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Abstract. A comparative study of the structure and fractal properties of arrays of the silver nano-/micro-
particles deposited on the silicon substrate both from the aerosol and fog showed that the form of the silver
individual particles and nano-/microstructures greatly depends on the deposition conditions. By passing an
aerosol through isopropyl alcohol, the formation of fractal aggregates of the silver nano-/micro-particles
both in the air and in alcohol was observed. Deposition of the silver nano-/micro-particles in the atmosphere
of the saturated isopropyl alcohol vapours led to formation of fog. Micro-droplets of the silver colloidal
solution were deposited on the substrate. The further evaporation of alcohol created the silver
nano/microstructures in the form of annular layers. It was found that the concerned annular layers contained
silver particles of the same shape in the form of a Crescent (or Janus-nano-/microparticles). The nature of

discovered effects is discussed.

1 Introduction

It is known [1], that anomalous optical properties of the
metal nano-/microparticle (NMP) arrays can be
determined by the interaction of light with the surface
plasmon polaritons and localized plasmons. The
structure and form of the metallic NMP are the important
factors determining the efficiency of the concerned
“plasmon-photon” interactions. Theoretical analysis [2]
[3] [4] showed that the sickle shaped metallic NMP can
enhance the interaction of localized plasmon with light
photons, compared to the NMP having the spherical
shape. However, the proposed method of the sickle
metallic NMP synthesis by means of the colloidal
microlithography method [5] is multi-stage, and requires
complicated hardware design. So the studies aim to
simplify the method of the sickle metallic NMP
synthesis.

The disadvantage of the newly proposed method of
the metallic nano-/microstructures (NMS) layers
synthesis by the “dry” aerosol deposition [6] consists in
the random ballistic mechanism of coatings formation on
the substrate surface. These coatings contain both the
NMP of different sizes and the NMS of chain and
dendritic shapes that can lead to significant scatter of the
optical and other properties of the resulting porous metal
films [7]. Therefore it is desirable to develop a method
of the metallic NMS formation in the controlled
conditions which could provide an opportunity for
receiving the NMS of the same shape and, preferably,
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containing the arrays of the metallic NMP having the
same geometric shape. Adherence to conditions allowed
achieving the stability and reproducibility of the optical
properties of the metallic NMS.

A promising approach to solve this problem may be
the creation of the metallic NMS precipitates formed
during the evaporation of the micro-droplets from the
metallic NMP colloidal solutions in various solvents [8],
[9].

In the given case, depending on the conditions of the
evaporation process [10], the metallic NMP deposits can
exist either in the form of solid spots (this situation is
considered in the “coffee stains” model [8]), or form of
ring structure.

According to the research [8] [9] [10], the concerned
method of the metallic NMS preparation can have many
practical applications such as production of plasmon
resonance sensors, catalytic surfaces, etc. The different
forms of the received metallic NMS are due to the
occurrence of the sedimentation processes in the highly
non-equilibrium  conditions which lead to the
development of the self-organization. In that case the
shape of the NMS deposits is determined by the
deviation degree of the evaporation conditions from the
equilibrium [10]. Usually the colloidal NMP solutions
can be considered as the micro-emulsions which can be
formed and stabilized by the surfactants. Then it is
necessary to wash off the NMP sludge from the
surfactant and emulsifier admixtures that can result in
the deformation and the NMP damage. This problem can
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be solved if the deposition of the aerosol metallic
particles on the silicone surface has been carried out in
the atmosphere of the solute saturated vapors. Metallic
NMP is the center where the condensation of the solute
molecules and micro-droplet formation is taking place.
Finally, the initial aerosol of the metallic particles
transforms into fog [11]. After that, the evaporation of
micro-droplets deposited on the silicone surface forms
the metallic NMS, which do not contain the surfactant
and emulsifier admixtures.

The aim of present study consisted in:

a) the experimental confirmation of the possibility to
form the ring metallic NMS synthesized by the
evaporation of micro-droplets deposited on the substrate
surface from the fog formed as a result of the interaction
between the aerosol NMP and the solvent molecules;

b) the study of the structure and shape of metal NMP
contained in the NMS, which formed either after the
micro-droplet deposition and evaporation, or the passing
of aerosol NMP through the solvent media;

¢) conducting the fractal analysis of images that show
the metal NMP shape and the structure of the metal
NMS synthesized in both modes, obtained by
transmission and scanning electron microscopy (TEM
and SEM, respectively), and atomic force microscopy
(AFM).

2 Experimental

To obtain the colloidal solutions of silver NMP in
isopropyl alcohol (IPA) without the admixture of the
emulsifier and surfactant molecules the self-made
experimental facility [6] has been used (Fig.1(a)). The
scheme of the concerned facility includes an aerosol
spark generator, a diffusion aerosol spectrometer (DAS),
the ultrasonic generator of the liquid and the aerosol
flow stabilizer. After mixing the silver aerosol and the
IPA saturated vapour the condensation processes were
developed in the volume of the aerosol flow stabilizer
and the micro-droplets of the colloidal solution appeared.
Then these micro-droplets were deposited on the
surfaces of three silicon wafers located at the output of
the aerosol flow stabilizer. IPA vapours were obtained
using the ultrasonic generator. For that purpose an IPA
media with the chemical grade “pure for analysis™ (State
Standard 9805-84) was placed in ultrasonic bath before
switching on the ultrasonic generator. Experiments were
carried out at room temperature and at the atmospheric
pressure. The IPA saturated vapour pressure was ~25.3
mm Hg [12], however not measured or fixed
specifically. The silicon plates with dimensions 10 x 10
mm and the thickness 0.5 mm (State Standard 8.592-
2009) were used in research. The duration of the separate
experiment did not exceed one hour.

The silver NMP aerosol was created with the help of
the spark discharge between two silver electrodes and an
air stream passed at the speed of 1 cm/s through the
working chamber of the aerosol spark generator [6]. The
frequency of the spark breakdown was 50 min—1. Then
the silver aerosol was transported to the ultrasonic
generator and to the DAS measuring system, which

determined the size distribution and concentration of the
silver NMP in the aerosol (Fig. 1(b)).

During the experiment the composition of the silver
aerosol particles was controlled every minute. It has
been established that the largest part of the aerosol
composition was about 45 - 50 nm (Fig. 1(b)-1). The
total number of the silver aerosol particles received in
the volume of the working chamber during the
experiment was about ~5.2 X 106. As it is shown in Fig.
1(b)-2, the particle size distribution can be satisfactorily
approximated by lognormal function [11], [13].

Ag aerosol
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C-10% cm?
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Fig. 1. (a) Technological scheme of the silver NMP micro-
droplets deposition: 1—micro-pump; 2—high efficiency
particulate air filter; 3—aerosol spark generator; 4—diffusion
aerosol spectrometer; 5—ultrasonic generator; 6—aerosol flow
stabilizer; 7—silicon substrate. Black dots represent aerosol
particles of silver; (b) Histogram (I) and the aerosol silver
particle size distribution function (II) obtained by the
approximation of experimental data by the lognormal
distribution.

The colloidal solutions of silver NMP were also
prepared by passing the aerosol through the IPA
medium. Before carrying out the TEM and SEM
measurements the colloidal solutions of silver NMP in
IPA were treated in an ultrasonic bath for 10 minutes.
Then the sample of solution (about ~0.1 ml) was
deposited on the copper mesh modified by carbon.
Investigation of sludge formed on the silicon surface and
carbon substrate after evaporation of the colloidal
solution of micro-drops was conducted using TEM and
SEM electronic microscopes FEI Tecna G2 F20 S-Twin
TMP and Quanta-3D FEG (Fig. 2 and Fig. 3
respectively). TE-microscope FEI Tecna G2 F20 S-Twin
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TMP worked at an accelerating voltage of 200 kV in
bright field. The device resolution was 0.14 nm (line
resolution).

Fig. 2. Images of the obtained silver nano-/microstructures on
the copper-carbon substrate at different magnifications: 9900%
(a); 38,000 (b); 97,000% (c); and 450,000% (d).

It should be noted that the study of sludge which
formed after evaporation of the micro-drops received by
the second method was carried out during half an hour
after it had been placed on a copper-carbon substrate.
When the micro-drops were received using the first
method, the TEM- and SEM-measurements were
performed after the storage of the precipitates in the air
and at the room temperature within two weeks.

AFM investigation of the silicon surface roughness
after deposition of the silver NMP arrays was carried out
by Multimode 8 scanning probe microscope,
manufactured by Bruker (USA).The concerned array of
AFM data was further processed using Image J 1.49 [14]
software with the help of the Fraclac plug-in [15].

3 Results and Discussion

3.1 Silver Nano-/Microstructures Deposited from
Aerosol

As follows from the TEM images obtained in the first
case the silver aerosol passage through IPA media
resulted in intense NMP coagulation and formation of
the different NMS types (Fig. 2). In that case the
formation of the numerous silver NMS resulted in the
appearance of the porous silver film [6], that is an array
of the randomly linked chains consisting of several (at
least 10) silver NMP with sizes in the range of 10 - 20 to
200 nm (Fig. 2(a)-(c)). The facets of silver
nano/microcrystals can be observed on the NMP surface
(Fig. 2(d)).

It is known [16], that the chain structure of NMS
occurs as a result of the silver NMP coagulation in the
air. Possibly, coagulation can take place in the IPA
medium. The secondary structure observed in Fig. 2(a)
and Fig. 2(b), consists of chaotically intertwined chains

containing the numerous silver NMP’s. Such structure
occurs both at the stage of the storage in alcohol, and the
evaporation of nano-/micro-drops. The emergence and
growth of the secondary structures (or fractal aggregates
[17]) is a result of the aggregation of the numerous silver
particles in chains, and it can be described in terms of
different models of aggregation [18]. The estimation of
the fractal dimension for layers of the silver NMS
located in the regions with high and low NMP
concentrations (Fig. 2(a) and Fig. 2(b)) gives the values
of the surface fractal dimension D = 1.85 and 1.99 which
correspond to the case of Brownian motion and/or the
motion of NMS’s on a linear trajectory in the model of
the three-dimensional “cluster—cluster association” [18].
Therefore, at the formation of the silver NMS layers
which is described within of the “cluster—cluster
association” model, the different mechanisms of silver
particles fusion and structures can be implemented.

3.2. Silver Nano-/Microstructures Deposited from Fog
The observed ring shape of the silver NMS, synthesized
by deposition from the fog, repeats the profile of
evaporated micro-droplet (Fig. 3). At the same time it
was found that the silver NMS’s with sizes from 0.5 to
20 nm are uniformly distributed on the substrate surface
that is consistent with the ideas of the “coffee stains”
model [8],[9],[10].

Considering the arrays of the silver NMS, which are
formed by the micro-droplets of colloidal silver solution
in isopropyl alcohol on the silicon plate surfaces after
deposition from fog (Fig. 3(a) and Fig. 3(b)).

s | mag HV | curr | det WD | HFW 10 pm
SMA VERSA 3D

| 10000 x 5.00 kV 95 pA | ETD 10.3 mm 41.4 pm

10 pm——
SMA VERSA 3D

det WD HFW
A ETD 10.4 mm 34.5 um

Fig. 3. SEM-images of the silver nano-/microstructures on the
silicon surface formed by evaporation of the micro-drops of
colloidal solution. Measurement conditions are listed on the
insert.
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Despite the significant time interval between the
deposition of the micro-droplets on the substrate and
SEM-measurements, the border of drops can be clearly
observed on the silicon surface. This may be due to the
sorption of the alcohol molecules by the silicon
substrate. The numerous silver NMSs with the size from
<0.1 to 3 um can be observed on the SEM images also. It
should be noted that a pronounced ring structure is
characteristic for silver NMSs with the size from <0.1 to
1 pm.

According to [9] [10] [19], capillarity leads to one
micron particle dynamics in evaporated drop. In this
case, mass transfer processes can move the silver NMP
either to the drop surface, or in the opposite direction
depending on the ratio of the speed of the drop shape
relaxation and the evaporation rate. The formation of the
ring structure (or self-organization) may be considered a
result of the mass transfer processes.

Unfortunately, due to the high level of the electron
field emission the origin of which is associated with the
adsorbed solvent molecules, it was impossible to carry
out the SEM-studies of the ring silver NMS at the higher
magnifications. Further investigation of the structure and
distribution of silver NMPs in the ring boundary layer
was carried out by AFM (Figure 4). As follows from the
AFM-images (Figure 4(a) and Figure 4(b)), the size of
the observed numerous silver NMP is about from 0.01 to
0.5 pm. All the silver particles considered have the same
Crescent shape as well as the same orientation. All the
observed silver NMPs are oriented by thickened side
towards the outer border of the ring, while the Crescent
is oriented towards the center of the vaporized micro-
droplet.

It is possible to result the following arguments in
favour of the fact that with the help of AFM method
exactly the silver particles have been registered. First, in
the AFM profiles the silver NMP revealed itself as the
fluctuations of the spatial distribution of the surface
height with the magnitude from 30 to 35 nm (Fig. 4(a)
and Fig. 4(c)), that is much higher than the surface
roughness of the silicon substrate (2.5 - 5.0 nm). Second,
the maximum height of the discovered sickle silver NMP
is 44 nm that coincides with the maximum of the size
distribution (40 - 45 nm) in the aerosol containing the
silver NMP which has been determined previously (Fig.
1(b)).

The most part of the sickle silver NMP’s, shown in
the Fig. 4, has a two-or three-layer structure
(Fig. 5(a)). At least two aerosol particles participated in
the formation of the considered silver NMP, which
originally had a spherical shape (Fig. 2(d)). Possibly, the
deformation of the considered two-or three- particle
clusters tends towards its boundaries away from the
center. Probably the mass-transfer processes have been
moving in that direction during the evaporation of the
IPA molecules.

(b) ©

Fig. 4. 2D- (a) and 3D-images (b) of the silver NMP arrays on
the surface of the silicon support recorded by AFM-method in
the field of the ring structure appeared in the place of the
vaporized micro-droplets; (c) the AFM-profile of the silicon
surface containing the silver nano-and micro-particles (shown
by the white line on the image (a)). An enlarged image of the
silver particle, selected by white rectangular frame, is shown in
the Fig. 5(a).

An assessment of geometric characteristics of the
Crescent-shaped silver NMP has been done. For this
purpose, the shape of the particles has been represented
in the form of a Crescent (Fig. 5(b)) and the geometric
parameters of the silver NMP have been calculated using
the following formulas [20] [21]:

h
=h +Al;s, =a;r;r,=h +d, =—+— 1
ot 2 8h ()
. 2r;sina; 2 [ (2 —h);a, = 2arccosd,
2 "
4 =%r,2(ai—sina,)

In the system of the Equation (1) i =1, 2; hi = hl, h2
is the height of the circle segments, the arc lengths s1, s2
are part of these segments, correspondingly, limiting the
considered particle with external and internal sides; Ah is
the thickness of the Crescent; d1, d2 are the distances
from the centres of circles O1 and O2 to the middle of
the chord AB, which have the lengths c; rl, r2 are the
radii of the circles with centres O1 and O2; al, 02 are
the angles AO1B and AO2B; Ai is the area of segments.
The area of the Crescent is determined as the difference
of the squares of segments.

According to the calculations, the radii of the circles
Ol and O2 are practically identical (Table 1).
Consequently, the Crescent-shaped silver particle is
formed by two deformed aerosol NMP (Fig. 5(a)). On
the other hand, the estimated values of the circle radii O1
and O2 are 4 - 5 times higher than the most probable
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silver NMP size in the initial aerosol (Fig. 1(b)).
Probably, the obtained difference is due to the presence
of a layer of the adsorbed isopropyl alcohol molecules,
i.e. the cluster “silver NMP—isopropyl alcohol
molecules” can be seen as a direct micelle. Possibly, the
evaporation of micro-droplets is accompanied by the
coagulation of silver particles existing in the solution in
the form of direct micelles. Further, clusters containing
two or three NMP’s, which surrounded by a layer of the
IPA molecules, have been created.

Table 1. The geometrical characteristics of the Crescent
modelling the silver sickle nano-/micro-particles.

Value

Arcl | Arc2
1* | The thickness of the Crescent in | 0,18

the center of the figure Ah, pm
2* | The length of the chord ¢, um 0,36

Ne | Name, designation

3* | The height of the segment in the | 0,29 0,11
center h, um

4 The radius of the circle r, um 0,201 0,205

5 The length of the arc s, um 0,82 0,44

6 Angle a, degree 232,6 125,72

9

7 The area of the segment Ai, 0,10 0,03
um?2

8 The area of the Crescent 0,07

(particles), pm2
Note: (*) The values are determined by measuring the
Fig. 5(a).

The processes of spinodal decomposition [22] of the
considered clusters and the formation in the cluster
volume of the two-phase system containing the layer of
the deformed Crescent shape silver NMPs have been
developed during further drying and storage of the
sample. Subsequent evaporation of the IPA molecules
leads to the formation of the observed silver Crescent-
shaped NMP. It is known [23], that this phenomenon is
often observed in the study of the metastable
heterogeneous colloidal systems as a result of the
complex thermo- and mass -transfer processes [24] and it
is called “the syneresis”.

According to [25] [26] [27] the driving force the
effect of syneresis is concentration gradient of the
alcohol molecules in the cluster and on the substrate
surface during the evaporation process. The value of the
occurring stress concentration is sufficient for cluster
splitting, and deformation of the original spherical silver
NMP’s.

The value of the fractal dimension for silver
Crescent-shaped NMP (Fig. 5(a)) is about of D ~1.69,
that is significantly lower than the established similar
values for the silver NMP fractal dimension obtained by
passing the silver aerosol though the IPA medium [18].
This value of the fractal dimension D corresponds to the
model of the “cluster—cluster association in the regime of
Brownian motion model” [18].

Thus, experimentally synthesized silver NMS with
sickle NMP’s was obtained by means of controlled
evaporation of the colloidal solutions droplets deposited
from the fog on the surface of the silicone support. It is
possible that the arrays of the silver Crescent-shaped

NMP’s may be associated with the processes of silver
nanoparticles self-organization, which develop during
the micro-drops evaporation. In conclusion, it should be
noted that the detected silver Crescent shaped NMP
belongs to the recently discovered kind of specific
asymmetric nanoparticles—the so called Janus silver
nanoparticles [25],[26] [27].
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