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Growth mechanism study of silver nanostructures in a limited volume
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Recently, high attention has been paid to template synthesis as a method for obtaining nanostructures
with predetermined shapes and sizes. This is an obvious approach, in which the size and shape of the pores
limit the geometry of the nanostructures formed inside them. As a result, nanostructures completely repeat the
shape of the template pores. In the presented work, we propose to consider another aspect of using a limited
pore volume - as a tool for the formation of nanostructures with a predetermined morphology at diffusion-
limited processes. Using silver as an example, it is shown that by changing only the pore volume, without
changing other chemical kinetic conditions, it is possible to controllably create nanostructures with complex
geometry. Possible morphologies of nanostructures, such as crystallites, dendrites and "sunflower-like"
structures, formed at critical pore diameters, have been identified. The main points inherent to the formation
of silver nanostructures in the pores of the SiO2/Si template using the electroless galvanic displacement method
were highlighted. The growth mechanism of silver nanostructures in a limited pore volume has been studied
and discussed in detail.

Highlights

e The possibility of variation of the shape of Ag nanostructures only by changing the geometric parameters
of the pore without changing other chemical kinetic conditions was demonstrated.

e By varying the pore volume of the template, Ag nanostructures like crystallites, dendrites and "sunflower-
like" structures were formed. It was shown that, in the absence of pores, these types of nanostructures were not
formed.

e The peculiarities of the evolution of crystallites, dendrites and "sunflower-like™ structures were analyzed.


https://doi.org/10.1016/j.matchemphys.2022.126016

Author Accepted Manuscript. This article is published in Materials Chemistry and Physics 283 (2022) 126016,
https://doi.org/10.1016/j.matchemphys.2022.126016

e The substantiation of the formation of Ag nanostructures of various types was suggested and the mechanism

of their formation was proposed.
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Introduction

Due to their unique properties the nanostructures attract a special attention of researchers by applying
various methods to create them. There are various approaches for their formation and the most common are
a “top-down” and “bottom-up” ones [1,2]. It should be noted that the ‘top-down’ and ‘bottom-up’
methods for formation of nanomaterials are not mutually exclusive and often complement each other
in the combined synthesis of nanostructures. One of the combined methods for creating
nanostructures is a template synthesis, so-called due to the use of porous matrices (templates) in the
preparation of nanomaterials with a given shape and size [3-5]. From the application point-of-view,
both for research and for practical goals, the most commonly used templates are based on silicon [6],
polymer films [7], as well as oxide materials such as Al20z [8], TiO2 [9], SiO2 [10]. The
overwhelming majority of works on the template synthesis of nanostructures are limited to the usage
of a pore as a "mold"” [11,12]. In this case, the pore volume does not allow the material to go beyond
its boundaries, thereby determining the shape of the synthesized nanostructure, which completely
repeats the pore shape [13-15].

It should be noted that an alternative approach for the controlled synthesis of nanostructures is
also possible. In this approach, the shape of the synthesized nanostructures can be controlled by
diffusion-limited process. The limited pore volume sets the direction of adatoms movement in the
near-electrode layer provide to control the self-organization process aiming it in the desired direction.
Thus, by changing the pore volume, in theory, it is possible to vary the shape of nanostructures in a
wide range. Previously, we have already partially demonstrated the effectiveness of this approach in
creating structures with complex morphologies of copper [16], silver [17], and gold nanostructures
[18,19] in the pores of SiO2/Si matrices. However, this approach to controlled synthesis of
nanostructures has not yet received sufficient attention in the literature.

To eliminate this gap, in present work, we investigate the electroless galvanic displacement
method during the self-assembly of silver nanostructures in a limited pore volume of SiO2/Si
template. Herein we show, the possibility to control the shape of the synthesized silver nanostructures
only by changing the geometric (special) parameters of the pore without changing other chemical
kinetic conditions. We determine the types of silver nanostructures morphologies can be formed
during the self-organization of atoms nanostructures in a limited volume of a pore of SiO2/Si template

and describe the mechanism of their formation.
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Methods

There are three main approaches used to create templates: lithography [20], anodizing [9] and
ion-track technology [21]. The advantages of templates created using ion-track technology include
ease of adaptation to standard silicon technology processes and the ability to obtain templates with a
large area. The main disadvantage is difficulties by obtaining ordered arrays of pores. Nevertheless,
at the stage of creating and researching nanostructures, the use of ion-track templates becomes
justified: it is possible to learn the main methodological approaches to obtaining nanostructures on a
large scale.

As templates for synthesis of silver nanostructures, swift heavy ion-track porous SiO2 template
on p-type silicon substrate (12 Ohm-cm with orientation <100>) were used. The procedure of
obtaining porous SiO2/Si templates are described in our previous paper [22]. The parameters of
porous template as upper diameter D, lower diameter d and thickness of silicon oxide L were
determined using ellipsometry [23,24]. Upper diameter D was in the range between 320 and 1000 nm,
lower diameter d was in the range between 0 and 980 nm and thickness of silicon oxide L was in the range 25
~500 nm. The SiO2/Si pore density over the surface was found to be 5-10” cm according SEM studies
determined by ImagelJ [25]. Characteristic SEM images and schematic representation of a pore in the

Si02/Si template is presented in Figure 1.

Figure 1. Typical SEM images of SiO,/Si template (planar and cross-section views) and schematic representation of a

pore in the SiO./Si template (upper diameter D, lower diameter d and thickness of silicon oxide L).

The electroless galvanic displacement method [26] was used to localize silver in the pores of the
amorphous silicon dioxide template. The deposition was carried out by immersing SiO2/Si templates in an
aqueous solution containing 0.01 M silver nitrate (AgNOs) and 5 M hydrofluoric acid (HF). A temperature of
308K was set and controlled using a water bath, in which the electrolyte was thermostatted for 30 min. The
deposition time was up to 60 s. The morphology of the SiO2(Ag)/Si surface was studied using JEOL
JSM-7000F and Carl Zeiss ULTRA 55 field emission scanning electron microscopes (SEM).
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Results

SiO2/Si templates with different pore diameters were used as a pre-forming base for the
synthesis of silver nanostructures. The pore diameter varied from the minimum (d = 0, Dmin = 320
nm) up to complete dissolution of the oxide layer. It should be noted that the deposition of metal into
pores with different diameters with constant deposition parameters (temperature, deposition time,
electrolyte composition) leads to the formation of nanostructures with dramatically different
morphology as shown in Figure 2. The deposition of metal into pores with a minimal pore diameter
Dmin (Figure 2a) leads to the formation of a precipitate only in some of them, leaving the rest of the
pores either partially filled or unfilled at all. In templates with larger pore diameters, a fill rate of
100% is observed (Figure 2b-e).

x10k x25k x50k

Figure 2. SEM images of silver nanostructures grown in SiO, pores with diameters D at the moment of pore opening
(320 nm) (a); 400 nm (b); 600 nm (c); 750 nm (d); 950 nm (e) and after SiO; layer removing. for all samples was is 60 s
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SEM studies provided in Fig.2 it is clearly seen that three main morphologies can be
distinguished from the obtained structures: crystallites, dendrites and "sunflower-like" structures. An
increase in the pore diameter leads to the change in the morphology of silver from crystallites at the
moment of pore opening through intermediate forms of silver nanostructures to the most branched
dendrites at D = 800 nm and then to a "sunflower-like" structure at upper diameter of 1000 nm. It is
important to note that when there is no porous SiO: layer, the silicon surface is uniformly coated with
silver nanoparticles without the formation of isolated nanostructures.

The obtained crystallites have characteristic sizes up to several micrometers. Pores D larger
than 400 nm also contain structures with crystalline faces, but these faces are not as clearly
distinguished as in the case of pores with Dmin. With this D, nanostructures tend to grow with the
formation of lateral processes (“dendritization”), while the sizes of the structures are in the range of
500-700 nm. At upper diameter values of 500 nm, the crystalline faces are not traced in the metal
deposit, the structures have lateral dimensions of 600-900 nm and contain several branches.
Nanostructures continue to grow with an increase in the pore diameter and at diameter of 800 nm the
size of individual dendrites can reach 3 um as shown in Figure 2d. At diameter of 900 nm, despite a
large number of separate branches, a cavity is formed in the central part of the structure, which, with
a further increase in diameter to 1000 nm, modifies the metallic deposit to "sunflower-like" structures.
In the central part of the "sunflower-like" structures, there is a deposit in the form of "tracks™ of metal,
similar to those obtained when silver is deposited on the free surface of silicon. Larger pores cannot
be obtained with the specified etching parameters due to the complete dissolution of the SiO2 layer.

For detailed tracking of the evolving morphology of the silver deposit with a change in the pore diameter
from the moment of pore opening to complete removal of the oxide layer, Figure 3 shows enlarged fragments
of SEM images of individual silver nanostructures with a step of changing the upper diameter D of 100 nm.

Pore opening

115 nm 260 nm 405 nm

Ag

550 nm 695 nm 840 nm 980 nm SiO, is etched

Figure 3. Dependence of the morphology of silver nanostructures on the pore diameter D of the SiO,/Si template

The reasons for the formation of nanostructures with different morphologies with an increase
in the pore diameter of the SiO2/Si template can be understood by analyzing the evolving morphology
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of the deposit during growth. For this, we studied the morphology of silver nanostructures at different
stages of growth in template pores with different diameters. Typical SEM images are presented in

Figure 4.
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Figure 4. SEM planar images of silver nanostructures grown in SiO, pores with diameters D at the moment of pore
opening (320 nm) (a); 400 nm (b); 600 nm (c); 750 nm (d); 950 nm (e) and after SiO, layer removing. Deposition time is

1 s (left column), 15 s (middle column) and 60 s (right column)

Itis clearly to see that at the final stage (deposition time 60 s) the obtained morphology strongly
depends on the initial number of nuclei, which formed at the beginning of the process on the bottom
of the pore (deposition time 1 s). The number of nuclei is determined by the pore diameters (D and
d). Atd = 0 and D = Dmin We have one nucleus at the start of the growing, which leads to the crystal
obtaining (Figure 4a). At d =100 nm and D =400 nm the number of nuclei is about 3-4. The result
is a growth of dense and randomly shaped silver crystallites (Figure 4b). An increased number of
nuclei up to 10 (d = 250 nm and D = 600 nm) allows the formation of deposits in the form of several
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“rod-like” silver crystals (Figure 4c). The limited pore volume together with the increased number of
nuclei on average 18 (d = 550 nm and D = 750 nm), leads to the occurrence of diffusion-limited
processes, as a result of which dendritization of the structures occurs (Figure 4d). At d = 850 nm and
D =950 nm the number of nuclei is increased due to the increase in the free area of the silicon surface.
In this case, the growth is still limited by ion diffusion: the external parts of the structure are growing
in a radial direction whereas the particles inside the pore do not grow because reactants do not reach
them. As a result, we observe the formation of a “sunflower-like” structure (Figure 4e). The silver
growth mechanism in SiO2/Si template will be described more in details below.

The growth of silver particles in the absence of SiO2 pores on the free silicon surface is not
accompanied by critical restrictions in local regions of the sample. Therefore, the evolution of the
morphology of the deposit is of a usual character with a gradual increase in the volume of the particles
(Figure 4f). Similar results for the deposition of silver onto a silicon surface using short deposition
times (~ 3 minutes) or much longer deposition time (~15 minutes) and smaller AgNO3 concentration
(0.25 mM) have been previously reported in [27] and [28], respectively. It should be noted that an
increasing the deposition time or AgNOs concentration in these works sometimes led to chaotic silver

dendritization. In our work, we do not change these parameters.

Discussion

Electroless galvanic displacement of silver in pores of a SiO2/Si template. To understand the
mechanism of the growth of silver nanostructures in SiO2/Si template pores, it is necessary to
understand which processes occur in the pore during the electroless galvanic displacement method.
Information about the ongoing processes can be obtained by analyzing filled pores of the templates
after the metal deposition process. Analysis of the filled templates in cross-sectional view after
deposition of silver nanostructures in the pores of SiO2 shows that during the formation of Ag
precipitants by electroless galvanic displacement method the etching of silicon surface can take place

as presented in Figure 5.

Figure 5. SEM cross-sectional view of the SiO/Si template after deposition of silver nanostructures
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Etching of a silicon surface during the electroless galvanic displacement method can occur for
the following reasons. An aqueous solution of silver nitrate (AgNOs3) and hydrofluoric acid (HF)
dissociates in water into individual cations and anions (Ag*, NOz", H*, F) [29]. The resulted ions
participate in three parallel processes [30,31]: electrochemical reduction of [Ag]* ions to a metallic
silver state on Si or metal [Eq. (1)] with anodic oxidation of Si [Eq. (2)], and also SiOz2 dissolution in
hydrofluoric acid [Eqg. (3)].

4Ag* +Si+6F —4Ag+SiF>, Si+6HF — H,SiF, +4H" +4e, (1)
Ag'+e > Ag, H, >2H" +2e,

Si+ 2H,0 > Si0O, + 4H* + 4e™, (2)
Si+2HNO; —» NO + NO, + H,0 + Si0,,
Si0, + 6HF — H,SiF, +2H,0. (3)

Schematically, the processes taking place in the pore of the SiO2/Si template are presented in

Figure 6.
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Figure 6. Schematic representation of the chemical processes involved in electrochemical reduction of silver ions

occurring in pores of a SiO, template on silicon

Thus, three chemical processes occur simultaneously in the pores. It should be noted that templates with
different d and D implement different scenarios of these processes. Different scenarios occurring in local
limited pore volumes lead to the growth of structures with different morphologies. Therefore, the growth
mechanism should be considered depending on the pore diameters.

Growth mechanism of silver structures in SiO2/Si pores. We will analyze, at what diameters (D and
d) the main morphologies are realized and describe the mechanism of growth of silver structures
characteristic of each of these cases. Dmin (d < 50 nm). In this case, not all pores are open (etched to

the silicon surface), i.e. when silver is deposited, the electrolyte will not react with the silicon substrate
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in all pores. In an open pore, due to the interaction with the silicon substrate of the hydrofluoric acid
included in the electrolyte, free electrons are formed. These electrons participate in the reduction of
silver ions to the metallic state, as a result of which a metal nucleus is formed, which further
determines the growth of the nanostructure. Considering the small size of the pore, a single growth
center is formed at its bottom. Further development of the nanostructure is associated with the
reduction of silver ions on this nucleus by the "metal on metal” mechanism [32]. Overtime (5-10 s),
the pore is uniformly filled with metal, blocking the access of the electrolyte to silicon (cf. Figure 7
— Nucleation stage). However, the growth process continues: crystallites up to several micrometers
in size appear above the surface of individual pores. The continuation of growth is due to the fact that
the pores which were not initially opened are gradually etched into HF and “open”, providing an
influx of electrons, some of which are distributed over the already existing Ag structures, increasing
their size. Therefore, in Figure 7 (Middle and Final stages) individual silver crystallites of various

sizes are observed on the surface of the SiO2/Si template.

Nucleation Middle Final
stage stage stage

250

850

d, nm

Figure 7. Schematic illustration of the stages of silver growth in pores SiO./Si template at different pore diameters and

without porous layer.


https://doi.org/10.1016/j.matchemphys.2022.126016

Author Accepted Manuscript. This article is published in Materials Chemistry and Physics 283 (2022) 126016,
https://doi.org/10.1016/j.matchemphys.2022.126016

350 nm < D < 500 nm (50 nm < d < 250 nm). In this and subsequent cases, all the pores of the
template are open, which ensures the formation of a silver precipitants in all pores. After "opening"
the pore at the SiO2-Si interface, a contact area of the silicon substrate (naturally the silicon surface
can provide four electrons, which can be used in the electrochemical processes) with the electrolyte
is formed. The equilibrium nature of the electrodeless metal deposition process is realized due to the
fact the electrons that reduce Ag* are coming permanently from the Si oxidation reaction [31,33,34]
which happens at the bottom of the pore. Due to these localized processes occurring in a limited
volume, a two-dimensional growth of the silver structure is realized inside the pore. The low growth
rate of the silver deposit guarantees a sufficient rate of diffusion of silver ions to the nucleus inside
the pore. After the metal leaves the upper boundary of the pore, the growth mechanism switches from
two-dimensional to three-dimensional with the formation of a “cap” with characteristic crystal faces
on the surface. The morphology (cf. Figure 7) of the structure is specified by the crystalline orientation
of the metal deposit inside the pore.

500 nm < D < 700 nm (250 nm < d < 550 nm). An increase in the lower pore diameter leads to
an increase in the number of electrons generated by the substrate, which determines the
nonequilibrium nature of the metal reduction process due to the lack of silver ions in the cathode
region. An insufficient amount of silver ions leads to the transformation of the crystal shape into a
metal deposit of a complex shape (cf. Figure 7 — Nulceation stage). The deposit is evenly distributed
over the surface due to the fact that the size of the contact area between silicon and electrolyte no
longer plays such a significant role as at the moment of "opening" the pore. The number of nuclei
formed at the bottom of the pore increases in proportion to the increase in the pore size. Their
localization is carried out mainly along the edges of the pores and, in some cases, in the center (due
to the defectiveness of the silicon surface in the center of the bottom of the pore, caused by the passage
of swift heavy ions at the stage of creating a template during irradiation). In the process of growth,
elongated metal structures (crystal rods) appear inside the pores, and after 5-10 s, the front of their
growth overlaps. The contact and overlapping of the rods with each other lead to their accretion. In
this case, a gap remains between them, which is sufficient for the penetration of the solution to the
silicon substrate and the release of new electrons necessary for further growth of the structure (cf.
Figure 7 — Middle stage). At the moment when the growth fronts overlap, there is competition for the
electrolyte. After about 45 seconds, due to the rather dense filling of the pores and their complete
coverage from above with a silver deposit, the influx of electrons stops, stopping the growth of the
nanostructure (cf. Figure 7 — Final stage). The final form of the structures is influenced by the overlap
of the growth fronts of individual crystals, and as a result, structures with crystal faces are formed,
but less noticeable than in the previous case.

700 nm < D <900 nm (550 nm < d < 850 nm). The growth process is similar to the previous
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case, the difference is that with an increase in the lower diameter, it is possible to form a larger number
of nuclei at the bottom of the pore. The presence of a larger number of competing growth centers
within one pore leads to overlapping of their growth fronts during the development of the
nanostructure, providing the formation of structures with complex geometry. Also, due to the increase
in the free silicon surface at the bottom of the pore, more electrons are released, increasing the growth
rate and providing the structure with large dimensions, and causing an increase in diffusion-limited
processes with the implementation of the most branched morphology of silver (cf. Figure 7 — Middle
stage). It should be noted that it is known several mechanisms for the growth of silver dendrites [35—
38]. However, most researchers have agreed that the development of the dendritic structures is due to
the anisotropic crystal growth and diffusion-limited aggregation [39,40]. Since the growth of dendrite
occurs in a limited pore volume, where diffusion-limited processes are present, we will consider this
mechanism in more detail. At the initial stage, the growth of silver particles is more efficient in the
(111) direction, which leads to the formation of a dendrite trunk. Further growth occurs in an
asymmetrical manner. This happens when the growth rate is limited by the rate of ion diffusion to the
boundary of an already formed trunk. In the presence of a reducing agent, Ag + ions are converted
into nanoparticles that move randomly until they reach a low-energy position and attach to the trunk.
The growth of attached particles also occurs in the (111) direction. Over time, the concentration
gradient along the dendrite trunk changes, which leads to a change in the diffusion rate and,
accordingly, to a more pronounced dendritization of the structure. In our case, the same diffusion-
limited growth processes are realized in all pores of the sample, which leads to the formation of
dendrites on the surface of the template (cf. Figure 7 — Final stage).

900 nm < D (850 nm < d < 1000 nm). A further increase in the diameter leads to the fact that
the growth of crystals nucleated at the edges of the pore is not accompanied by overlapping of their
growth fronts. Nevertheless, growth competition arises due to the fact that the nuclei formed at the
pore boundaries capture most of the incoming ions Ag*. This leads to more intense growth of the
structure at the edges of the pore and the formation of a thin silver deposit in its center, similar to a
metal reduction on a free silicon surface. As a result, the pores of the template are filled with
“sunflower-like” structures, consisting of individual crystallites that have grown on the sides of the
pore (cf. Figure 7 — Final stage).

Without porous SiOz layer. The deposition of silver under the same conditions on the free silicon
surface does not provide a tool for regulating the rates of redox reactions, as well as the possibility of
their controlled shift to the region of diffusion-limited processes, which explains the reason for the
absence of a variety of morphologies of the metal deposit on a silicon substrate in the absence of a
porous layer.

To summarize that was written above, it is worth highlighting the main points inherent in the
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formation of silver nanostructures in the pores of the SiO2/Si template using the electroless galvanic
displacement method:

I. The deposition of silver nanostructures in SiO2 pores using the electroless galvanic displacement method
involves three parallel processes:

1. Electrochemical reduction of Ag™ ions to the state of metallic silver on Si or metal;

2. Anodic oxidation of Si;

3. Dissolution of SiOz in hydrofluoric acid.

Il. Self-assembly of silver in a limited pore volume with forming of the hierarchical nanostructures is
determined by the rate of diffusion-limited processes. The rate of the processes is set when choosing the pore
diameter and determines the shape of the formed silver nanostructures.

I1l. By varying the pore diameter, the morphology of nanostructures can be changed over a wide range.
However, from the nomenclature of the resulting structures, three main morphologies should be distinguished
at the critical diameters:

1. Crystallites;

2. Dendrites;

3. “Sunflower-like” structures.

Al other forms are intermediate variations of the indicated morphologies.

IV. In the absence of a porous SiOz layer, the silicon surface is uniformly coated with silver nanoparticles. No
isolated nanostructures are formed.

Additionally, it should be noted that silver structures are promising for use in surface enhancement
Raman spectroscopy to obtain a signal from low concentrations of the target molecule. For example, in our
previous work [41] related to the implementation of similar nanostructures to the SERS platform, was shown
that Ag nanostructures having the form of dendrites have the ability to detect an ultra-low concentration of the
Ellman's reagent C14HsN20sS2 (5,50-dithiobis-(2-nitrobenzoic acid)), comparable to the concentrations
of individual molecules. The high sensitivity of dendritic structures is associated with the presence of "hot
spots" at the sites of twinning (coalescence of dendrite branches), where the electric field enhancement factor
reaches 12. Also, similar silver dendrites structures were successfully implemented by electrochemical
surface-enhanced Raman scattering [42-46].

However, structures that provide a high degree of amplification of the Raman signal can often have a
damaging effect on the studied molecule due to too high-tension field in "hot spots", which leads to overheating
and destruction of the molecule. The broad possibilities for controlling the morphology of nanostructures
demonstrated in the present work will make it possible to obtain objects with the required shape and,
accordingly, the required gain, which will make it possible to study substances without disturbing their

molecular structure.
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Conclusions

The work was devoted to a detailed study of the influence of the geometric parameters of the template
pores on the morphology of silver nanostructures. As a result of detailed studies of the diffusion-limited
processes of self-assembly of a metal in a limited volume and relationship between the morphology of the
metal deposit and the geometry of the pores of the SiO2/Si template it was shown that a change in the pore
diameter makes it possible to predetermine the morphology of the metal deposit and create crystallites,
dendrites, "sunflower-like" structures, as well as their intermediate configurations. A mechanism for the
formation of nanostructures of silver with different morphologies in the pores of the SiO2/Si template is

proposed.
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