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condensation for the synthesis of nanostructured
nanocrystalline, amorphous and composite
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Mohammed Reda Chellalia and Horst Hahn *ac

A new instrument combining pulsed laser ablation and inert gas condensation for the production of

nanopowders is presented. It is shown that various nanostructured materials, such as regular metallic,

semiconducting, insulating materials, complex high entropy alloys, amorphous alloys, composites and

oxides can be synthesized. The unique variability of the experimental set-up is possible due to the

reproducible control of laser power (pulse energy and repetition rate), laser ablation pattern on the

target, and experimental conditions during the inert gas condensation, all of which can be controlled

and optimized independently. Microstructure analysis of the as-prepared composite and amorphous

Ni60Nb40 nanopowders establishes the instrument's ability for the synthesis of materials with unique

compositions and atomic structure. It is further shown that small variations of the synthesis parameters

can influence materials properties of the final product, in terms of particle size, composition and

properties. As an example, the laser power has been used to control the magnetic properties of

amorphous Ni60Nb40 nanopowders. A few selected examples of the manifold possibilities of the new

synthesis apparatus are presented in this report together with detailed structural characterization of the

produced nanopowders.
1. Introduction

Bottom-up methods are well established for the synthesis of
nanomaterials, in the form of nanoparticles, thin lms and
nanostructures. One of the many techniques, which pioneered
the research on nanomaterials, is the inert gas condensation
(IGC) method.1–10 In the original version of the IGCmethod, the
material of choice is evaporated from a resistively heated
refractory metal crucible (W, Ta, Mo) inside an ultrahigh
vacuum (UHV) chamber, which is backlled with a low pres-
sure (typically between 1 and 20 mbar) of an inert gas or a gas
mixture.11,12 The type of inert gas (He, Ar, Ne), the pressure of
the inert gas and the vapor pressure of the evaporating species
(depending on the temperature of the evaporated material) are
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the main parameters to control the size and size distribution of
the nanoparticles.13 Extensive studies of the inert gas conden-
sation processes have been performed by Granqvist and
Buhrman.13 Building on their work, in the early 1980's, Gleiter
and co-workers combined the inert gas condensation process
with nanoparticle collection on a cold nger and subsequent in
situ compaction of the nanopowders at high uniaxial pressures
to obtain dense nanocrystalline bulk materials.14,15 In the
literature, the process of particle synthesis and the combina-
tion of synthesis and compaction has been named inert gas
condensation and abbreviated by IGC. The high reactivity of
many metals, such as Fe,6,16 with the refractory crucibles and
the differences in vapor pressure of the constituents of
alloys17–19 are the main drawbacks of thermal evaporation
method, leading to early failure and changes of the composi-
tion of alloys. Alternatively, DC-sputtering has been demon-
strated for alloy systems containing elements with highly
different vapor pressures, such as Al–Ti20 and Cu–Zr.21,22 An
even broader range of multi-element alloys, such as high
entropy alloys23 and bulk metallic glasses,24–28 or composite
materials, should be accessible using pulsed laser ablation,29–33

a technique commonly used for thin lm deposition34–36 under
high vacuum conditions. This approach is inspired by the fact
that the formation of nanometer-sized particles in the laser
Nanoscale Adv., 2019, 1, 4513–4521 | 4513
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plume has been observed.37–39 There are few known reports
where pulsed laser ablation in inert gases in the range of 1–20
mbar has been coupled with IGC set-up.40–42 Although
numerous studies has been performed related to the synthesis
of nanoparticles using pulsed lasers32,38,41,43–46 and the role of
many inuencing parameters,32,47,48 such as laser power and
wavelength, have been studied, only a few attempts have been
made to modify the technique for the preparation of new types
of materials, such as composites49 and amorphous alloys.50–52

In the present work, the range of possible materials is extended
to demonstrate the power of using pulsed laser ablation and
inert gas condensation for the synthesis of advanced nano-
particulate materials.

Using a new custom-built pulsed laser ablation based IGC
set-up (PL-IGC), nanoparticles of a pure metal (palladium),
a semiconductor (germanium), an oxide (zinc oxide), a high
entropy alloy (HEA, MnFeCoNiCu) with a complex composition,
and a glassy nickel–niobium alloy,53,54 a nanostructured
composite materials (or nanocomposite) of metal (palladium)
and glassy nickel–niobium alloy have been prepared in suffi-
cient quantities (hundreds of milligram depending on the
materials and duration of synthesis). Subsequently their size,
size distribution, morphology, structure (crystalline, amor-
phous) composition, etc. were evaluated using electron
microscopy and X-ray diffraction. In addition, microscopic
characterization and magnetic property measurements of as-
synthesized Ni60Nb40 nanopowder prepared under different
synthesis conditions were performed to establish structure and
property relationship and thus demonstrate the variability,
versatility and the potential of the PL-IGC system.
Fig. 1 XRD patterns of the as-synthesized nanomaterials. Diffracto-
grams from palladium (Pd), germanium (Ge) and zinc oxide (ZnO) are
given in (A)–(C). XRD patterns obtained from alloy and nanocomposite
materials [high entropy alloy (MnFeCoNiCu), amorphous alloy
(Ni60Nb40) and nanocomposite materials (Pd@Ni60Nb40)] are shown in
(D) to (F). The characteristic peaks are labeled for eachmaterial. For Pd,
there is evidence of surface oxidation; the corresponding peaks are
marked with an asterisk.
2. Results and discussion

The focus of the present report is to demonstrate the large
potential of the PL-IGC system for the synthesis of nanopowders
of a large variety of materials, irrespective of the type of chem-
ical bond, chemical composition, with the variability of particle
size. Consequently, different materials have been chosen, with
different bond types (metallic, ionic, covalent) of different
classes of materials, including those of complex chemical
compositions. All these materials were synthesized in a newly
designed custom-built PL-IGC system. All details of the instru-
ments are presented in the Experimental section. Briey, a pico-
second pulsed Yb:YAG (1030 nm) laser is used for the ablation
of different materials, which are subsequently condensed in
a He-atmosphere to form the respective nanoparticles. The as-
prepared nanoparticles are transported from the growth/
ablation zone using a forced gas ow to be collected on a cold
surface. In the current set-up, the nanopowders are transferred
to a glove box under inert gas atmosphere to be prepared for the
following characterization. X-ray diffractograms (XRD) of the
different as-synthesized materials are shown in Fig. 1. A laser
power of 20 watt was used for all ablation experiments with the
exception of ZnO and Ge, where higher laser power (50 watt) was
required to initiate the ablation process. All other synthesis
parameters, such as gas pressure, gas type, laser ablation
4514 | Nanoscale Adv., 2019, 1, 4513–4521
pattern (see Experimental section for details) were kept iden-
tical in all experiments.
2.1. Potential of the instrument

For the rst set of experiments, pure fcc palladium (Pd) was
selected, in particular as it is one of the rst elements being
prepared in the nanocrystalline state using thermal IGC and thus
can serve as a comparison to the thermal evaporation from
refractory crucibles.55 Using 20 W laser power for 30 min, about
100 mg of Pd nanopowder can be synthesized. The yield can be
increased signicantly with increasing in laser power, however,
the consequences for size and size distribution were not studied
in detail in this report. The strong peaks observed in the XRD
clearly indicates the crystalline nature of the as-synthesized Pd-
nanopowder (Fig. 1A). In addition to the peaks of fcc Pd, the
presence of small peaks belonging to palladium oxide (marked
with asterisk) are observed. It should be mentioned that in the
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00533a


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/1
7/

20
25

 1
:0

5:
32

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
current PL-IGC system, the collected nanopowders cannot be
compacted in situ and are handled as loose powders. The large
surface area of the as-synthesized Pd nanoparticles is most likely
responsible for the oxidation during collection, handling and
XRDmeasurement (Fig. 1A).56,57 In order to avoid oxidation of the
nanoparticles and to be able to prepare nanocrystalline compacts
of high densities of property testing, an in situ compaction unit is
currently being built, similar to the ones used in thermal IGC
systems.18 Materials, which cannot be easily thermally evapo-
rated, such as semiconductors (Ge) and oxides (ZnO), are typi-
cally sputtered using RF-magnetron sputtering source. Using the
present set-up, targets of these materials can be ablated directly.
As mentioned earlier, a higher laser power of 50 W was required
to ablate these materials. The XRD pattern of the as-synthesized
germanium and zinc oxide powders shown in Fig. 1B and C,
respectively, give clear evidence of the crystalline nature of these
materials. It should be mentioned that signicantly larger
production rates can be achieved in the case zinc oxide powders
compared to other methods, e.g., magnetron sputtering.58

To further test the versatility of the PL-IGC method for
complex compositions, a high entropy alloy (HEA) consisting of 5
elements in equiatomic composition and a glass forming bime-
tallic system were synthesized. HEA have been shown to exhibit
unique properties, and to further study the dependence of the
properties on the grain size towards the nanometer range, the
availability of well-controlled nanopowders of the respective
compositions is required.59,60 The XRD of the HEA (Fig. 1D and
S1†) with the constituentmetalsMnFeCoNiCu at equal elemental
composition shows only a single fcc phase (as shown in Fig. S1†)
similar to other synthesis methods, which yield much larger
grain/particle sizes.23 The elemental composition (equiatomic) in
the synthesized nanopowders was found to be identical with the
source HEA target, using energy dispersive X-ray (EDX) analysis.
In all the crystalline systems, the peaks are broadened indicating
the small particle size in the nanometer range. The Ni60Nb40 alloy
was chosen for the following reasons: rstly, to determine the
capability of the PL-IGC system to ablate alloys with constituent
elements with extremely different vapor pressures while
Fig. 2 Synthesis of nanocompositematerials using selective area laser sca
a fashion shown in the inset of (A). Variation in laser scanning area on Pd
(Pd@Ni60Nb40). (A) XRD of these nanocomposite materials are given in (i
as-prepared nanocomposite [from A(i)] is rich in Pd. The inset of (C) sho

This journal is © The Royal Society of Chemistry 2019
maintaining the stoichiometry of the target in the as-prepared
nanoparticles; secondly, to check if the quenching rate of the
nanoparticles is sufficient to obtain an amorphous structure in
a glass forming system. The XRD pattern shown in Fig. 1E gives
clear evidence for an amorphous structure as indicated by the
broad diffraction peak, without the presence of any additional
peaks belonging to a crystalline phase. It should be noted that the
small hump at 36.5� are due to the contribution of an air-tight
dome protecting the sample from oxidation (see Experimental
section). Further detailed microstructural characterization of the
material was carried out and the results are shown below.

The PL-IGC system has been designed to allow exibility in
terms of the target size and shape. An interesting aspect is the
synthesis of nanocomposite materials by combining different
targets, for example of metals and alloys. This feature has been
demonstrated by the simultaneous ablation of Pd and Ni60Nb40.
A thin foil of palladium was xed on top of a Ni60Nb40 target.
The XRD of the nanocomposite material shown in Fig. 1F (here,
denoted Pd@Ni60Nb40), prepared during one synthesis by
moving the laser beam across the entire target, covering Pd and
Ni60Nb40, shows crystalline Pd peaks, i.e., (111) and (200) along
with the amorphous hump of Ni60Nb40 as seen in Fig. 1F. From
the XRD analysis it can be concluded that the two phases (Pd
and Ni60Nb40) did not react at all with each other during the
synthesis, but rather formed a nanocomposite material.

From all materials reported above, the amorphous Ni60Nb40
alloy and crystalline–amorphous nanocomposite have been
further characterized to evaluate the potential of the PL-IGC
system for the preparation of complex nanomaterials, i.e.,
towards nanoglasses50,51 and nanocomposites.
2.2. Crystalline–amorphous nanocomposites with variable
composition

The overall composition of the nanocomposite can be varied by
means of the laser power while the laser is located on each of the
different materials, or, alternatively, by the ratio of the irradiated
areas for the different materials (or the times remaining on each
of the materials). The process thus enables an easy, exible and
nning on amodified target. Metal (Pd) and alloy (Ni60Nb40) are joined in
(10%, 5% and 1%) produced three different nanocomposite materials

) to (iii), respectively. As confirmed by SEM (B) and TEM (C) analysis, the
ws the SAED pattern of the same nanocomposite.

Nanoscale Adv., 2019, 1, 4513–4521 | 4515
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reproducible variation of the composition of the nal nano-
composite material. An example of such type of as-prepared
nanocomposite material is shown in Fig. 2. In order to perform
the laser ablation experiment, a piece of Pd foil was xed on the
Ni60Nb40 target, with a coverage of approximately 10% of the area
of the Ni60Nb40 target (see Fig. 2A inset). Selective area laser irra-
diation (20 W, see Experimental details for scan parameters) on
this modied target produced three different nanocomposite
materials. A comparison of the XRD line intensities of the three
samples (Fig. 2A(i)–(iii)) gives evidence for the presence of Pd in all
three samples. Because of the strong peaks arising from the
nanocrystalline Pd, the contributions of the amorphous Ni60Nb40
nanoparticles are not visible as well in the XRD pattern (Fig. 2A(i)).
A reduction of the Pd scanning area during ablation results in the
other two compositions (Fig. 2A(ii) and (iii)), which denitely have
a lower concentration of Pd, compared to Fig. 2A(i), scanning
electron microscopy (SEM) imaging and EDX analysis show that
the composition of Pd in the nanocomposite shown in Fig. 2A(i) is
90%, the rest being Ni60Nb40 (Fig. 2B). EDX analysis with other
two samples shown in Fig. 2A(ii) and (iii), showed different
Fig. 3 Microstructural analysis of Ni60Nb40 nanopowder. (A) SEM image
The TEM image shows an amorphous Ni60Nb40 particle (red-circled regi
inset. STEM image is shown in (C). (D) and (E) show compositional mapp
given in (F). RDF of region 1 is calculated from the SAED pattern given in

4516 | Nanoscale Adv., 2019, 1, 4513–4521
amounts of Pd in the samples. Scanning of 5% of the Pd-area
yielded 50% Pd in the nal product (Fig. 2A(ii)), which was
further reduced to 10% Pd when the ablation area was decreased
to 1% (Fig. 2A(iii)). A transmission electron microscopy (TEM)
image of the nanocomposite (produced from Fig. 2A(i)) and the
corresponding selected area electron diffraction (SAED) pattern
show mainly the presence of crystalline nanoparticles (Fig. 2C).
TEM analysis provides no evidence for mixing of the amorphous
and crystalline phases either during the ablation process itself or
by inter-diffusion of the two materials. In contrast to the obser-
vation shown in Fig. 1A, no oxidation of the crystalline Pd nano-
particles occurs which might be due to the presence of only 10%
Ni60Nb40. In any case, the study demonstrates the capability to
prepare crystalline–amorphous nanocomposites using PL-IGC
method, and to control the composition of the nanocomposite
using control of the scan area of the laser beam.
2.3. Analysis of the amorphous alloy

A detailed characterization of the amorphous Ni60Nb40 nano-
particles and the inuence of the laser power has been performed.
of the as-prepared nanopowder. Inset (i) shows EDX of the target. (B)
on) and the SAED pattern of the corresponding sample is shown in the
ing of Ni and Nb, respectively. RDFs of three regions of the sample are
the inset (B).

This journal is © The Royal Society of Chemistry 2019
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Three different sets of materials have been prepared using three
different values of the laser power (20, 30 and 50 W) from the
same Ni60Nb40 target. Fig. S2† shows comparative SEM images
(Fig. S2A to C†) and EDX analysis (Fig. S2D to F,† respectively) of
the as-synthesized materials. The laser power has an inuence on
the particle size distribution in the synthesized materials (as
evident from Fig. S2A to C†), which will be discussed later. Among
the three different materials, the nanopowders synthesized at
20 W laser power were selected for extensive microstructure
analysis (as shown in Fig. 3). It was evident from the EDX
measurement that the particles retained the atomic composition
of the target, measuring 61 at% Ni and 39 at% Nb (Fig. S2D†)
compared to 60 at% Ni and 40 at% Nb composition in the target
(Fig. 3A(i)). It should be mentioned that the particle sizes are
typically larger in the PL-IGC synthesis, if compared to the typical
sizes in the range of 5–10 nm as obtained in thermal IGC. In
addition, the size distribution of the spherical particles seems to
be broader for the PL-IGC process.

TEM investigation, including SAED, was carried out and the
images are shown in Fig. 3B. Although amorphous phase
(highlighted by red circle in Fig. 3B) being majority, SAED
pattern suggests mixture of nanocrystallinity in the sample. It
should be noted that the presence of a small amount of oxides
(oxides of nickel or niobium), was identied by SAED and
HRTEM, may contribute to the nanocrystallinity. Additionally,
a few larger particles showed good crystallinity and the lattice
spacing analysis identied presence of Ni3Nb in the alloy phase.
Scanning transmission electron microscopy (STEM) in combi-
nation with EDX from different particles also indicate similar
compositions for most spheres, regardless to whether they are
crystalline or amorphous. Niobium oxide layer could have
formed as preferential reactivity of niobium with oxygen leads
Fig. 4 Variation of structure, particle size distribution and magnetic pr
synthesized using 20, 30 and 50W laser power, produce similar XRD patte
particle size, 31.4 nm (20 W), 34.6 nm (30 W) and 39.7 nm (50 W), respe
Analogous MSR showed paramagnetic behavior at 5 K (in inset (i), yellow c
laser power are different as shown in inset (ii).

This journal is © The Royal Society of Chemistry 2019
to amorphous niobium oxide layer on the surface of nickel–
niobium alloy material which has been seen before.61 The
composition of the sample is determined to be �Ni60Nb40
through EDX measurement for a large amount of materials in
SEM. STEM-EDX spectrum image in Fig. 2C also indicates
homogeneous distribution of nickel and niobium in the sample
which is conrmed through the maps presented in Fig. 2D and
E, respectively.

In order to gain insight into the local atomic structure of the
sample and nanocrystallinity in the sample, three radial
distribution functions (RDFs) of the same material is calculated
from SAED patterns62 collected from three different regions and
shown in Fig. 2F. The RDF of region 1 (blue line) in Fig. 2F is
calculated from the SAED pattern given in the inset of Fig. 2B.
The other two RDFs corresponding to region 2 and 3 (red and
green lines, respectively) are calculated from other regions of
the same sample which show similar structures. The RDF
features generally agree with the glassy Ni60Nb40 alloy studied
before.63 The major peak at 2.54 Å is due to the Ni–Nb
bonding.64 The appearance of the smaller peaks around 4.5, 6.5
and 8.5 Å (secondary and higher order packed shells) indicates
more ordering in the local atomic structure in the sample
compared to metallic glass sample with the same composi-
tion.63 The absence of any intensive sharp signal below 2.54 Å
conrms that only insignicant amounts of metal–oxygen
bonds are present in the sample.
2.4. Tailoring of properties

The inuence of different particle sizes and particle size
distribution on the structure, i.e., nanocrystallization, and
properties was evaluated by ablating at different laser powers.
The corresponding XRD patterns of the materials are shown in
operty of the materials with laser power. (A) Ni60Nb40 nanopowders,
rns. Corresponding particle size distributions is given in (B) and average
ctively was determined. (C) At 5 K, all the materials are ferromagnetic.
urve for MSR). The coercive fields of the materials prepared at different

Nanoscale Adv., 2019, 1, 4513–4521 | 4517
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Fig. 5 Schematic of the laser ablation chamber. Important components of the chambers are shown. (1) Two-inch diameter target for laser
ablation, (2) target mounting z-axis manipulator, (3) Baratron manometer gauge, (4) hot cathode gauge, (5) Swagelok line to inlet inert gas for
venting purpose, (6) flow controlled showerhead line, (7) gas line for viewport purging, (8) position of the pulsed laser f-theta lens, (9) viewport
with anti-reflection coated BK7 window, (10) liquid nitrogen cold trap to collect ablated nanomaterials, (11) throttle valve, (12) booster pump (130
m3 h�1). Standard vacuum symbols are used in the schematics.
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Fig. 4A. The similar pattern for the three different laser powers
used (20, 30 and 50 W) indicate the formation of basically
identical amorphous phases in the as-prepared nanopowder.
No compositional variation was found in the SEM-EDX analysis
(Fig. S2D to F†) among the three different samples. However,
the particle size distribution of the three materials (Fig. 4B)
shied to larger average particle sizes with increasing laser
power, i.e., the mean value of particle sizes increased gradually
from 31.4 nm (at 20 W), 34.6 nm (30 W) to 39.7 nm (50 W) with
increase in laser power from 20 W to 50 W, as shown in Fig. 4B.
This general trend towards larger particle sizes at high laser
power is similar to the observations made by Granqvist and
Buhrman for thermal evaporation at increased density of the
metal vapor in IGC. In PL-IGC, it is also possible that larger
particles are ejected from the target material. The amount of
nanocrystals inside the amorphous nanopowder increases with
increasing laser power, resulting in changes of the magnetic
properties.

The magnetic behaviour of the samples at different
temperatures was measured using SQUID magnetometer. All
PL-IGC samples showed ferromagnetic behaviour at 5 K as
shown by the hysteresis loops in Fig. 4C. Hysteresis loops
recorded in 300 K and 5 K of the sample synthesized at 20 W are
shown in Fig. S3.† In order to assess the effect of nano-
crystallinity on the magnetism of this material, the magnetic
behaviour of a rapidly cooledmolten alloy, amorphous Ni60Nb40
(known as melt-spun-ribbon or MSR) was measured at the
identical experimental conditions. XRD and SAED pattern
shown in Fig. S4† conrmed a perfect amorphous phase in the
4518 | Nanoscale Adv., 2019, 1, 4513–4521
MSR specimen. When the magnetism at 5 K of the nanopowder
(prepared at 20 W) is compared with MSR (inset (i) in Fig. 4C),
an increase (about 100 fold) in the overall magnetisation is
seen. MSR shows paramagnetic behaviour at 5 K. Clearly, the
appearance of ferromagnetic behaviour observed in the nano-
powder is due to the contribution from the nanocrystalline
phase. It is additionally observed that the nanopowder did not
reach saturation magnetisation value even at 4 T, a common
behaviour of binary metallic nanoglasses seen before.65

Further analysis on the magnetic ground state of three
materials (ablated at 20, 30 and 50 W laser power) at 5 K is
shown in Fig. 4C inset (ii). When the M vs. H loops of the
samples were compared, alloys synthesized at 20 and 30 W
showed 418 Oe coercive led. Although 15% reduction of
coercive eld is found (356 Oe), higher saturation magnet-
isation of the sample wasmeasured for the material synthesized
with 50 W power.

The results obtained for the Ni–Nb system demonstrate that
the PL-IGC allows for the control of properties, here magnetic,
by variation of synthesis parameters.
3. Conclusions

In this report, a custom built pulsed laser inert gas condensa-
tion (PL-IGC) system is presented. The system is capable of
ablating a wide variety of materials, including low vapor pres-
sure materials, and nanocomposites with great control of the
ablation area, ablation time, and laser power. The consequent
control of the experimental parameters allows the synthesis of
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00533a


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/1
7/

20
25

 1
:0

5:
32

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a wide range of pure metals, alloys, oxides and nanocomposites
with good yield, precise control over composition and tailoring
of materials properties. Using a simple design the PL-IGC
system excellent exibility of the choice of target materials
and ablation parameters is offered. Furthermore, the usual
parameters of the IGC process, such as gas pressure and type,
are employed to control the desired particle sizes and size
distributions. The superior performance of the system is
demonstrated for metals, alloys and oxides, including nano-
composite material, consisting of a crystalline phase and
amorphous phase. In addition, it is demonstrated that proper-
ties can be reproducibly controlled by means of the synthesis
parameters. In conclusion, some of the shortcomings of
thermal evaporation IGC (e.g. restriction to alloys of similar and
sufficiently high vapor pressures and low reactivity with the
material of the crucibles) and magnetron sputtering IGC (e.g.
gas pressure and type suited to sputtering and low yield for
oxides) can be overcome by the use of laser ablation. In the
future, the integration of in situ compaction to the existing PL-
IGC system will further improve the materials as the reactive
nanoparticles can be consolidated into dense samples with
reduced surface area resulting in minimization of the oxidation
of the metastable materials.

4. Experimental

A schematic of the custom-built instrument is shown in Fig. 5.
The instrument consists of three major components: (a) an
infrared picosecond pulsed laser for target ablation, (b) an
ultrahigh vacuum chamber where the target is ablated, and (c)
a cold nger where the as-synthesized nanoparticles are
collected. The technical details are as follows:

(a) An infrared (IR) pulsed laser (Yb:YAG, wavelength 1030
nm) with maximum output power of 50 watt at 200 or 800 kHz
frequency (TRUMPF TruMicro 5000) is used for the ablation
process. The beam diameter at the laser exit window is 5 mm.
Pulse duration is less than 10 ps with a maximum achievable
pulse energy of 250 mJ. Depending on the experimental
requirements, different laser irradiance had been used. In case
of metallic targets, at 20 watt laser power irradiance was 4.4 �
1010 W cm�2. At 30 and 50 watt, the irradiance were 4.6 �
1010 W cm�2 and 5.3 � 1010 W cm�2, respectively. The laser is
directed to the ablation chamber using a series of optical
mirrors (Thorlabs) onto two scanning mirrors (Scanlab)
mounted on a mobile optical stage (Thorlabs). The scanning
mirrors are controlled and operated remotely via a computer-
aided design soware and are synchronized with the laser.
From the mirrors, the laser is focused through the viewport to
the target (Fig. 5, item 1) by using an f-theta lens (Q-Optics)
having 254 mm focal length. All the optical components and
the guiding mirrors along with the laser are placed on a vibra-
tion isolated optical bench and placed inside a laser safety box.
The custom-built instrument (vacuum assembly, laser and
optical mirror assembly) is housed inside a laser secured room
with the necessary safety considerations. The diameter of the
spot area ablated by the focused laser is found to be 25 mm at
20 W, expanding to 36 mm at the maximum output power (50
This journal is © The Royal Society of Chemistry 2019
W). This range of laser power in combination with an 800 kHz
repetition rate has been used to ablate different materials
summarized in this work. Uniform laser scan parameters are
maintained throughout all synthesis showed in Fig. 1.

Scan area: 1032 mm2

Line spacing: 5 mm
Scanning speed: 4500 mm s�1

Jump speed: 4500 mm s�1

Other parameters (laser power, ablation time) are varied
according to the materials and experimental requirements. For
example, scan area of 586 mm2 was ablated during synthesis of
Pd@Ni60Nb40 (Fig. 2) nanocomposite with different Pd and
Ni60Nb40 scan area ratio to produce nanocomposites with
different compositions.

(b) The target is mounted on a z-axis manipulator (item 2). A
base pressure in the vacuum chamber of approximately 1 �
10�6 mbar was achieved by means of a side channel high
vacuum pump (item 12, Pfeiffer Vacuum, OnTool Booster 150).
Using a continuous ow of 500 SCCM He gas (99.9999% purity)
through a shower head (vertical slit) and additional 140 SCCM
He gas purging (item 6 and 7) around the view port (through
which the laser enters into the chamber, item 9) to avoid
materials deposition onto the viewport, the gas pressure is
maintained at 10 mbar during the entire synthesis. The pres-
sure is regulated by means of a throttle valve (item 11). Several
control experiments were performed to understand the effect of
laser parameters, partial pressure of gas, ablation time, gas
composition etc. on the synthesized materials.

(c) The as-prepared nanopowders are collected using a liquid
nitrogen cooled cylinder [typically named cold nger (item 10)],
which is placed in between two gate valves. This conguration
with closed valves ensures the inert conditions (argon atmo-
sphere) needed to synthesize nanoparticles aer the synthesis.
The nanopowders, which are typically collected on the cold
nger, are transferred under an inert atmosphere (with closed
valves) to a glove box [lled with high purity argon (0.1 ppm
oxygen, 0.1 ppm water) to avoid surface oxidation] for further
processing, such as consolidation and other type of sample
preparation for characterization. Aer each synthesis proce-
dure, the vacuum chamber, view ports, cold nger, etc. were
thoroughly cleaned to avoid any cross-contamination from
residual materials.

Standard techniques were used to characterize the as-
synthesized nanoparticles. All the target materials (except
Ni60Nb40 alloy) for the synthesis were 99.9% pure and were
purchased from MaTeck GmbH. Ni60Nb40 alloy was received as
a gi from Zhejiang University, P. R. China. Structural charac-
terization (XRD) was carried out using a Bruker X-ray diffrac-
tometer equipped with a Cu Ka X-ray source. For the XRD
characterization, the Ni–Nb amorphous nanopowders were kept
inside an airtight dome holder (from Bruker GmbH) to main-
tain the inert atmosphere to avoid reactions with the ambient
atmosphere as much as possible. All other materials were
characterized at ambient conditions. Microstructure analysis
and materials composition were determined using a Zeiss LEO
1530 scanning electron microscope (SEM) tted with energy
dispersive X-ray (EDX) analyzer. An aberration corrected FEI
Nanoscale Adv., 2019, 1, 4513–4521 | 4519
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Titan transmission electron microscope (TEM) operated at 300
kV equipped with a high-resolution spectrometer (Gatan Image
Filter Tridiem 965) was used to measure TEM images of the
sample. The magnetic measurements were carried out using
a superconducting quantum interference device (SQUID)
magnetometer of Quantum Design Company. The capsules for
magnetic measurement were prepared inside the same glove
box mentioned earlier.
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