed conventional technologies for
thin film synthesis.

Ultrashort pulse lasers, especially fs lasers, are yet to find wide industrial applications
because of their high price, expensive maintenance, and specific requirements to the
working environment. Picosecond laser systems with a pulse duration of up to tens of
picoseconds, at the same time, are of considerable scientific and commercial interest. The
ps-laser pulses preserve the primary features of fs-laser pulses regarding their interaction
with the material. The picosecond laser systems are simpler and more stable than fs-laser
systems, leading to their lower cost, which is comparable to that of popular and widely
used nanosecond systems. Such lasers could be easily applied in industries. Using ps pulses
in PLD will allow for even wider commercial applications due to maintaining the process
characteristics of ultrashort laser–matter interaction.

In this work, we aimed to fabricate nanostructures consisting of composite nanoparti-
cles of iron-containing alloy, namely FeAu alloy, by implementing a physical method such
as PLD in open air. We studied the material removed from a thin-film target when laser
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ablation was performed by nanosecond and by picosecond laser pulses. We were thus
able to emphasize the differences in the structure, microstructure, and morphology of the
structures produced by ns and ps ablation. It was found that nanostructures composed
of alloyed nanoparticles were produced by ns ablation of thin FeAu film, while ablation
by ps laser pulses resulted, rather, in separation of the alloy into Au and Fe metals, and
further oxidation of iron to oxide phase. In the latter case, the fabricated nanoparticles had
a clearly expressed bimodal size distribution, as larger-sized particles exhibited a core–shell
type structure with an Fe-oxide phase as a shell. The obtained structures, regardless of
the ablation regime applied, demonstrated a plasmon resonance related to the presence of
Au or Au-containing nanoparticles. Further, since the ablation from a thin-film target is a
specific case of laser–matter interaction where the geometric parameters of the film could
significantly influence the processes involved, we performed a numerical simulation of
laser–matter interaction with ns and ps laser pulses. A theoretical study of the temporal
temperature distribution on the film surface and film substrate was also carried out to
clarify the potential for application of the presented technology.

2. Materials and Methods
2.1. Experimental

Nanostructures consisting of composite nanoparticles were produced by a two-step
physical deposition method. It was based on pulsed laser deposition (PLD) performed
sequentially in vacuum and in air. A schematic view of the experimental setup is shown in
Figure 1. As a first step, thin films were deposited by classical on-axis PLD in a vacuum.
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Figure 1. Schematic view of the experimental setup.

The depositions were implemented using a nanosecond Nd: YAG laser emitting at its
third harmonic wavelength, 355 nm, with 15 ns pulse duration and 10 Hz repetition rate.
The laser fluence applied on the target was 4 J/cm2. A pure iron target or a mosaic target
formed by iron and gold metal equal sectors was used for ablation. The ablated material
was deposited on a glass substrate. The experiments were conducted at a target–substrate
distance of 30 mm at room substrate temperature and a base pressure of 10−4 Torr. All
depositions were performed for 15 min. Under these conditions, the maximum measured
film thickness was approximately 300 nm. As a second step, the as-prepared thin films
were ablated in air at atmospheric pressure (in open air) as the laser beam scanned their
surface. The speed of the X–Y scan table was chosen so as to prevent the laser spots from
overlapping. Two sets of experiments were performed in the second step based on ablation
with nanosecond (ns) and picosecond (ps) laser pulses, respectively. The ns ablation was
performed by a Nd: YAG (LS-2147, Lotis TII, Minsk, Belarus) laser system delivering 15 ns
laser pulses. The ps ablation was carried out by a picosecond Nd: YAG laser (PS-A1-1064,
CNL laser, Changchun, China) with a pulse duration of 10 ps. In both cases, the third
harmonic frequency of Nd: YAG lasers at wavelength of 355 nm was used with a 10 Hz
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repetition rate. The laser fluence applied on the thin films for ns and ps ablation was
1.5 J/cm2 and 0.8 J/cm2, respectively. The ablated material was deposited on a silicon
or quartz substrate at room substrate temperature. The distance between the target and
substrate was kept at 5 mm. Further, using the experimental configuration shown in
Figure 1, additional experiments were performed on ns and ps ablation of a bulk Fe in order
to compare samples deposited from bulk and thin-film targets.

2.2. Theoretical

In order to estimate the heating evolution and the spatial distribution of the tempera-
ture during laser processing of the thin film, as used in the experimental part, a numerical
model was applied. For the case of ablation with nanosecond pulse, a one-dimensional
heat diffusion equation was applied:

C
∂T
∂t

= k
∂2T
∂z2 + S, (1)

The source term is S(z,t) = I(t)(1 − R)α exp(−αz), where R is the reflectivity of the
material and I is the laser intensity. C = cρ, where c and ρ are the specific heat capacity
and material density, respectively, k is the thermal conductivity, and α is the absorption
coefficient. The laser intensity is considered to be Gaussian in time; z is the coordinate in
the direction parallel to the film surface normal.

In the case of ps ablation, a two-temperature model was applied. It takes into account
that during the time of the laser pulse duration, the electron system in the film absorbs the
laser energy and its temperature increases rapidly. At the same time, the lattice temperature
remains close to the initial one since the time for energy transfer between the electrons and
the lattice is of the same order as the pulse duration. The model solves the head diffusion
equations for both systems:

Ce
∂Te
∂t = ke

∂2Te
∂z2 − γ(Te − Ti) + S

Ci
∂Ti
∂t = ki

∂2Ti
∂z2 + γ(Te − Ti)

(2)

where the notations are the same as in Equation (1); γ is the electron–phonon coupling
parameter, Te and Ti are the temperatures of the election and lattice systems, respectively;
C and k are the heat capacity and the thermal conductivity for both systems. Equation (1)
and System (2) were solved using a classical finite difference scheme [29], as the simulated
system was divided into slices in z direction with a thickness of 1 nm. The parameters for
Fe used in the model were taken from Refs. [30–32]. The reflection of the film was estimated
to be 60% using optical transmission measurement.

2.3. Sample Characterization

The crystalline structure and phase composition of the samples were analyzed by
an Empyrean diffractometer (PANalytical, Malvern, UK) through a goniometric X-ray
diffraction scan using CuKα radiation. Bright field transmission electron microscopy (BF
TEM) and high-resolution (HR) TEM images, and selected area electron diffraction (SAED)
patterns were taken by a JEOL JEM 2100 microscope (Akishima-Shi, JEOL Ltd., Tokyo,
Japan) to reveal the samples’ microstructure and their crystallinity. Samples for TEM
analyses were prepared using a direct deposition on carbon-coated TEM Cu grids for a
shorter deposition time (3 min) to prevent the ablated materials overlapping. Scanning
electron microscopy (SEM) equipped with an energy-dispersive X-ray (EDX) spectrometer
was conducted using a LYRA I XMU system (Tescan, Brno, Czech Republic) to study the
samples’ morphology. The physicochemical state of the sample surface was determined by
X-ray photoelectron spectroscopy (XPS) using an AXIS Supra electron spectrometer (Kratos
Analytical Ltd., Manchester, UK). The optical properties of the samples were investigated
using light from a standard white-light source (DH-2000 Ocean Insight, Dunedin, FL, USA)
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transmitted through the sample and recorded by a UV–Vis spectrometer (Ocean Optics HR
4000, Ocean Insight, Dunedin, FL, USA).

3. Results
3.1. Experimental

In view of clarifying the processes taking place and for further comparison, experi-
ments were initially performed on laser ablation of a bulk Fe target using the experimental
configuration shown in Figure 1. The results obtained from ns and ps laser ablation from
bulk Fe, thin Fe, and FeAu alloyed film are discussed below.

3.1.1. Laser Ablation of Bulk Fe

TEM images of the samples deposited by laser ablation of bulk Fe are shown in
Figure 2. The microstructure and the phase composition of the samples produced by
ns ablation of iron are presented in Figure 2a. Separated and aggregated nanoparticles
were produced by direct deposition on the substrate using the experimental configuration
shown in Figure 1 at II stage. As seen, the nanoparticles are well-defined and spherically
shaped with size distribution in the range of 3–12 nm and a mean Ferret’s diameter of
7 nm. This result is in accordance with previous reports on ns laser ablation in open
air [18]. The nanoparticles are crystalline, as seen from the SAED image in Figure 2a, with
interplanar distances predominantly identified as appropriate of the magnetite phase of the
iron oxide (Fe3O4, cubic, a = 8.4000 Å, 98-003-6314). Figure 2b reports the microstructure
of the sample deposited by ps ablation of bulk Fe. In this case, the ablated material is
represented mostly by agglomerated nanoparticles with sizes between 1 and 7 nm and a
mean Ferret’s diameter of 3 nm. The shape of the nanoparticles is close to spherical. The
SAED pattern presented in Figure 2b shows that the sample has a polycrystalline structure,
and the pattern was assigned to the maghemite phase of iron oxide (Υ-Fe2O3, tetragonal,
a = 8.33200 Å c = 25.11300 Å, 96-152-8613).
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Figure 2. TEM images, size distributions, and SAED patterns of the samples produced by (a) ns and
(b) ps ablation of Fe bulk. In the respective SAED pattern, the maghemite phase of iron oxide is
marked as “Mh”.

3.1.2. Laser Ablation of Pure Fe Film

TEM images of the samples deposited by laser ablation of thin Fe films are presented
in Figure 3. The morphology of the sample deposited by ns ablation is shown in Figure 3a.
As seen, ns ablation of thin films in air at atmospheric pressure leads to direct formation
of nanoparticles. Similar results were already reported and discussed for ns ablation of
a bulk target [15,16,18]. The morphology reveals that the nanoparticles formed have a
polygonal shape, with most of them having a size in the range of 2–20 nm, as seen from the
size distribution. The mean diameter of the nanoparticles was estimated to be 10 nm with
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a standard deviation (SD) of 4.2 (Figure 3a). The nanoparticles are crystalline, as demon-
strated from the SAED pattern presented in Figure 3a. The SAED pattern indexation reveals
the formation of iron oxide phase magnetite. It should be mentioned that no core–shell
structure was observed in the fabricated nanoparticles, regardless of their size. TEM images
of the sample deposited using ps ablation are shown in Figure 3b. As with the ns pulses,
laser ablation of thin films with ps laser pulses in open air caused formation of nanoparticles.
In the case of ps ablation, the microstructure of the sample consisted of spherical as well
as polygon-shaped nanoparticles. There were clearly distinguishable particles with sizes
from approximately 20 nm to 100 nm, as well as smaller ones with sizes in the range of
2–18 nm (size distribution presented in Figure 3b). It should be pointed out that the number
of particles with size below 5 nm was considerably higher than in the case of ns ablation of
thin Fe film (Figure 3a). The nanoparticles are crystalline with a mean diameter of 9 nm
and SD of 12.5 (size distribution in Figure 3b). The SAED pattern demonstrates that the
interplanar distances can be assigned to the Fe-oxide phase maghemite.
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The surface morphology of the samples prepared by laser ablation of thin Fe film in
air is presented in Figure 4. As seen, the depositions performed by ns laser pulses have
a morphology consisting of distinct features formed by nanoparticles of different sizes
(Figure 4a). Such morphology is typical for ns laser deposition of bulk materials in air at
atmospheric pressure [15–18]. In the case of ps laser ablation of a thin film (Figure 4b), a
structure consisting of aggregated nanosized particles is also observed. This result is in
accordance with our previous reports on ps ablation of bulk materials in open air [21]. In
addition, separate droplet/particle formations with sizes ranging from 140 to 350 nm are
seen across the entire structure.
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3.1.3. Laser Ablation of Alloyed FeAu Metal Film

Figure 5 presents the TEM images of the samples produced by ablation of alloyed
FeAu film. In the case of ns ablation of alloyed film, particles with a nearly spherical shape
were formed. The material ablated by ns laser pulses has a crystalline structure (Figure 5a).
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oxide is marked as “Mh”.

The indexing of the corresponding SAED pattern identified FeAu alloy (Au0.5Fe0.5,
cubic, a = 3.8850 Å, 98-010-7985) and Fe3O4 phases. The size distribution of the nanoparti-
cles is from 2 to 14 nm with a mean Ferret’s diameter of 7 nm. Larger in-size nanoparticles
were also observed, as their diameter ranges from 100 to 500 nm (inset in Figure 5a). Here,
it should be noted that some of the larger particles exhibited a core–shell structure. A
high-resolution TEM image of such a particle reveals the lattice fringe spacing of 2.42 Å,
which matches most closely to the (222) planes of the Fe3O4 phase. The microstructure
of the material ablated by ps laser pulses is reported in Figure 5b. As seen, it consists of
spherically shaped nanoparticles with different sizes. The morphology of samples pro-
duced by ablation of an Fe film and an alloyed FeAu film is similar (Figures 4b and 5b).
Again, small-sized nanoparticles ranging from 1 to 10 nm with mean diameter of 5 nm,
as well as larger-sized particles, can be clearly distinguished (Figure 5b). It should be
noted that all larger-sized particles have a core–shell structure with shell thickness ranging
from 2 to 16 nm. High-resolution TEM images of such particles reveal the lattice fringe
spacing of 2.20 Å, which matches most closely to the (037) plane of the Υ-Fe2O3 phase. In
such a manner, the shell of the particles was identified as an iron-oxide phase. The core
of the particles was difficult to analyze but the data implied either pure metal or metal
oxide composition. Further, the separated nanoparticles in high-resolution TEM images
were identified as a cubic phase of pure Au (Figure 5b). The SAED image of the ablated
material corresponds well to the results obtained by high-resolution TEM images. The
sample has a polycrystalline structure, as revealed from the SAED pattern (Figure 5b), for
which indexing reveals the presence of pure Au and Υ-Fe2O3 phases.

XRD patterns of the samples produced by ns and ps ablation from alloyed FeAu film
are shown in Figure 6. The composition of the material deposited by ns ablation was
identified as a combination of Au-enriched FeAu alloys with a precise phase composition
of Fe0.03Au0.97 and Fe0.22Au0.88 estimated by Vegard’s law (Figure 6a). The estimated
crystallite size of the two phases was 55 nm and 23 nm, respectively. In the case of ps
ablation of alloyed FeAu film, the diffraction pattern was identified as a pure Au phase
with crystallite size of 17 nm (Figure 6b).
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Figure 7 presents SEM images of the samples deposited by ns and ps ablation from
alloyed FeAu film. The morphology of the sample deposited by ns ablation represents
an assembly of spheres with a diameter in the range of 150–800 nm (Figure 7a). It is
worth noting that such structures composed of spheres/particles of sizes of hundreds of
nanometers have not been previously observed. The typical morphology of the samples
produced by ns ablation of a bulk target in open air is a porous structure composed of
nanoparticles [15]. Moreover, the morphology of the sample deposited by ns ablation of
alloyed FeAu film differs from the morphology of the sample deposited by ns ablation of
pure Fe film (Figures 4a and 7a). In the case of ps ablation from alloyed FeAu film, the
sample morphology represents a structure consisting of well-differentiated nanoparticles
(Figure 7b). Here, the morphology looks similar to that previously reported for sample
deposition in open air [21]. However, separated spheres with a size of 160–370 nm are also
observed (Figure 7b).
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Figure 8 reports optical properties of the structure produced by ns and ps ablation
of alloyed FeAu film. Both structures demonstrate a pronounced peak in the optical
absorbance spectra with a maximum of around 600 nm. We associate such features in the
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optical absorbance spectra of the samples with the presence of Au and/or Au-containing
alloy nanoparticles and their plasmon excitation in the structures [33]. In addition, the
surface plasmon resonance of the sample deposited by ns ablation (Figure 8a) is broader
than that of the samples deposited by ps ablation (Figure 8b).
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Figure 8. Optical properties of the samples produced by (a) ns and (b) ps ablation of thin FeAu film.

3.2. Theoretical

Figure 9 shows the estimated distribution of the temperature on the surface of the Fe
film and its substrate when a 15 ns laser pulse with fluence of 1.5 J/cm2 is applied. The
evolution of the temperature on the Fe film surface with time is presented in Figure 9a. The
maximum value ~4000 K is reached at about 30 ns; then, the temperature exponentially
decreases to room temperature after ~ 500 ns. The substrate starts heating 20 ns after
the laser pulse and the maximum temperature reached is one order of magnitude lower
than that of the Fe film’s surface (Figure 9b). At the repetition rate of 10 Hz, both the Fe
film’s and the substrate’s surfaces cool down to room temperature before the next pulse
ns arrives. The temperature distribution in the simulated system at the moment when
the film surface temperature is maximal is shown in Figure 9c. The yellow line marks the
substrate surface. As seen, when the film surface temperature is maximal, the substrate
temperature is lower than the melting temperature of glass substrate (1675 ◦C according to
the manufacturer’s data).
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Figure 9. Estimated temperature distribution on the surface of the Fe film and substrate when a 15 ns
laser pulse with fluence of 1.5 J/cm2 is applied. (a) Time evolution of the Fe film surface temperature.
(b) Time evolution of the glass substrate surface temperature. (c) Temperature distribution in the
simulated system at the moment when the film surface temperature is maximal. The yellow line
marks the substrate surface.
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Figure 10 shows the estimated distribution of the temperature on the surface of the Fe
film and its substrate when a 10 ps laser pulse is applied with fluence of 0.8 J/cm2. The
time evolution of the Fe-film surface temperature is presented in Figure 10a. Instantly,
the surface temperature rises to its maximum value of about 4500 K and exponentially
decreases with time, reaching room temperature after 50 ns. The temperature of the Fe
film’s substrate follows a similar behavior. A few ns suffice for the temperature of the
substrate to reach its maximum value of about 1000 K (Figure 10b). More than 50 ns are
needed for the substrate to cool to approximately half of the maximum value reached.
Obviously, both the Fe film’s and the substrate’s surfaces cool down to room temperature
before the next ps pulse arrives. The temperature distribution in the simulated system
when the film surface temperature is maximum is shown in Figure 10c. The yellow line
again delineates the substrate surface. It can be seen that the substrate temperature is lower
than the melting point of the glass substrate when the film surface temperature is at its
maximum.
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Figure 10. Estimated temperature distribution on the surface of the Fe film and substrate when a 10 ps
laser pulse with fluence of 0.8 J/cm2 is applied. (a) Time evolution of the Fe film surface temperature.
(b) Time evolution of the glass substrate surface temperature. (c) Temperature distribution in the
simulated system at the moment when the temperature of the film surface is maximal. The yellow
line represents the substrate surface.

4. Discussion

Regardless of the ablation regime (ns or ps), the material ablated from a bulk target
in open air forms nanoparticles of various sizes, as previously reported [15–18,20,21]. The
mechanism responsible for nanoparticles formation is condensation of the ablated species
in the high-pressure (atmospheric) environment—the plasma plume formed due to the
interaction of the laser pulse with the target material is compressed, which, in turn, favors
the aggregation of the ablated species. In the case of ns ablation, the process taking place in
open air results in nanoparticles/nanoparticle aggregates formation in the plasma plume
due to condensation of the ablated material (atoms, ions, and small clusters) [15–17]. In
the case of ps ablation, the ultrashort laser pulses directly produce nanoparticles through
fragmentation and/or phase explosion, leading to material removal [19–21]. The use of
ns laser pulses for formation of nanoparticle or structures composed of nanoparticles is a
well-developed and widely applied technology [15–18]. A detailed look at the microstruc-
ture of nanoparticles deposited by ns and ps ablation reveals some differences, as seen
in Figure 2. Separated nanoparticles are rarely observed by direct ablation with ps laser
pulses. The ablation by ps laser pulses leads to the formation of nanoparticles with slightly
smaller diameters than those obtained by ns laser pulses (Figure 2). This confirms our
previously reported results [20]. Further, we compared the results obtained by the experi-
mental configuration shown in Figure 1 at II stage with those obtained by classical on-axis
PLD configuration. We thus found that, independently of the laser pulse duration, the
experimental setup for ablation used in this paper does not affect the deposited samples’
crystalline structure and phase composition.
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Ablation from thin film is a specific case of laser–matter interaction where the geomet-
ric parameters of the film could significantly influence the processes involved. The film
thickness determines the amount of absorbed energy, while the substrate properties impact
the temperature evolution and the ablation mechanism. The processing conditions should
be carefully chosen to prevent ablation from the substrate that would change the com-
position of the ablated material. The temperature evolutions (shown in Figures 9 and 10)
indicate that at the used laser fluences the temperature in the film exceeds the evaporation
one. Furthermore, at the moment when the film surface temperature is maximal, the
substrate temperature is lower than the melting temperature of glass substrate. These
conditions define that the film would be ejected without evaporation of material from the
substrate. The time lag between reaching the maximal temperatures in the film surface
and the substrate also shows that the film decomposition would have occurred before
significant heating of the substrate surface. This allows us to conclude that material from
the substrate is not expected to be ejected.

Thin metal films were deposited by classical ns-PLD (Figure 1, I stage) as a first step
of the fabrication of nanostructures consisting of composite nanoparticles. It should be
mentioned that such films could be prepared by other deposition methods. After that, these
films were used as targets for laser ablation. It should be mentioned that the experimental
setup for ablation (Figure 1, II stage) used in this study considerably decreases the droplet
formation typical for classical PLD technology.

The targets used for ablation were either pure Fe or Au-enriched FeAu films (Fig-
ures S1 and S3). Since Fe easily and fully oxidizes in air, an iron-oxide phase is formed on
the surface of the Fe thin-film target. The chemical state on the film surface indicates that
the binding of oxygen to iron results in the formation of Fe2O3 (Figure S2) [34]. When the
laser beam starts scanning the thin-film surface, the initial material for ablation will be a
combination of Fe and Fe-oxide. Furthermore, the experiments were performed in air. In
this light, it is not surprising that the structure of the deposited material independent of the
ablation regime applied is some kind of iron oxide (Figure 3). The phase composition of
the material ablated from bulk and thin-film targets is identical regardless of the ablation
regime applied (Figures 2a,b and 3a,b). This experimental result confirms the theoretical
predictions discussed above. Considering the size of the nanoparticles formed during
ablation, it seems that the nanoparticles ablated from the bulk target have a smaller size
than those ablated from the thin-film target. Here, it should be pointed out that the ablation
threshold for the bulk target is substantially higher than the ablation threshold for the same
material in the thin-film form, which makes the direct comparison inappropriate. In order
to keep the same laser energy applied on the target (bulk and thin-film target), the size of
the laser spot on the bulk target was decreased to obtain the necessary laser fluence for
ablation. However, the size of the laser spot on the target to a certain degree predetermines
the size of the nanoparticles produced in air. The use of a smaller laser spot size leads
to a smaller quantity of ablated material which subsequently condenses in smaller-sized
nanoparticles. Bearing the above in mind, one should not be surprised that the mean
diameter of the nanoparticles produced by the ablation of a bulk target in this work is
smaller than the one produced by the ablation of a thin-film target (Figures 2a,b and 3a,b).

The phase composition of the nanostructure produced by ns ablation of thin Fe film
was identified as the magnetite phase of iron oxide (Figure 3a). This result corroborates
those previous reports [18]. When the Fe film was ablated by ps laser pulses, the structure
of the deposited sample was identified predominantly as a maghemite phase of iron
oxide (Figure 3b). The maghemite phase is a polymorph of hematite but has a similar
ferrimagnetic behavior to magnetite [35]. Comparing the structures produced by ablation
of Fe film with ns and ps laser pulses, a difference in the phase composition was observed.
In this sense, the ablation regime applied influences the phase composition of the deposited
samples. Further, a difference was also observed in the morphology of the structures
produced by ns ablation of Fe film (Figure 4a,b).
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In the case of alloyed FeAu film, by changing the ratio of the Au and Fe slice forming
a mosaic target initially, we can alter the ratio of Fe and Au in the alloyed FeAu film. Here,
it should be mentioned that the ablation threshold for Fe and Au is different, which means
that the ablation efficiency for the two metals will differ. Hence, although the mosaic target
was formed by equal parts Au and Fe, the quantity of Au in the deposited film was higher
due to the lower ablation threshold of Au and subsequently higher ablation efficiency of
this metal (Figure S4, Table S1). However, the surface of the alloyed film was also covered
by the iron oxide phase (Figure S5) [34,36–38].

One of the main advantages of ns pulsed laser deposition is the stoichiometric transfer
of material from the target to the substrate. However, since the process was performed
in open air, some deviations in sample phase composition could be observed [20]. In
the case of ns ablation of Au-enriched FeAu alloy film, two different alloyed phases of
Fe and Au could be clearly distinguished (Figure 6a). We assume that the energetically
favorable phases according to the Fe–Au diagram were formed in the plasma plume. In
such a manner, composite alloyed nanoparticles were formed by ns ablation of FeAu film,
as a variation in their phase composition could be observed (Figure 6a). The formation
of composite nanoparticles was also confirmed by the position of the surface plasmon
resonance observed from such nanoparticles (Figure 8a). The theoretical prediction shows
that pure Au nanoparticles with similar dimensions demonstrate more than one surface
plasmon resonance and their position is at the wavelength of about 520 nm as well as shifted
to longer wavelengths [33]. Moreover, our results obtained from samples deposited by ns
ablation of pure Au film (see Figure S8) well confirm the above. While iron nanoparticles
do not show a characteristic absorption in the visible range of the spectrum (Figure S8),
the presence of Fe can influence the plasmon resonance of Au. Such a shift of the plasmon
resonance of Au-containing Fe alloyed nanoparticles has been previously reported [39,40].
Amendola et al. suggested that the redshift is most probably related to the heterogeneous
composition of the particles or particle aggregations [40]. In our case, we assumed that the
redshift in the surface plasmon resonance of the ns-deposited samples is due to the presence
of particles with different alloy composition as well as to their size and size distribution
(Figures 6a, 7a and S8).

In the case of ps ablation of the alloyed FeAu film, a decomposition was achieved of
the alloy followed by formation of Au and Fe-oxide nanoparticles in open air (Figure 5b).
The presence of Au nanoparticles was also confirmed by XRD analysis (Figure 6b). Further,
the interaction of ps laser pulses with the material in open air led to the formation of
nanoparticles with bimodal distribution (Figures 3b and 5b). The small-sized nanoparticles
were identified as pure Au and Fe-oxide phases (Figure 5b). Furthermore, the larger
particles have a core–shell structure, as the shell was found to have different Fe-oxide
phases (Figure 5b). The optical properties of this structure demonstrate the presence of
plasmon resonance shifted to the longer wavelengths (Figure 8b). The redshift in the
resonance position of Au nanoparticles is probably because the Au nanoparticles exist in
the Fe-oxide nanoparticle environment and their interaction shifts the resonance at longer
wavelengths (see Figure S8).

It should be noted that based on the results obtained by the XRD analyses of the
structures deposited by ns and ps ablation of alloyed FeAu film, it seems that the iron and/or
iron compounds are missing (Figure 6a,b). However, the presence of Fe in the deposited
structures was confirmed by the EDX analyses (Figures S6 and S7, Tables S2 and S3). This
means that a significant portion of iron oxide nanoparticles are amorphous (Figure 6a).
Further, the XRD method does not recognize nanoparticles below 5 nm in size as crystalline,
so they are registered as an amorphous halo in the XRD pattern (Figure 6b).

It could be summarized that structures consisting of composite alloyed nanoparticles
could be produced by classical ns ablation of alloyed FeAu film in open air, and that varying
the Fe: Au ratio in the film changes the composition of alloyed particles produced. The use
of ps ablation of the same alloyed film in open air generally decomposes the existing alloy.
This ultrashort laser–matter interaction allows the fabrication of structures comprising
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composite core–shell nanoparticles with some kind of Fe-oxide phase forming the shell. To
the best of our knowledge, composite core–shell particles produced by physical methods
such as laser ablation in air have not been previously reported. Further, different alloyed
films consisting of iron with other noble metals (FePt and FePd) could be used for the
fabrication of nanoparticle-composed structures, as the ablation regime applied acts in a
similar way to the case of FeAu.

5. Conclusions

Nanostructures consisting of composite nanoparticles were fabricated by ns and
ps ablation in open air from thin Fe and Au-enriched FeAu alloy films. It was found
that ablation by ps laser pulses leads to formation of nanoparticles with slightly smaller
diameters than those obtained by ns laser pulses. Different phase composition was observed
when an Fe film was ablated with ns and ps laser pulses, indicating that the ablation regime
applied influences the phase composition of the deposited samples. Structures consisting of
composite alloyed nanoparticles could be produced by classical ns ablation of alloyed FeAu
film in open air and varying the Fe: Au ratio in the film changes the composition of alloyed
particles produced. The use of ps ablation of the same alloyed film in open air generally
decomposes the existing alloy to Au and Fe metals and causes oxidation of iron to oxide
phase. In the latter case, the fabricated nanoparticles have a clearly expressed bimodal size
distribution as larger-sized particles demonstrate a core–shell type structure with an Fe-
oxide phase as shell. To the best of our knowledge, composite core–shell particles produced
by physical methods such as laser ablation in air have not been previously reported. The
obtained structures, regardless of the ablation regime applied, demonstrate a plasmon
resonance attributed to the presence of Au or Au-containing nanoparticles. A theoretical
study of the temperature distribution on the film surface and the film’s substrate with time
was carried out to clarify the potential for application of the presented technology. The
calculations show that at certain experimental conditions, material from the substrate is
not expected to be ejected.
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