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A B S T R A C T   

Sputter-based cluster beam deposition offers a solvent- and effluent-free physical method to synthesize nano-
particles (NPs) with tailored characteristics. Despite the broad capabilities to control the NP architecture via 
multiple parameters such as magnetron power, gas pressure and flow, type of gas, etc., the technique is still far 
from being at hand because of insufficient understanding of the processes of NP nucleation, growth, and 
transport. Here, we synthesize Nb NPs of spherical (diameter 32 nm) and cubic (side length 19 nm) shape, 
depending on pressure, and perform a detailed structural characterization. A known analytical model of the NP 
growth and thermalization was modified to account for ion bombardment and non-ideal atomic sticking in the 
plasma. The model was enforced with ad hoc multi-timescale molecular dynamic simulations to unveil the pe-
culiarities of the growth of Nb NPs and explain the difference in their morphology.   

1. Introduction 

For past decades, plasma-assisted vacuum-based techniques have 
emerged as a powerful toolset for the manufacturing of a wide range of 
materials. From the plethora of techniques, magnetron sputtering has 
attained significant interest and has been quickly adopted [1]. Nowa-
days, magnetron sputtering is considered a versatile thin film deposition 
method that has relatively low operational costs and is compatible with 
an existing stack of “dry” processes. Besides thin films, technological 
advancements have created a demand for different kinds of nano-
structured materials, giving rise to the development of cluster beam 
deposition [2]. 

In the early 1990 s, the Freiburg group employed magnetron sput-
tering for metal vaporization in a gas aggregation cluster source (GAS) 
[3,4]. A core principle at the heart of the technique is the sputtering of 
metal with energetic buffer gas ions (for example, Ar or Xe) [5] with the 
formation of super-saturated atomic metal vapors that subsequently 

condensate to form clusters or nanoparticles (NPs). Newly created NPs 
are then transferred by the gas flow from the plasma region through the 
volume of the aggregation chamber, towards the exiting orifice. The NPs 
grow via the deposition of metal atoms on their way to the substrate. 
Although this approach offers a number of advantages, such as flexibility 
and control over NP size and composition [6–8], magnetron-based GAS 
systems have received limited popularity, mainly in academia. The lack 
of understanding of the underlying physical processes is what hindered 
the rate of adoption of GAS systems by industry. 

One crucial issue restricting the wide adoption of magnetron-based 
GASes is the precise control over cluster morphology and, more 
importantly, its predictability. A common approach relies on the 
assumption that in most cases, the final shape of NPs is governed by 
surface energy minimization. Therefore, close-to-spherical NPs with the 
lowest surface-to-volume ratio are formed during the aggregation pro-
cess. On the other hand, engineering of the desired NP morphology 
(which is rarely spherical) at the nanometer scale is beneficial for 
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numerous applications, ranging from catalysis [9–11] and fuel cells [12] 
to photonics [13–16] and biomolecule detection [17]. The formation of 
other-than-spherical NP morphologies with larger surface-to-volume 
ratios is difficult to predict with the surface energy minimization pro-
cesses alone. 

Numerous attempts have been made to create a roadmap for pre-
dicting the NP morphology or, at the very least, mapping them to a 
specific set of experimental parameters when using “wet” chemistry 
[18–23]. Magnetron-sputtering inert gas condensation provides multi-
ple degrees of freedom in terms of NP morphology control. In general, 
this problem could be approached by either introducing mass filtration 
mechanisms or tailoring the operational parameters. A good example of 
gaining control over the NP morphology via mass selection was 
demonstrated by Nielsen et al [24]. However, it should be noted that 
mass filtering of any kind is always associated with material losses and 
longer deposition times. 

On the other hand, tailoring experimental conditions may become a 
great trade-off between the selectivity of the process and material uti-
lization/processing time. For instance, magnetron power has been re-
ported to have a profound effect on atomic flux and the NP temperature 
during its growth. In combination with surface diffusion rates governed 
by energetic barriers arising from the crystal structure, this allows for 
the synthesis of Fe NP of cubic morphology [25]. When using radio- 
frequency powered plasma, the NP shape can be manipulated by 
adjusting the duty cycle, as has been reported for W NPs [26]. 

The fact that NP nucleation and growth occurs in the vicinity of the 
sputtering target opens a possibility to manipulate the magnitude of the 
magnetic field (and, therefore, plasma confinement that affects the 
temperature and density of sputtered atoms) by linearly displacing the 
magnetic circuit with respect to the target [27] or by varying thickness 
of the targets of high magnetic permeability, which in turn results in 
magnetic screening effect [28]. An alternative pathway to the NP shape 
tuning involves finding a combination of materials with different 
nucleation/growth kinetics. For example, Vernieres et al. demonstrated 
a concept of selective wetting of specific surface sites on pre-condensed 
Fe NPs by gold atoms resulting in multiple-frame Fe-Au cubic 
morphology [29]. 

In recent years, the importance of buffer gas composition/pressure 
(flow rate) in the formation of NPs has been reconsidered and exten-
sively scrutinized. Wang et al. demonstrated an influence of the Ar/He 
ratio on the deposition rate and the resulting NP morphology [30]. The 

Kiel group has demonstrated a concept of controlling the NP composi-
tion by adjusting operational pressure in the aggregation chamber that 
resulted in an alternation of the erosion track width [31,32]. Later, 
Drewes et al. showed that working pressure and gas flow are responsible 
for spatial shifts of the NP trapping region [33,34]. This approach takes 
advantage of NP electrostatic trapping phenomena [35] with the aim to 
control the residence time of the NPs in the “hot” plasma zone and 
therefore influence its temperature. Finally, computational fluid dy-
namics (CFD) simulations became an insightful complement to the 
experimental investigation, showing a strong influence of the geometry 
of the aggregation chamber and the working pressure on NP transport 
inside the aggregation chamber [36,37]. Despite many extensive 
studies, there exists a vast gap between atomistic simulations focusing 
on the NP nucleation and growth and CFD simulations that consider 
mostly transport phenomena inside the cluster systems. Recently, an 
attempt has been made to bridge this gap using large-scale molecular 
dynamics (MD) simulations to track down the NP as it flows throughout 
the aggregation chamber [38]. Moreover, a multiscale MD framework 
was developed to enable consistent modelling of sputtering, transport 
and deposition processes. The framework interconnected the MD model 
and experiments allowing to extract time-dependent macroscopic pa-
rameters (for example, reaction and/or deposition rates), often unat-
tainable otherwise. A great potential of the suggested methodology was 
demonstrated by modelling the growth of the platinum NPs on the 
carbon electrode in a proton-exchange membrane fuel cell [39,40]. 

In the current work, we aim to contribute to a rapidly evolving field 
of magnetron-sputtering inert gas condensation by performing a 
detailed structural characterization followed by ad hoc multi-timescale 
simulations to unveil the peculiarities of the niobium nanoparticles 
(Nb NPs) growth. In our previous work, we employed a cluster system to 
prepare Nb NPs of cubic morphology, which has become an onset for this 
study [17]. It focuses on the phenomena governing the NP morphology 
to provide a roadmap for future research on gas-phase NP synthesis. The 
effects of the temperature regime, atomic “precursor” and sticking co-
efficients on the NP shape are investigated. We also demonstrate a way 
of independently tuning the NP shape concerning its crystal structure or 
composition by simply readjusting the gas pressure. 

Fig. 1. The scheme of (a) gas aggregation cluster source (GAS) used for the production of Nb NPs (the difference in operational conditions is denoted by color, 13 Pa 
correspond to the low pressure and 75 Pa to high pressure), (b) SRIM/TRIM simulation model and (c) spatial ranges for molecular dynamic and numerical simulations 
as they relate to aggregation chamber length. 
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2. Material and methods 

2.1. Sample preparation 

Nb NPs were synthesized using a magnetron-sputtering inert gas 
condensation system (schematically depicted in Fig. 1a) as described in 
detail in previous papers and summarized here very briefly [17,41]. A 3- 
inch Nb target (Kurt J. Lesker Ltd, 99.99 % purity, 0.125-inch thick) was 
used. The system was evacuated to a base pressure of 10-5 Pa, then a 
buffer gas-carrier (Ar, 99.996 % purity, Linde Gas) was introduced into 
the GAS. The Ar flow was adjusted to 2 sccm and 20 sccm to create 
pressures of 13 Pa and 75 Pa, respectively. The pressure was probed by a 
capacitance gauge (626C, MKS Baratron®, full range is 1 Torr, typical 
accuracy 0.25% of the full range) connected to the aggregation chamber 
via a transversal port located at the middle of the chamber’s full length. 
To ensure the pressure readings are relevant for the entire volume of the 
aggregation chamber, the computational fluid dynamics (CFD) simula-
tions are performed (see Section 2.7 for the details). When operated at 
the selected flow rates (2 and 20 sccm for 13 Pa and 75 Pa, respectively), 
our system exhibits small longitudinal pressure gradient across entire 
aggregation chamber that is, perhaps, even out-of-the instrument 
sensitivity (Figure S1). A dc power supply (Kurt J. Lesker Ltd, Tru-
Plasma DC 3001) was operated in a constant current mode with the 
current set to 500 mA. The retractable quartz crystal microbalance 
(QCM) was inserted into the deposition chamber normally to the NP 
beam via a load-lock and aligned below the GAS exit nozzle at a distance 
of 150 mm to match the sample position. It was retracted after the 
deposition rate stabilized. Substrates were introduced into the deposi-
tion chamber in a similar manner. 

2.2. Sample characterization 

Two types of substrates were used to collect Nb NPs: carbon-coated 
copper grids (SPI Supplies, Structure Probe, Inc.) for High-Resolution 
Transmission Electron Microscopy (HRTEM) and silicon wafers 
(OnSemi, 〈100〉, one-side polished, 525 μm thick) to perform Scanning 
Electron Microscopy (SEM), Small Angle X-ray Scattering (SAXS), and X- 
ray diffraction (XRD). The Si wafers were cleaned by ultrasonication in 
acetone and ethanol prior to use. 

An in-depth analysis of the NP morphology was carried out using a 
Transmission Electron Microscope (TEM, 2200FS, Jeol Ltd, Japan) 
equipped with a FEG cathode operated at 200 kV of acceleration voltage 
and a Centurio Large Angle SDD-EDX detector. In addition, a T-FE-based 
Scanning Electron Microscope (SEM, JSM-7200F, Jeol Ltd., Tokyo, 
Japan) was employed for a complementary analysis of the Nb NP shape 
and size distribution. All SEM measurements were carried out in a top- 
view orientation at the 25-kV acceleration voltage. 

Small-angle X-ray scattering (SAXS) analysis became a primary tool 
for probing the NP size distribution, as it provides extensive statistics. 
The SAXS measurements were performed in transmission geometry 
using a Xenocs Xeuss 2.0 SAXS instrument (Mo X-ray source (λMo Kα =
0.07107 nm), a hybrid pixel array detector Dectris Pilatus 200 k). All 
SAXS measurements were conducted at a fixed sample-to-detector dis-
tance of 2500 mm. After azimuthal integration, background correction 
and normalization, the resulting 1D SAXS curves were fitted to obtain 
the volume distribution of the NPs using the Irena data manipulation 
and analysis toolbox[42] available for the IGORpro package. For the NP 
structural analysis, Powder X-ray Diffraction (XRD) analysis was per-
formed using a diffractometer (XRD, Rigaku SmartLab) rigged with a 
rotating X-ray source (λCu Kα = 0.15418 nm) in a parallel beam geom-
etry. The angle of incidence of the primary beam of ω = 0.6◦ was 
maintained for all measurements. The diffraction pattern fitting was 
performed using the MStruct package [43]. 

2.3. SRIM/TRIM calculations of Nb sputtering yield 

The Stopping and Range of Ions in Matter (SRIM) simulations have 
been performed to analyze the total sputtering yield of the Nb target, 
depending on the experimental conditions. The SRIM models the colli-
sion cascade produced when a high-energy ion collides with a solid 
target. In general, the SRIM code relies on the binary collision approx-
imation. Thus, the collisions between atoms are approximated by suc-
cessive elastic binary collisions described by a binary interaction 
potential and energy losses. 

In this work, the SRIM-2013 software package is used [44]. We opt 
for a detailed calculation with full damage cascades to trace every 
recoiling atom until its energy drops below the lowest displacement 
energy of any target atom. It is assumed that singly charged Ar ions 
approach the target surface with energy equivalent to the dc bias of 145 
– 190 V. 

The number of inbound Ar ions is set to 105 to harvest statistically 
meaningful data for the evaluation of the sputtering yields. The cascades 
which come back to the target surface are important in our case and are 
of our primary interest. Therefore, we simulate a thin target (40 nm) 
which provides an adequate approximation for processes that involve 
relatively heavy ions (e.g. >20 amu, whereas Ar+ has a mass of 39.9 
amu). We focus mainly on the estimation of the sputtering yield of ion 
projectiles incoming at a normal angle towards the target surface 
(Fig. 1b). 

The displacement energy (i.e. minimum energy required to knock a 
target atom off the lattice site to a distance that does not allow for im-
mediate re-deposition) of 25 eV is used, which is typical for most of the 
metals. The lattice binding energy typically lies in the range of 1–3 eV, so 
we kept the pre-defined value of 3 eV as supplied with the SRIM software 
database. The surface binding energy (SBE) affects the sputtering yield 
the most, while both the displacement energy and the lattice binding 
energy have only a minor effect. By default, the SRIM code approximates 
the surface binding energy with the heat of sublimation per atom. 
However, these two quantities are not necessarily the same since the 
energy threshold for the atoms leaving the surface also depends on the 
surface morphology, composition, and other factors. 

When used with default SBE values, sputtering yields (γ) calculated 
by SRIM significantly deviate from the values deduced using the 
experimental measurements [45,46]. Here, we opt for an already 
developed approach of modifying SBE to minimize the difference be-
tween the γ values simulated by SRIM and the ones calculated using 
empirical equations derived from the experimental data [45] to be 
around 10% across the entire range of the Ar ion energies. For more 
details, please see Mahne et al. [47] and Farhadizadeh et al. [48]. The 
summary of the input parameters is provided in Table S1 of the ESI. 

The conclusion should be drawn with extra care, as SRIM/TRIM can 
underestimate the sputter yield at normal incidence and overestimate it 
for the glancing incidence [49]. However, this simple approximation 
suffices for our purposes. 

2.4. An analytical model and numerical NP growth simulations 

The MATLAB package was used to perform the simulations of a 
single Nb NP size growth, the NP temperature, and the Nb atomic 
deposition rate as functions of time-of-flight (the simulation scale is 
schematically shown in Fig. 1c). The approach to modeling the phe-
nomena within our GAS is inspired by the work done by Zhao et al. [25] 
The model was modified to accommodate the influence of positive Ar 
ion bombardment and atomic sticking coefficient on the growth of NP. A 
more detailed description of the numerical calculations can be found in 
the ESI. 

2.5. Equilibrium Nb NP shape (Wulff construct) 

The equilibrium shape of Nb NPs was constructed using the 
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WulffPack software package [50,51]. An equilibrium shape of bcc Nb NP 
was modelled based on unit cell and lattice constant experimentally 
determined from XRD patterns as well as the set of facets with corre-
sponding surface energies available in the literature [52–54]. The final 
structure included 50 000 Nb atoms. More details can be found in the ESI 
(TableS2 and Table S3). 

2.6. Molecular dynamics simulations of Nb NP growth 

All molecular-dynamics simulations in this work were performed 
using classical molecular dynamics implemented in the LAMMPS code 
[55], with a time step of 1 fs. The Nb-Nb interactions were described by 
the EAM potential as fitted in [56]. The simulations took place in a cubic 

cell with periodic boundaries in all directions and started with an NP 
core of 27 atoms (1 nm size) in the middle of the cell. Such choice 
guarantees that NP core is significantly larger than a single Nb atom 
allowing to distinguish between the temperature of the NP and sur-
rounding Nb atoms temperature and to bypass the complexity intro-
duced by the quantum effects. On the other hand, 27-atom big core is 
still sufficiently small to affect the studied relationships between growth 
conditions and NP shape. 

The NP temperature (TNP) was controlled by a Nosé–Hoover ther-
mostat (canonical nvt ensemble, asymptotical correction of the differ-
ence between actual and the target temperature) with a target 
temperature of 300–2200 K and a damping time of 20 fs. The temper-
ature of Nb atoms not bonded to the NP was not controlled 

Fig. 2. Top view SEM (a, b) and HRTEM (c, d) micrographs of the Nb NPs synthesized at 13 Pa and 75 Pa of Ar pressure inside the aggregation chamber and constant 
current of 500 mA. The highly crystalline structure is shown on the HRTEM micrographs of bigger magnification (e, f). Insets show Fast Fourier Transform (FFT) 
images obtained on single NPs. 
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(microcanonical nve ensemble). Two simulation protocols have been 
used for high and low Nb atom concentrations. 

In the case of high Nb atom concentration simulations, the 10 × 10 ×
10 nm cell was randomly filled with Nb and Ar atoms to a net concen-
tration of 1 atom per 1 nm3, with a minimum initial interatomic distance 
of 0.7 nm and with the atomic gas ratio Rg = Nb/(Nb + Ar) = 0.5. It 
should be recognized that such an unrealistically high Nb atom con-
centration was chosen to accelerate the simulations, but it significantly 
exceeds the real atomic vapor concentration in conventional magnetron 
sputtering. The Nb-Ar and Ar-Ar interactions were described by the 
Ziegler-Biersack-Littmark (ZBL) and Lennard-Jones potential, respec-
tively. The NP growth via adsorption events was interrupted every 5 ps 
by introducing new Nb atoms and removing Ar atoms, in order to pre-
serve both concentrations (taking the decreasing gas volume into ac-
count). Assuming that nucleation from hyperthermal atoms is unlikely, 
the highest initial temperature of the Nb atoms (TNb) was set at TNb =

2750 K (bulk Nb melting point). The temperature of the Ar atoms (TAr) 
was controlled at 300 K (corresponding to cooling at the GAS with water 

at room temperature). 
In the case of low Nb atom concentration simulations, the 40 × 40 ×

40 nm cell included the NP and a single arriving Nb particle with a 
random initial position above the NP surface and a random direction 
(but always intersecting the NP) of the initial velocity. The particle was 
either an isolated atom (TNb = 1600–2750 K) or a molecule containing 
up to 16 atoms (initial translational energy corresponding to TNb = 2750 
K, with no initial vibrational or rotational energy). The time between 
two arrivals (except in simulations focused on its effect) was 1 ps. These 
simulations are similar to well-established growth simulations of 
metallic and other layers[57], except for the spherical instead of flat 
growth template used. 

Although the NP can exist outside the range of temperatures chosen, 
extreme temperatures (far above TNb) cause the NP amorphization and, 
thus, lie beyond the region of interest for capturing phenomena that 
determine the NP morphology. 

The medium-range order was quantified in terms of common 
neighbor statistics [58]. It counts triads ijk, where i is the number of 

Fig. 3. Fitted SAXS scattering curves (a, b) and volume size distribution of Nb NPs (c, d) obtained from the fit of the SAXS data for the spherical NPs prepared at 13 
Pa and cubic NPs prepared at 75 Pa and a constant current of 500 mA. The total size includes the metal core and 2-nm oxide shell. 
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common neighbors of two bonded atoms, j is the number of bonds be-
tween these neighbors, and k is the maximum length of a chain made of 
these bonds. The bcc structure of Nb (assuming coordination of 14, i.e. 
bonds to first and second nearest neighbors) is characterized by 3 triads 
444 + 4 triads 666 per atom, while e.g. icosahedra clusters which are of 
high importance in metallic glasses are characterized by triads 555. 

2.7. Computational fluid dynamics simulations 

The longitudinal pressure gradient across the aggregation chamber 
was modelled by computational fluid dynamics (CFD). The CFD simu-
lations were performed for the 2D axisymmetric computational domain 
using the software Siemens STAR CCM + 16.06.008-R8 (double preci-
sion). The segregated fluid solver with Semi-Implicit Method for Pres-
sure Linked Equations (SIMPLE) algorithm were used to numerically 
solve Navier-Stokes equations. A relatively low Knudsen number (Kn <

0.01) was set in fluid properties to allow for treating the carrier gas flow 
as a continuum. In the regions characterized by the transitional flow 
(0.01 < Kn < 0.1) the Maxwell slip corrections were applied. For CFD 
analysis, the following assumptions were made:  

• Fluid was assumed to be ideal gas and to be compressible; 
• No slip on the walls was expected, except for the regions with tran-

sitional Knudsen number (orifice, deposition chamber, etc.), where 
Maxwell partial slip model was used;  

• Flow of the fluid was expected to be laminar;  
• Polyhedral mesh was produced for this simulation;  
• No electromagnetic interactions were considered the model. 

3. Results and discussion 

3.1. Morphology and structure of Nb NPs 

Fig. 2 shows the SEM micrographs taken on the Nb NPs prepared at 
two different Ar pressures/flows in the aggregation chamber (13 Pa/2 
sccm and 75 Pa/20 sccm), but with a constant current of 500 mA. At a 
low Ar pressure, most of the NPs are characterized by a close-to- 
spherical shape corresponding to the lowest surface-to-volume ratio. 
The increase in pressure triggers morphological changes and leads to 
more faceted NPs that become the dominant population. Here, a close- 
to-cubic symmetry is realized for most of the NPs. Hereafter, both 
types of NPs will be referred to as spherical and cubic for simplicity. For 
both cases, the HRTEM micrographs reveal that NPs are partially 
oxidized, demonstrating a polycrystalline metal core and a 2-nm thick 
niobium oxide shell formed as a result of NP oxidation upon exposure to 
the ambient atmosphere. 

The observed morphological changes are accompanied by a nearly 
twofold decrease in the mean size of the NPs. Fig. 3 shows the SAXS 
scattering curves (a, b) and the NP size distributions (c, d). Considering 
the SEM/HRTEM results, the spherical and cubic core@shell models 
with 2-nm thick shells were chosen to fit the scattering curves. The best 
fit was obtained with the Gaussian size distribution function, charac-
terized by the mean NP size μ of 32 nm for spherical (13 Pa) and 19 nm 
for cubic NPs (75 Pa), both including oxide shells (Fig. 3c, d). The results 
agree well with those obtained from the SEM images (Figure S3). The 
increase of Ar pressure in the aggregation chamber is also manifested by 
a change in the NP deposition rate (Fig. S2a) and the target bias tail-off 
(Fig. S2b). 

The NP size decrease at high pressure (75 Pa) as compared to low 
pressure (13 Pa) might seem counter-intuitive because such outcome 
contradicts the expected NP growth owing to faster condensation rate 
facilitated by greater number of elastic collisions the growing NP 
experience with cooled buffer gas atoms. While the cooling rate by the 
buffer gas plays an important role, the NP final size is also affected by a 
miscellany of parameters and interplay between them. The NP residence 
time is one of such parameters. 

The NP residence time is defined as a NP time-of-flight inside the 
aggregation chamber, i.e. a time the NP actually spends inside that 
chamber. Under the assumptions that the Nb atom concertation in the 
gas phase is constant and the NP velocity is approximated by the linear 
velocity of the buffer gas flow, the NP residence time at higher pressure 
(75 Pa, 20 sccm) is about 2 times smaller as compared to that at smaller 
pressure (13 Pa, 2 sccm). 

Such qualitative estimation is rather rough and does not reflect the 
fact that the sputtering yield is indirectly influenced by the gas flow. At 
higher gas flows (pressures), the energy distribution of impinging Ar 
ions shifts towards smaller energies because of more frequent collisions 
with neutrals. This is manifested via a decrease of sputtering yield 
(Fig. S2c) and, therefore, the Nb atom concertation in the gas phase. The 
lower concentration of metallic vapors also contributes to the smaller 
final NP size at high pressures. 

Finally, the approximation of the NP by linear gas velocity is far from 
real scenario where the increase in the NP velocity with the pressure in 
the aggregation chamber could be up as big as 3 times as witnessed by 
the measurements carried out by our group on Cu NPs [59]. 

Despite the morphological changes, the Ar pressure in the aggrega-
tion chamber does not affect the NP crystallinity. The Nb NPs prepared 
at 13 Pa and 75 Pa produce nearly identical XRD patterns, as shown in 

Fig. 4. X-ray diffraction patterns acquired on Nb NPs deposited at (a) 13 Pa and 
(b) 75 Pa. The data from the ICDD powder diffraction file (00–035-0789) are 
given for reference (c). 
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Fig. 4. According to the data from the ICDD powder diffraction file 
(00–035-0789), the Nb NPs consist of a body-centered cubic phase 
(space group 229). This correlates well with our earlier findings on 
magnetron-sputtered Nb NPs [17,41]. The acquired XRD patterns were 
fitted to extract the parameters of the Nb bcc phase. The lattice constant 
is found to remain the same (3.4398(4) Å) for the Nb NPs prepared at 13 
Pa and 75 Pa of Ar pressure. The measured value is found to be larger by 
a few percent than that of bulk niobium. Such discrepancy is caused by 
the surface oxidation of Nb NPs [60]. 

3.2. Equilibrium shape of Nb NPs 

The magnetron-sputtered NP are predominantly characterized by 
polyhedral shapes with some degree of truncation. The occurrence of a 
particular shape is often related either to growth rates that are highly 
dependent on crystal orientation or to surface energy minimization 
processes. In the latter case, the Wulff construction provides a simple, 
yet powerful method for the prediction and analysis of the equilibrium 
shape of nanoparticles. The NP shape is governed by the surface energies 
of the material [51] calculated using ab initio methods. We take 
advantage of the Wulff construction method to simulate an equilibrium 
shape of a Nb NP which is dependent on a number of exposed facets as 
well as free surface energies thereof [52–54]. Such an approach provides 
a point-of-reference. 

Fig. 5 shows the shape of a single Nb NP when it is formed under 
equilibrium conditions. The largest surface areas of the metal are pre-
sented by {110} and {100} facets. On the other hand, high-index facets 
such as {310} and {321} also contribute to the net surface. The Wulff- 
constructed shape confirms that Nb, similar to some other transition 
metals, tends to evolve into a multifaceted, close-to-spherical shape 
when driven purely by energy minimization processes. However, such 
reasoning alone does not explain the observed differences in the 
experimental data. Although NPs retain overall crystallinity for high 
operational pressures, they form cubic shapes. 

3.3. Molecular dynamics simulations 

To gain insight into the formation of different NP shapes, we 
employed molecular dynamics simulations. The results of the high Nb 
atom concentration simulation show that either amorphous or crystal-
line NPs can be formed, depending on the NP temperature. At a higher 
TNP, no ordering can be found in the NP structure (Fig. 6a). The NP is 
essentially amorphous and retains spherical symmetry. However, at a 
lower TNP, the Nb atoms rearrange themselves to form a distinct crys-
talline order (Fig. 6b). The NP shows signs of faceting, although a 

Fig. 5. The theoretical equilibrium shape of bcc Nb NP: a) atomistic view, b) 
surface view. 

Fig. 6. MD simulations of high Nb atom concentration: slices of the Nb NPs 
grown in the simulation cell at Rg = Nb/(Ar + Nb) = 0.5, TNb = 2750 K, TAr =

300 K and different TNP: a) 2200 K and b) 1500 K (solid black symbols are Nb 
atoms, open white symbols are Ar atoms); c) common neighbor statistics at 
different TNP and TNb = 2750 K. 
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distinct cubic shape is not achieved. 
The network topology (common neighbor statistics) was calculated 

for the range of TNP and the results are shown in Fig. 6c. For certain 
growth conditions, the common neighbor statistics are closer to bcc (ijk 
= 444 and 666), if one considers both the first and second nearest 
neighbors in bcc (coordination of 14, not 8), whereas for other 

conditions, the common neighbor statistics exhibit a lot of triplets 555 
characteristic of metallic glasses (amorphous phase). For the high NP 
temperature range (TNP > 1700 K), the incoming Nb atoms do not lose 
sufficient energy to form an ordered lattice and remain in a disordered 
state; the amorphous phase dominates in this case. At a TNP of about 
1700 K, a sudden crossover is observed: the Nb atoms start dissipating 
their energy upon their interaction with the atoms of the condensed 
phase, yet staying sufficiently mobile to arrange themselves into a highly 
ordered lattice. Here, the contribution of the amorphous phase is 
negligible. At TNP < 600 K, the NPs again lose their crystallinity, and the 
amorphous phase takes over. We attribute this effect to the fast ther-
malization of the incoming Nb atoms on a cold condensed phase. Fast 
thermalization favors the retention of the atomic-scale disorder given by 
the temporal and spatial randomness of the arrival of Nb atoms. Because 
the experiments did not produce Nb NPs in the glassy state, we can 
consider fast NP cooling unlikely in our case. 

To investigate the influence of TNb and TNP on the resultant NP 
structure under closer-to-reality conditions, MD simulations were per-
formed in an atom-by-atom adsorption regime (Figure S4). In contrast 
to the above simulations, the cell with an initial 1 nm-sized NP was not 
filled with the Nb/Ar mixture, but the Nb atoms were introduced into 
the cell one by one from random directions with a frequency of 1 atom 
per 1 ps. Ar atoms were not introduced at all, but they were implicitly 
present as a tool to control the energy of the arriving Nb atoms. Thus, a 
lower TNb implies that Nb atoms lost part of their momentum in colli-
sions with Ar atoms. The approach allowed us to simulate the situation 
of typical magnetron sputtering under which the concentration of metal 
atoms is much smaller than that of Ar. 

Fig. 7 shows the slices of the NPs produced at different TNb and TNP. 
Similar to previous findings, high TNP results in the growth of amor-
phous NPs. These NPs are characterized by a close-to-spherical shape 
that does not depend on the temperature of the incoming Nb atoms. 
Although the crossover to the crystalline morphology occurs at some-
what lower TNP < 1600 K, the same trend holds: NPs with the bcc 
structure are formed at lower values of TNP. In contrast to the high- 
concentration simulations, these NPs are more distinctly faceted and, 
in some cases, provide rectangular cross-sections remarkably resembling 
the cubic projections found in the HRTEM micrographs. 

Metal sputtering is generally regarded as an atomistic process, 
although the ejection of dimers and higher mers from the target is also 
possible [61,62]. Either originating from the target or from the gas- 

Fig. 7. Low Nb atom concentration (atom-by-atom growth) MD simulations: 
snapshots (slices) of the Nb NP grown in the simulation cell at various TNb and 
the TNP temperatures. The simulation time is 5000 arrivals. 

Fig. 8. Low-Nb-atom-concentration (atom-by-atom) MD simulations: snapshots (slices) of Nb NPs grown from different ‘precursors’: N = 1 denotes a single Nb atom, 
N = 2 – Nb dimer, N = 3 – Nb trimer, etc. The TNP and the TNb are 1000 K and 2750 K, respectively. Snapshots are chosen to show NPs of approximately the same size. 
Inset in each panel corresponds to the same NP viewed from a different direction. 
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phase reactions, diatomic molecules of metals are not stable in the 
plasma and have a high probability of undergoing disintegration. In 
terms of NP synthesis, the disintegration of dimers is an undesirable 
process because they may serve as nucleation seeds and facilitate the 
formation of NPs. Nb is remarkable in this sense because, as a refractory 
metal, it possesses high cohesive energy. For example, the dissociation 
energy of Nb2 exceeds 5 eV [63] and, therefore, these dimers are ex-
pected to survive the plasma conditions more efficiently [64]. 

We applied the MD simulations to investigate the possible contri-
bution of diatomic and multiatomic Nb species to the NP growth. Similar 
to Fig. 7, the simulations were performed in the low atomic concentra-
tion regime in which the NbN species (N = 1–16) are introduced into the 
cell one by one at a frequency of 1 species per 1 ps. The TNP was set at 
1000 K (~middle of the temperature range that led to crystallinity in the 
previous simulations), while the TNb was set at 2750 K. The initial ve-
locity of all atoms in the precursor was the same (i.e. all initial energy 
was in the translational degrees of freedom, not in rotational and 
vibrational). Fig. 8 shows that the shape of the NPs strongly depends on 
the type of “precursor”, either a single atom, dimer, trimer, etc. The NPs 
become less faceted and acquire irregular shapes when they grow from 
the larger N-mers. We attribute this effect to the difference in the 
sticking efficiency between single Nb atoms and NbN species. The 

sticking coefficient was found to be 0.14 for single atoms, whereas it 
increases dramatically to > 0.90 for the N-mers. Thus, single atoms 
adhere to the NP in an attachment-limited aggregation regime [65] 
which is known for producing NPs of close to spherical shape. In contrast 
to that, a higher probability of sticking results in the development of a 
ramified morphology. This was earlier exemplified by an extreme type 
of diffusion-limited aggregation with the sticking coefficient of 1 that 
produced dendritic NPs. [66,67] Since no such NPs were experimentally 
observed, we conclude that NbN species do not play a significant role in 
the sputter-driven NP growth, and this growth is driven predominantly 
by the accretion of single Nb atoms. Furthermore, MD simulations with 
the different time between two atomic arrivals showed that the resultant 
NP morphology does not depend on the arrival frequency (Figure S5). 
Therefore, the rate with which Nb NPs arrive at the surface of the 
growing NP (the atomic deposition rate) does not influence the resultant 
NP shape. 

3.4. An analytical model and numerical calculations of Nb NP growth 

The current paradigm of gas-phase growth of metal NPs considers the 
formation of an embryo in the transition (excited) state. When a newly 
arrived atom is adsorbed, the condensation energy is released and 

Fig. 9. Time evolution of: a) the NP size; b) the NP temperature, and c) Nb atomic deposition rate for Ar pressure of 13 Pa and 75 Pa in the aggregation chamber and 
sticking coefficient values of 0.1 (S = 1 is also shown for reference). The initial temperature of a Nb seed (29 atoms) is set to 2750 K. The horizontal patterned box at 
TNP = 1300–––1600 K corresponds to the amorphous-crystalline transition range obtained from the atom-by-atom MD simulations. The magnetron current is 500 mA. 
The symbols in the top right corner correspond to the mean Nb NP size obtained experimentally. The scatter points with error bars correspond to the NP size 
distributions extracted with SAXS. The vertical dashed line corresponds to the approximate distance of 10 mm. The spatial scale corresponds to the distance of 0.3 to 
15 mm from the magnetron target. 
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dissipated among the vibrational degrees of freedom of atoms consti-
tuting the embryo, thus increasing the temperature of the growing NP. 
At the same time, the NP loses energy through interaction with cold Ar 
atoms as well as via black body radiation. The overall thermal kinetics 
determines inter alia the resultant crystallinity of the NPs. 

A state-of-the-art analytical model of Zhao [25] (based also on the 
earlier observations of Westergren) [68] has considered the above en-
ergy gain and loss channels and offered tools to assess the evolution of 
the NP size and temperature (TNP) in time. Going beyond the state-of- 
the-art, one may notice that sputter-based gas aggregation of NPs pro-
ceeds in space where low-temperature plasma is present. Non- 
equilibrium conditions in such plasmas differ significantly from the 
conditions of conventional gas-phase condensation: for example, 
hyperthermal ion and electron bombardment should also be considered 
as an additional channel for heating NPs bearing negative and positive 
charges. For NPs of several nanometers in size and larger, we simplify 
the problem by idealistically neglecting fluctuations of charge signs [69] 
and assuming that all NPs bear a single negative charge in the plasma, 
undergoing the bombardment from positively charged Ar+ ions. A new 
term is introduced to the Zhao model to account for such ion-driven 
heating. 

Another factor in play, which is often neglected, is an atomic sticking 
coefficient S, which represents the ratio of the number of deposited 
atoms to the number of impinging atoms. We consider a situation when 
no energy barriers are imposed, that is S is close to unity at low surface 
temperature and it decreases with increasing Tsurface. In practice, how-
ever, S could be strongly affected by many other factors, such as crystal 
orientation and surface roughness [25,30]. Without knowing the tem-
perature dependence of S for Nb, we simplify this problem by assuming 
that S remains constant during NP growth, performing calculations for S 
= 0.1 (which is close to the value of 0.14 obtained from the MD simu-
lations). We also show the results for S = 1 chosen as the maximum 
possible, but less realistic value. 

The model omits the nucleation phenomena and considers an already 
existing NP with an initial temperature of 2750 K (Tinit = Tmelt of bulk 
Nb) and the number of atoms 29 (corresponding to an NP of 1 nm size). 
Such NP grows via the deposition of thermalized Nb atoms coming from 
the gas phase. In general, the NP heats up as latent heat is released upon 
Nb atom attachment and cools down through interactions with ambient 
Ar atoms as well as via black-body radiation. To describe the simulta-
neous temporal evolution of NP size, temperature and atomic flux (that 
is, the number of Nb atoms deposited per area unit per time), we can 
modify Zhao’s system of differential equations as follows:   

Here, a new term 2nAr+vAr+EAr+ was introduced to account for the 
heating due to the ion bombardment, while the deposition rate and the 
heating due to the adsorption of Nb atoms were modified by introducing 
the sticking coefficient. A more detailed description of the analytical 
model can be found in the Electronic Supplementary Information. 

The results of the numerical solutions are presented in Fig. 9 for the 
Ar pressure of 13 Pa and 75 Pa and S = 0.1 (for comparison, S = 1 is also 
shown). The time scale was chosen from 10-6 s to 0.5 s, which corre-
sponds to the distance from 0.3 to 15 mm from the magnetron under the 
assumption that NPs travel along the aggregation chamber with the 

linear velocity of Ar. The lower limit was chosen based on the mean free 
path that reaches 0.25 mm for 13 Pa. Below that value, the atomic 
collisions are less frequent, and the existence of nanometer-sized NPs is 
not expected. The higher boundary was chosen to go beyond 10 mm, 
which corresponds to the approximate propagation of the plasma zone 
above the target. 

The NPs grow under three different temperature regimes that can be 
distinguished in Fig. 9: 1) early cooling; 2) steady-state; 3) late cooling.  

1) Early cooling (<10-5 s). 

Since the analytical model does not consider nucleation phenomena 
and starts with an already existing 1-nm-sized NP, its initial temperature 
should be chosen. For the calculations, the initial TNP was set at 2750 K, 
the melting point of Nb. Starting from this temperature, the NPs cool 
down, and the lower-pressure conditions demonstrate a slower fall of the 
temperature curve. Thus, NPs cool slower at 13 Pa and faster at 75 Pa. 
For later reference, it can be noted that TNP reaches ~ 1500 K for 13 Pa, 
which is close to the upper limit of the temperature range of the phase 
transition between the crystalline and amorphous state found by the MD 
simulations. For 75 Pa, TNP decreases to ~ 700 K, which is below this 
phase transition. The atomic deposition rate is significantly higher for 
13 Pa, reflecting a higher sputtering yield at a lower pressure (this 
correlates well with the SRIM/TRIM simulations shown in the Electronic 
Supplementary Information). Thus, the higher TNP attained for 13 Pa can 
be explained by a less efficient NP cooling via collisions with Ar atoms 
and by a more efficient NP heating due to the higher flux of Nb atoms. 
On the contrary, higher Ar pressures hinder the arrival of Nb atoms and 
provide faster NP cooling via collisions with Ar atoms, resulting in lower 
TNP. Regardless of Ar pressure, no substantial growth of NPs is observed 
on this time scale of < 10-4 s.  

2) Steady-state (10-5 − 10-2 s). 

This is an intermediate stage of the growth process, in which the 
atomic deposition rate is constant, energy gains and losses become 
balanced, the NP temperature also stays at a constant level, and the NPs 
grow in a steady-state temperature regime. As noted above, at Ar pres-
sure of 13 Pa, TNP stays close to the upper limit of the phase transition 
between the crystalline and amorphous state. Hence, the Nb NPs remain 
amorphous when they grow in the lower-pressure plasma. It is worth 
noting that such conditions lead to NP growth to the spherical shape. In 
contrast, at 75 Pa of Ar pressure, the NPs grow at a temperature below 
the phase transition, leading to the formation of the faceted morphology.  

3) Late cooling (>10-2 s). 

At the time > 10-2 s, the atomic deposition rate starts to decrease 
abruptly. Energy losses dominate over the energy gains, and the NPs 
start to cool down again. In contrast to the early stage, cooling is faster 
for 13 Pa due to a steeper decrease in the atomic deposition rate; 
nevertheless, maximal cooling rates are of the same order of ~ 104 K/s 
for both pressures. Such rates are far below 1012 K/s required for single- 
element metals to arrest the structure in the glassy state,[70,71] and the 
phase transition from the amorphous to the crystalline state occurs for 
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13 Pa, leading to the formation of the bcc lattice. However, the final NP 
shape is different for the two pressures in question. Previous reports 
showed that a cubic or spherical shape can be realized depending on the 
competition between the atomic flux onto the NP surface and the atomic 
diffusion over the NP surface. Given this paradigm, we may estimate the 
frequency of the atomic arrivals from the atomic flux and the NP surface 
area as ~ 108 Hz. The frequency of the diffusion attempts was deter-
mined earlier as ~ 1012 Hz for Nb self-diffusion at similar temperatures 
[72]. The comparison shows that the atomic deposition rate is low and 
does not restrict surface diffusion for any of the pressures. 

For the low atomic deposition rate, if the diffusion barriers at 
different lattice planes are close (as is the case for TNP close to the 
melting point), the NPs maintain the spherical shape because all of the 
diffusion directions are equally probable. However, at lower TNP, the 
difference between the diffusion barriers becomes large, determining 
lattice planes with hindered and preferential surface diffusion. As a 
consequence, the cubic morphology evolves for bcc metals [25]. 

Here, Nb NPs cool from significantly different TNP at different pres-
sures. For a low pressure of 13 Pa, the TNP decreases from ~ 1500 K, and 
these NPs pass through the amorphous-to-crystalline transition region at 
the moment when they have already grown to spheres of 30 nm, which is 
close to their final size of 32 nm. After crystallization, diffusion-limited 
faceting comes into play, but the remaining atomic flux is almost 
exhausted and insufficient to complete the cubic morphology. For 75 Pa, 
the NPs proceed to grow retaining the cubic morphology. 

At a distance of ~ 10 mm from the target, the NPs leave the plasma 
and enter the afterglow. Here, the growth has already been completed 
and the NPs have acquired the final size. However, the NPs are still 
hyperthermal: a lower pressure of 13 Pa leads to worse cooling and a 
higher TNP = 570 K, whereas the higher pressure is more cooling effi-
cient, resulting in a lower TNP = 370 K. Therefore, depending on the 
pressure, Nb NPs can be ‘hot’ when they leave the plasma. This finding is 
consistent with our recent investigations of the energy flux brought from 
the plasma to the afterglow during the formation of Cu and W NPs [73]. 
The energy flux was found to be substantial in this region, although it 
decreased rapidly at further distances from the plasma. Under identical 
conditions, the energy flux for W was found to be three times that of Cu, 
which was given mainly by the much higher cohesion energy of the 
former.[74] As the cohesion energy of Nb is close to that of W, we can 
expect that its contribution to the energy balance is highly important 
and, together with the sputtering parameters, determines the kinetics of 
the cooling and shape formation of Nb NPs. 

It should be explicitly stated that the above calculations need to be 
interpreted with care because of the simplifications made. For example, 
Fig. 9 shows the same dependencies calculated with S = 1. Although 
qualitatively the same three stages are reproduced, the time scales and, 
more importantly, the temperature range are different. For both pres-
sures, the NPs remain in the liquid state far beyond the crystallization 
temperature until the very late stage of t > 10-2 s. This behavior seems to 
be unlikely as it assumes an ideal sticking, contradicts the MD simula-
tions, and does not explain the spherical/cubic morphology obtained at 
different pressures. However, due to a non-constant sticking coefficient 
obeying the temperature function of an unknown form, the real de-
pendencies of Fig. 9 may be affected in an unpredictable way, and 
further research is needed. 

4. Conclusions 

Niobium NPs can be synthesized by dc magnetron sputter-based gas 
aggregation, with their morphology tuned in dependence on the Ar 
pressure in the aggregation chamber. Close-to-spherical NPs are formed 
at a lower Ar pressure of 13 Pa, and cubic NPs are formed at a higher Ar 
pressure of 75 Pa. Spherical NPs grow to a larger mean size of 32 nm, 
whereas cubic NPs have a smaller size of 19 nm. Regardless of the 
pressure, Nb NPs retain the same body-centered cubic structure (space 
group 229). 

MD simulations show that NP growth proceeds via the adsorption of 
single Nb atoms and not via dimers, trimers, or heavier species. The 
sticking coefficient of atomic Nb to Nb NPs is found to be 0.14. It is also 
found that the NP temperature should be in the 600 – 1700 K range 
during growth to ensure the formation of the bcc lattice with the faceted 
morphology; otherwise, the NPs remain amorphous and retain spherical 
symmetry. The energy and flux of incoming Nb atoms do not influence 
either the resultant crystallinity or the NP shape. 

Zhao’s analytical model of energy gain and loss during NP growth 
was modified to account for the energy gain from Ar ion bombardment 
in the plasma and the energy loss due to non-ideal atomic sticking. The 
modified model demonstrates that, at a lower pressure, the NPs remain 
at a temperature higher than the amorphous-to-crystalline phase tran-
sition because of inefficient cooling by Ar atoms. Therefore, they grow in 
a glassy state under the conditions of isotropic surface diffusion, 
resulting in the spherical shape of NPs. For higher pressure, the NP 
temperature is lower than that of the phase transition because of more 
efficient cooling. The NPs crystallize into a bcc structure and their 
growth proceeds with different diffusion barriers in different atomic 
planes, defining the cubic shape. 

During the transition from the plasma to the afterglow, NPs start 
thermalizing because of a drastic decrease of the Nb atomic flux arriving 
onto the NP surface. Thermalization proceeds at a comparable cooling 
rate of ~ 104 K/s for both pressures. For lower pressure, such a rate is not 
sufficient to retain the NPs in the glassy state, and they also crystallize 
into the bcc structure. However, by the time of the phase transition, the 
NPs have already grown to 85% of their final size, and insignificant 
growth below the phase transition temperature is not sufficient to form a 
faceted morphology in this case. For higher pressure, the NPs are already 
crystalline and their thermalization is accompanied by the growth with 
different diffusion barriers in different atomic planes, which define the 
final cubic shape. 

Our analytical model highlights the sticking coefficient as one of the 
major factors that determine the kinetics of the NP growth and ther-
malization. Non-ideal sticking significantly affects the temperature re-
gimes and the time scale at which the NPs grow. The model still fails to 
account for the non-constant temperature dependence of the sticking 
coefficient, which remains unknown and signals the need for additional 
studies. 
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Appendix A. Supplementary material 

Numerical NP growth simulations description; deposition rate of the 
Nb NPs measured by QCM, target bias voltage and sputtering yield (γ) 
calculated by SRIM/TRIM as a function of Ar pressure in the aggregation 
chamber; size distributions of Nb NPs calculated based on SEM micro-
graphs; low atom density MD simulations; snapshots (slices) of the Nb 
NP grown in the simulation cell at various time intervals between 
arriving Nb atoms. Supplementary data to this article can be found on-
line at https://doi.org/10.1016/j.apsusc.2023.158235. 
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[43] Z. Matěj, R. Kužel, L. Nichtová, XRD total pattern fitting applied to study of 
microstructure of TiO 2 films, Powder Diffr. 25 (2010) 125–131, https://doi.org/ 
10.1154/1.3392371. 

[44] J.F. Ziegler, M.D. Ziegler, J.P. Biersack, SRIM - The stopping and range of ions in 
matter (2010), Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. with 
Mater. Atoms. 268 (2010) 1818–1823. doi:10.1016/j.nimb.2010.02.091. 

[45] N. Matsunami, Y. Yamamura, Y. Itikawa, N. Itoh, Y. Kazumata, S. Miyagawa, 
K. Morita, R. Shimizu, H. Tawara, Energy dependence of the ion-induced 
sputtering yields of monatomic solids, At. Data Nucl. Data Tables 31 (1984) 1–80, 
https://doi.org/10.1016/0092-640X(84)90016-0. 
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