
Liu et al. Nanoscale Research Letters          (2021) 16:172  
https://doi.org/10.1186/s11671-021-03635-7

NANO EXPRESS

Formation Mechanism of Well-Ordered 
Densely Packed Nanoparticle Superlattices 
Deposited from Gas Phase on Template-Free 
Surfaces
Chang Liu1,2, Fei Liu1,2, Chen Jin1,2, Sishi Zhang2, Lianhua Zhang1 and Min Han1,2*  

Abstract 

Superlattices of nanoparticles are generally produced based on solution chemistry processes. In this paper, we 
demonstrate that self-assembled monolayer structures of nanoparticles with superlattice periodicities can also be 
produced on template-free surfaces in the gas-phase cluster beam deposition process. It is found that the packing of 
Fe nanoparticles corresponds to an average of two-dimensional densely packed lattice with a hexagonal summary. 
By controlling the nanoparticle coverage, the two-dimensional densely packed monolayer morphology can spread 
to the whole substrate surface being deposited. A formation mechanism of the ordered monolayers is proposed. The 
densely packed morphologies are formed by the balance between the diffusion rate of the nanoparticles and their 
filling speed on the substrate surface determined by the deposition rate, and the ordering of the nanoparticle arrays 
is driven by the inter-particle attractive interactions. The model is strongly supported by a series of carefully designed 
cluster deposition experiments.
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Introduction
Nanoparticle superlattices, in which the particles 
behave as artificial atoms and are arranged with crystal-
lographic orders, have attracted tremendous attention 
since they were first reported [1–7]. Superstructures 
assembled from tailored nanoparticle/nanocrystal build-
ing blocks enable the design of novel materials and opti-
mizing and/or tuning the properties and performance 
of the nanomaterials [8–16]. As an elegant alternative 
to the lithographic approaches, nonlithographic bot-
tom-up approaches based on thermodynamically driven 

self-organization processes are especially appealing, 
because of their advantages such as simpler technology 
and potential for large-scale production of very small 
structures at scales beyond the current limits of litho-
graphic techniques.

Generally, ordered arrays or superlattices of nanoparti-
cles are produced based on solution chemistry processes. 
Nanoparticles/nanocrystals from a colloidal solution can 
form ordered arrays upon the spontaneous organization 
of monodispersed nanoparticles/nanocrystals encapsu-
lated in surfactant monolayers [17–20], or by using bio-
logical molecules and their specific interactions [21, 22]. 
Typically, the nanostructure assembled from colloidal 
solution has organic monolayers to encapsulate the par-
ticles, which produces a soft structure. The soft ligands 
can prevent nanoparticles from disordered aggregation, 
fine-tune the interparticle potential as well as program 
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lattice structures and interparticle distances [23, 24]. On 
the other hand, such chemical additive often facilitates 
tailoring the intrinsic property of the nanoparticle assem-
bly and sometimes becomes a significant limitation [25].

In recent years, efforts were also devoted to fabricating 
nanoparticle arrays with predeterminate patterns from 
gas phase. Unlike the nanostructures from a colloidal 
solution, nanoparticle assemblies formed in the gas phase 
do not have organic surface encapsulates, so that pure 
inter-particle interfaces and intrinsic properties can be 
expected. However, to fabricate nanoparticle assemblies 
with controlled spatial organizations, various templates 
with pre-patterned surface features have to be used. By 
performing gas-phase atom deposition, ordered arrays of 
uniform nanoparticles were fabricated via strain-induced 
spontaneous nucleation of three-dimensional nanom-
eter-sized islands on top of a strained epilayer [26, 27]. 
Arrays of quasi-one-dimensional Ag nanoparticle chains 
were generated by trapping the gas-phase deposited nan-
oparticles at the step edges of graphite surface [28]. Shi 
et al. used self-assembled nano-patterns of block copoly-
mer as templates for gas-phase cluster deposition to pro-
duce two-dimensional (2D) arrays of metal nanoparticles 
[29]. Although selective decoration of phase-separated 
diblock copolymer template [30] with vacuum-depos-
ited metals has become a common way to fabricate pat-
terned nanoparticle arrays, the assembly such produced 
contained many defects and the packing of the nano-
particles was not so compact due to the relatively large 
spatial period in the self-assembled patterns of the block 
copolymer templates. Sintering or post-processing the 
nanoparticles on the substrate is another way to obtain 
nanoparticle aggregations, but only irregular products 
can be obtained [31]. Up to now, it is unsuccessful to 
assemble ordered arrays of nanoparticles via gas-phase 
deposition on template-free surfaces.

Gas-phase nanocluster deposition provides a well-
developed process able to produce nanoparticle-based 
nanostructures with a high level of control on size, den-
sity, and functional assembling morphology [32–35]. 
Generally, nanoparticles deposited at low kinetic energy 
are able to diffuse on the surface with high mobility and 
tend to aggregate [36]. On the other hand, the migrations 
of the nanoparticles are constrained by surface defects. 
Therefore, in previous studies, either random arrays [37] 
or large ramified aggregates [38] of nanoparticles were 
obtained with a moderate deposition mass, depending 
on the impact energy of the nanoparticles and the sub-
strate. It was commonly believed that such structures are 
strongly disordered with neither long-range orders nor 
short-range orders.

In this paper, we demonstrate that well-ordered densely 
packed nanoparticle monolayers could be formed on 

the smooth surface of amorphous carbon substrate by 
performing gas-phase cluster deposition without any 
preformed template. With moderate coverage, ordered 
arrays of densely packed nanoparticles are observed in 
the submicron length scale. The nanoparticle monolay-
ers display a certain superlattice periodicity. We carry out 
a series of cluster deposition experiments to analyze the 
formation mechanism of the nanoparticle superlattice 
morphology, by considering a balance among various fac-
tors of cluster deposition dynamics, such as the flux and 
the kinetic energy of the clusters, as well as the migration 
ability of clusters on the substrate surface. This finding 
provides an effective route to fabricate 2D nanoparticle 
superlattice structures by gas-phase deposition process, 
which can be an alternative to the solution chemistry-
based method, with the advantages such as rapid and 
simple procedures, clean surfaces and interfaces, as well 
as high stabilities.

Methods
Deposition of Nanoparticle Arrays
Fe and TiN nanoparticles were generated by using a 
magnetron plasma gas aggregation cluster source [37, 
39] consisting of a liquid nitrogen cooled aggregation 
tube ended with an orifice 3  mm in diameter. A sche-
matic drawing depicting this setup is presented in Fig. 1. 
The magnetron discharge was operated at a pressure of 
64  Pa in argon stream. Atoms were sputtered from the 
target on the magnetron discharge head and aggregated 
into clusters in the argon stream. An aggregation length 
(the length of the space where cluster formation took 
place) of 75  mm was used. The clusters were swept by 
the argon gas stream out of the aggregation tube into a 
high vacuum (< 1 ×  104 Pa) chamber through the orifice 
and formed a collimated nanoparticle beam with a diver-
gence of about 3°. The nanoparticles were deposited on 
the substrates fixed on a rotary sample holder in the high 
vacuum chamber. The incident angle of the nanoparticles 
on the substrate could be tuned between 0° and 90° by 
rotating the sample holder. The deposition rate was mon-
itored with a quartz crystal microbalance and controlled 
precisely by the discharge power applied to the cathode 
with a DC power supply (MDX500, Advanced Energy). 
During the deposition, the substrates are kept at room 
temperature.

Characterizations of the Nanoparticle Arrays
The nanoparticles were deposited on ultrathin amor-
phous carbon films on formvar-coated 300-mesh copper 
grids. The structure and morphology of the deposited 
nanoparticle films were characterized with a transmission 
electron microscope (TEM, FEI TECNAI F20s TWIN) 
operated at 200 kV. The composition of the nanoparticles 
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was analyzed using energy-dispersive X-ray spectroscopy 
(EDX). To analyze the oxidation state of the Fe nanopar-
ticle arrays, X-ray photoelectron spectroscopy (XPS) was 
carried out with an ESCALABMK-II spectrometer using 
a monochromatic MgKα source.

Fe nanoparticles were also deposited on silicon wafers 
for magnetization measurements, which were performed 
by using a superconducting quantum interference device 
magnetometer (SQUID, MPMS-3).

Results and Discussion
Analysis of the Structure of the Nanoparticle Film
Figure 2a shows the TEM image of Fe nanoparticle arrays 
prepared by depositing the nanoparticle beam vertically 
on the surface of the amorphous carbon film with a dep-
osition rate of 0.1 Å   s−1. The deposition time is 5  min. 
The nanoparticle array is composed of densely packed 2D 
monolayer domains ordered over 100–200  nm scale. A 
high-magnification TEM image of a well-ordered defect-
free monolayer domain is shown in Fig. 2b. Typically, the 
nanoparticle monolayers may contain some defects, such 
as lattice distortions, dislocations, vacancies, or voids, as 
well as size variations of the nanoparticles. The average 
nanoparticle size is 6.1 ± 1.6  nm, as determined using 
a minimum of 300 nanoparticles in the arrays (Addi-
tional file  1: Fig. S1). The size dispersion is significantly 
larger than those in the self-assembled superlattices of 
thiol-passivated nanoparticles [40, 41]. A high-resolu-
tion transmission electron microscopy (HRTEM) image 
given in Fig. 2d shows that the individual Fe nanoparti-
cles are mainly single crystals with spherical shapes. They 
are randomly oriented on the substrate surface. Prior to 
the observation, the nanoparticles have been exposed 
to air for a significantly long time so that their surfaces 
are sufficiently oxidized, as can be distinguished in the 
HRTEM image. The existence of the oxidation layer on 

the nanoparticle surface can be further confirmed by 
EDX and XPS. As shown in Additional file 1: Fig. S2, O 
elements are always observed together with the Fe nan-
oparticles in the EDX elemental mapping images. XPS 
measurements also show the evidence of oxidation of 

Fig. 1 Schematic diagram of a magnetron plasma gas aggregation cluster source and the cluster beam deposition process

Fig. 2 a Low-magnification TEM image of Fe nanoparticle arrays 
deposited on a TEM grid covered by amorphous carbon film, with a 
deposition rate of 0.1 Å  s−1. Domains of close-packed 2D monolayers 
with long orders can be identified. b High-magnification TEM image 
of an ordered densely packed 2D superlattice of Fe nanoparticles. 
c FFT corresponding to nanoparticle arrays in (a). d HTREM image 
shows lattice images of individual Fe nanoparticles
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Fe nanoparticles. As shown in Additional file 1: Fig. S3, 
both metallic Fe and Fe oxides can be distinguished from 
the photoemission data of the Fe 2p core levels. After the 
nanoparticle specimens are cleaned with Ar ion sputter-
ing, the XPS peaks corresponding to the 2p core levels of 
pure Fe are greatly enhanced, indicating that Fe oxides 
are only present on the nanoparticle surfaces. Therefore, 
the nanoparticle arrays can be considered as a compact 
packing of closely contacted core/shell nanoparticles. 
The crystalline metal cores are separated from each other 
with amorphous oxide shells. The oxide shell acts as a 
passivation layer preventing further oxidation of the Fe 
nanoparticles. The mean edge-to-edge distance separat-
ing well-aligned nanoparticles in the closely packed lat-
tice is measured at 1.7 ± 0.6  nm. Correspondingly, the 
thickness of the amorphous oxide shell is about 0.85 nm 
on average. It should be noted that the oxide shells are 
formed after the deposition process is finished. Since 
the nanoparticle deposition is performed under a high 

vacuum condition, the self-assembling occurs in the pure 
metal nanoparticles, rather than the surface-oxidized 
nanoparticles. The amorphous oxide shells play no role in 
the organization of the nanoparticles.

The fast Fourier transform (FFT) of the densely packed 
monolayers is shown in Fig.  2c. Well-defined spots 
arranged in hexagon are shown, attesting to a densely 
packed nanoparticle lattice ordered over a long range. 
However, only one hexagon related to the first order is 
distinguishable, indicating that the scale of the ordered 
monolayer domains is limited.

Tailoring the Assembling Morphology with Nanoparticle 
Deposition Conditions
We have found that the deposition rate of the nano-
particles plays a definite role in the formation of the 
ordered densely packed monolayers. In Fig.  3a–c, TEM 
images of Fe nanoparticle arrays prepared with deposi-
tion rates ranging from 0.3 to 0.7 Å   s−1 are shown. The 

Fig. 3 TEM images of Fe nanoparticle arrays with different deposition rates: a 0.3 Å  s−1, b 0.5 Å  s−1, c 0.7 Å  s−1. The insets show the fast Fourier 
transform of each spatial distribution. d Histograms of nanoparticle numbers contained within an individual monolayer domain in the nanoparticle 
arrays deposited with different deposition rates. The average nanoparticle numbers within an individual monolayer domain are counted to 77, 55, 
39, and 27 for deposition rates of 0.1 Å  s−1, 0.3 Å  s−1, 0.5 Å  s−1, and 0.7 Å  s−1, respectively. e Radial distribution function of the Fe nanoparticle 
arrays with different deposition rates
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FFT of each image is shown as the insets. The deposition 
time of each specimen is such controlled that a constant 
nanoparticle coverage (i.e., total deposition mass) on 
the substrate is maintained. In each image, the average 
nanoparticle size and distribution (Additional file 1: Fig. 
S1) are almost identical. (The average diameter is meas-
ured to be 6.0 ± 1.4  nm, 6.1 ± 1.3  nm, and 6.1 ± 1.7  nm, 
respectively). From Figs.  2a and 3a–c, we can find that 
with the increase in the deposition rate, the range scale 
of the ordered monolayer domains becomes smaller 
and smaller. We analyze the TEM images by counting 
the nanoparticle numbers contained in each monolayer 
domain. The sizes of the monolayer domains can be com-
pared quantitatively with the nanoparticle numbers they 
contain. The histograms of the counted nanoparticle 
numbers are shown in Fig. 3d. To keep a reasonable sta-
tistic, a dozen of TEM images is analyzed for each depo-
sition rate. The maximum of the distribution tends to 
smaller nanoparticle numbers with the increase in depo-
sition rate. The average nanoparticle number contained 
in an individual monolayer domain decreases from 77 at 
a deposition rate of 0.1 Å  s−1 to 27 at a deposition rate of 
0.7 Å   s−1. Meanwhile, the spots present in the FFT pat-
tern become more and more diffuse. With a deposition 
rate of 0.7 Å  s−1, only a diffuse ring without any hexago-
nal symmetry can be seen in the FFT pattern. The nano-
particles in the TEM image display a random distribution 
on the whole.

In Fig.  3e, the radial distribution functions (RDFs) 
calculated from the TEM images are shown. For the 
nanoparticle arrays formed at 0.1  Å   s−1 and 0.3  Å   s−1 
deposition rates, the RDF curves display sharp and clear 
first and second peaks, corresponding to the nearest- and 
second-nearest neighbors with average particle–particle 
intervals of 8 nm and 17 nm, and a distinguishable third 
peak corresponding to the third neighbors with an aver-
age interval of 24  nm, indicating that the nanoparticle 
arrays are well-ordered with superlattice periodicities. 
For the nanoparticle arrays formed at 0.5 Å   s−1 deposi-
tion rate, the second peak in the RDF curve becomes 
much reduced and the third peak is completely indis-
tinguishable, indicating a decreasing organization and 
reduced lattice periodicity. With a deposition rate of 
0.7  Å   s−1, the nanoparticle arrays only display a weak 
first peak in the RDF curve, which strongly reflects the 
loss of the lattice periodicity and short-range order. It is 
clear that a low deposition rate is an important param-
eter dominating the well-ordered monolayer formation.

We have also found the structure of the nanoparti-
cle arrays is correlated with the feature of the substrate 
surface. Different assembling patterns are obtained with 
different substrates. Figure  4 shows a TEM image of 
the Fe nanoparticle arrays deposited on a Formvar film. 

The deposition is performed with a deposition rate of 
0.1 Å  s−1. Although the operation parameter of the clus-
ter source and the deposition mass is identical to that 
used for the sample shown in Fig.  2, ordered densely 
packed morphology could no more be observed. The 
distribution of the nanoparticles on the surface is com-
pletely random. No evidence of organization could be 
observed. In some areas, homogeneous coalescences of 
the nanoparticles form larger particles. It is known that 
the mobility of nanoparticles softly landing on solid sur-
faces is strongly dependent on the nature of the surface 
[33], especially its defect state and binding ability with 
the deposits. It has been shown that metal nanoparticles 
have high mobilities on the surface of carbon materials 
[36, 37]. It was demonstrated that metal nanoparticles 
deposited at low energy can diffuse across the graphite 
surface freely and tend to aggregate. On highly oriented 
pyrolytic graphite (HOPG), which has an atomically 
smooth surface, metal nanoparticles are able to diffuse 
with high mobility and be trapped by surface defects. 
At low coverage, most of the deposited nanoparticles 
decorate step edges and point defects on the terraces. 
At higher coverage, the diffusion and aggregation of the 
nanoparticles on the carbon surface lead to large rami-
fied island structures or random packing morphologies, 
depending on the density of the defects [42]. It was also 
observed that diffusion and coalescence of metal nano-
particles on amorphous carbon surfaces can induce 
particle size gradient from the gradient of nanoparticle 
coverage [39]. On the contrary, no diffusive aggregation 

Fig. 4 TEM image of Fe nanoparticle arrays deposited on a Formvar 
film with a deposition rate of 0.1Å∙s−1
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of metal nanoparticles has been observed on the Form-
var film surface [43]. Although the number density of the 
nanoparticles increases significantly, they mostly keep 
isolated from each other and little coagulation among 
adjacent particles can be observed. Instead, the nano-
particles are mostly pinned where they are deposited. It 
is difficult for them to diffuse and aggregate on the sub-
strate. Coalescence takes place locally as a fusion process 
under particle–particle collision in the deposition pro-
cess. These results suggest that certain mobility is needed 
once the nanoparticles are deposited on the surface in 
order to form densely packed monolayers.

To understand the formation mechanism of the densely 
packed nanoparticle monolayers in the gas-phase clus-
ter deposition, we have to consider the competition 
between the diffusion rate of the nanoparticles and the 
filling speed of the nanoparticles deposited on the sub-
strate surface, which is dependent on the deposition rate. 
This is similar to the situation that happens in the spon-
taneous organization process occurring at the liquid/
substrate interface to form periodic 2D arrays of thiolate-
encapsulated nanoparticles upon solvent evaporation 
from a droplet of colloidal solution depositing on the 
substrate. Previously, experiments [44, 45] showed that 
when a droplet of nanoparticle solution was deposited 
onto a substrate and dried shortly, amorphous nanopar-
ticle aggregates with little uniformity and symmetry were 
formed. As the droplet was dried more and more slowly, 
increasing uniformity was observed and finally closely 
packed nanoparticle superlattices were formed. With a 
slow solvent evaporation rate, the nanoparticles benefit 
from more time to diffuse on the substrate and adjust 
their sites attached to the nanoparticle assembly, giving 
rise to a higher level of ordering. Similarly, the nanopar-
ticles deposited on the carbon substrate from gas phase 
can diffuse on the free surface with high mobility. If the 
arrival rate of nanoparticles to the surface is too high, the 
motion of the nanoparticles on the surface will be limited 
by each other, and the free area available for each nano-
particle will be soon exhausted. The nanoparticles cannot 
sufficiently adjust their positions on the surface, resulting 
in randomly packed aggregates. Moreover, if the sticking 
coefficient between the nanoparticles remains high, low-
density fractal aggregates are formed [36, 38]. However, 
with a mild deposition rate, the arrival time of the nano-
particles is controlled such that the nanoparticles have 
enough time to diffuse on the free surface and find equi-
librium lattice sites on the growing structure. As a result, 
ordered densely packed monolayers are formed. As the 
flux of nanoparticles adding to the surface is increased by 
increasing the deposition rate, the arrival rate exceeds the 
surface mobility of nanoparticles and the formation of an 
inhomogeneous disordered aggregate occurs.

The surface mobility of the nanoparticles is depend-
ent on the interaction between the nanoparticle and the 
surface. On the surface of organic materials, metal nan-
oparticles are mostly pinned where they are deposited. 
Although they have high mobility on the perfect surface 
of carbon substrate, their diffusion may also be limited 
by the particle diffusion barriers on the surface, such as 
the defects. If the thermal energy of a nanoparticle is low 
compared with the binding energy, it may be arrested on 
the diffusion barriers. It is possible to increase the diffu-
sion length of the nanoparticles by increasing their lat-
eral migration energies when they land on the surface. 
We try to increase the lateral migration energies of the 
nanoparticles by increasing their momentums along the 
surface when they impact the substrate. This is achieved 
by depositing nanoparticles with a glance incidence rela-
tive to the substrate surface. The lateral migration ener-
gies of the nanoparticles increase due to the increasing 
of their momentums along the surface when they impact 
on the substrate. Generally, the initial kinetic energy of 
the nanoparticles generated from a cluster source is sev-
eral eV on average. With a glance incidence, a partial of 
the kinetic energy transfers to the migration energy of 
the nanoparticle on the surface. This will enhance the 
abilities of the nanoparticles to escape from the diffu-
sion barriers where they are arrested, so as to increase 
the migration length of the nanoparticles. In Fig.  5a, a 
TEM image of the Fe nanoparticle arrays prepared with 
a 45° glance incidence angle is shown. The equivalent 
deposition rate is 0.1 Å   s−1. Comparing with the nano-
particle arrays prepared with the same deposition param-
eters under normal incidence (Fig. 2a), we find the range 
scale of the ordered monolayer domains is significantly 
increased, and the hexagonally arranged FFT spots 
become sharper, clearer, and more scattered. From the 
RDF curve shown in Fig. 5b, we can see the second-near-
est peak is notably enhanced and sharpened. Especially, 
the third neighbor peak, which is indistinct in the case of 
the normally deposited samples, becomes sharp and clear 
now, indicating a significant improvement in the organi-
zation length and lattice periodicity. It, therefore, dem-
onstrates a simple way to increase the diffusion length 
of the nanoparticles so as to realize larger-scale ordered 
monolayers.

It should be noted that the balance between the dif-
fusion rate and the arrival time of the nanoparticles on 
the surface is not the only condition sufficient for the 
ordered nanoparticle monolayer formation. The ordering 
is driven by the interparticle attractive forces. Unlike in 
the case of self-assembled superlattices of thiolate-encap-
sulated nanoparticles, in which the main contribution 
to the interaction comes from the surfactant molecules, 
which produce a soft structure [41], in the present study, 
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it is the attractive van der Waals force between neigh-
boring nanoparticles that dominate the ordered nano-
particle array formation, which produces a rigid hard 
structure (Additional file  1: Note 1). In the 2D densely 
packed monolayer, a nanoparticle falls on the equilibrium 
site since it receives the maximum attractive interactions 
from the identical nearest neighbors. With a sufficiently 
long time for free diffusion, the individual nanoparticles 
can sufficiently modify their positions to find the equilib-
rium lattice positions. A challenge comes from that Fe is 
a ferromagnetic material. The dipolar magnetic interac-
tions between magnetic nanoparticles increase with the 
particle volumes and oppose any 2D long-range order-
ing. Previous studies showed that Co nanoparticles larger 
than 16 nm tended to form one-dimensional chains and a 
variety of linear structures [46]. Therefore, in the present 
case, magnetic interactions play no role in the self-assem-
bling of the 2D densely packed monolayers of Fe nano-
particles. In fact, magnetization measurements on the Fe 
nanoparticle deposits display no ferromagnetic hysteresis 
loops and remnant magnetizations around room tem-
perature, as shown in Fig. 6a, indicating that the Fe nano-
particles are in the superparamagnetic states. It is more 
likely that attractive van der Waals interactions or dipolar 
interactions arisen from polarizations dominate the self-
assembling of the ordered 2D densely packed monolay-
ers. In fact, we can also obtain ordered densely packed 
monolayers from nanoparticles of nonmagnetic materi-
als. TiN nanoparticles are generated in the gas aggrega-
tion cluster source and deposited on the amorphous 
carbon with similar deposition conditions. From the 

TEM image shown in Fig. 6b, we can see most of the TiN 
nanoparticles are involved in a number of ordered mon-
olayers with 2D densely packing superlattice structures. 
Similar to the case of Fe nanoparticles, the TiN nanopar-
ticle superlattices can spread over hundreds nm scales.

Based on the above discussion, the formation process 
of nanoparticle superlattice in the gas-phase nanopar-
ticle deposition can be summarized as follows: At the 
very beginning of deposition, nanoparticles are preferen-
tially trapped on surface defects during their migrations 
on the substrate surface. They play as ‘nuclei’ and ran-
dom aggregates develop by the adding of subsequently 
deposited nanoparticles during their migration on the 
substrate surface. After the nanoparticles add to the 
aggregates, their kinetic energies can still enable them to 
modify their positions locally in the aggregates and find 
equilibrium lattice sites on the growing structures. The 
nanoparticle falls on the equilibrium site since a local 
minimum of interaction energy between the nanopar-
ticle and the identical nearest neighbors is reached. As 
a result, 2D densely packing nanoparticle superlattice 
structures form. However, the kinetic energies of nano-
particles are not sufficient to enable them to jump out 
the local minimum so as to explore the global minimum. 
In this case, ordered nanoparticle arrays with irregular 
shapes are commonly observed.

Regarding the size of the ordered densely packed 
2D monolayer structures that can be achieved with the 
gas-phase cluster deposition, we show in Fig.  7 a TEM 
image of Fe nanoparticle film with a coverage approach-
ing 100% (i.e., a complete monolayer). By controlling the 

Fig. 5 a TEM image of Fe nanoparticle arrays deposited with a 45° glance incidence angle. The inset shows an FFT of the image. b A comparison of 
the RDFs of the Fe nanoparticle arrays deposited with a normal incidence and a 45° glance incidence
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deposition mass, the densely packed 2D monolayer struc-
ture spreads over the whole substrate surface covered by 
the deposition spot (at least at the centimeter scale). The 
monodispersed nanoparticles show a perfect homoge-
neous distribution in the wide range. Only a few several 
tens of nanometer-sized voids distribute in a very low 
density. The FFT of the monolayer (inset in Fig. 7) shows 

two rings of hexagonally arranged spots, related to the 
first and second orders, attesting to a well-defined hexag-
onal network ordered over a sufficiently long range. Even 
though the large-scale assembling structure contains 
domains of ~ 100 nm in size, with a number of packing 
arrays or orientations of the same structure, it is difficult 
to find any well-defined boundaries between the ordered 
domains. This result demonstrates the gas-phase cluster 
deposition may provide an efficient way for the fabrica-
tion of well-defined patterned superstructures assembled 
from nanoparticle building blocks on a sufficiently large 
scale.

Conclusion
We have demonstrated a simple, fast, and convenient 
approach to the fabrication of ordered densely packed 
2D self-assembled monolayer structures of Fe nanopar-
ticles on the template-free surface such as amorphous 
carbon film by performing gas-phase cluster deposi-
tion with finely controlled deposition rate and deposi-
tion time. This approach has allowed us to prepare 2D 
superlattice domains composed of well-defined hexago-
nal nanoparticles networks ordered over lateral dimen-
sions of 100–200  nm. We have carried out a series of 
cluster deposition experiments by carefully varying the 
nanoparticle deposition dynamics, such as the flux, the 
lateral migration energy, as well as the migration ability 
of nanoparticles on the surface. The experimental evi-
dence indicates that the 2D self-assembled monolayer 
structures are formed by the balance between the dif-
fusion rate of the nanoparticles and their filling speed 
on the surface, which is dependent on the deposition 

Fig. 6 a Hysteresis loop measured at 300 K of densely packed 2D self-assembled Fe nanoparticle arrays, showing that the nanoparticles are in the 
superparamagnetic states. b TEM image of TiN nanoparticle arrays deposited on a TEM grid covered by amorphous carbon film, showing that the 
nanoparticle arrays are composed of domains of ordered densely packed 2D monolayers

Fig. 7 TEM image of Fe nanoparticle film with nanoparticle coverage 
approaching 100%. The deposition is performed at an equivalent 
deposition rate of 0.1 Å  s−1 with a 45° glance incidence. The 
boundaries between the ordered monolayer domains are hardly 
identified. The inset shows the FFT of the nanoparticle assembling 
structures
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rate. Meanwhile, the attractive interactions between the 
nanoparticles drive the ordering in the densely packed 
arrays. Such a mechanism has also allowed us to deposit 
ordered densely packed self-assembled monolayer struc-
tures of nonmagnetic materials, such as TiN. By control-
ling the total deposition mass, the densely packed 2D 
monolayer domains can spread homogeneously over the 
whole substrate surface covered by the deposition spot. 
We believe that this method will provide an alternative 
to the solution chemistry-based method that has been 
commonly used for the fabrication of periodic 2D arrays 
of thiolate-encapsulated nanoparticles from spontaneous 
organization.
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