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A bstract. The review reports results of our research work on nanostructured metal films on porous 
silicon. Principal steps of the techniques allowing fabrication of metal films completely inheriting 
morphological pattern of different types of porous silicon are presented. It is shown, that imprinting 
of the nanostructured pattern to metal films by means of porous silicon template opens their new 
structural, optical, mechanical and electrical properties, which can be successfully applied in 
nanoelectronics and biomedicine, particularly including devices based on superconductivity effect, 
SERS analysis with picomolar sensitivity and transdermal drug delivery by electroporation.

Introduction

Open structure of porous Si (PS) has driven scientists to introduce in its pores different “foreign” 
substances, such as metals, semiconductors, dielectrics, organic and biological species, pursuing a 
goal to create composite and hybrid materials with outstanding properties [1-7]. Figuratively 
speaking, under this approach PS plays a role of the “host” material, which takes the other one as a 
“guest” . Among various prospective “guests” in PS, metals are some of very attractive ones due to 
their specific electrical, magnetic and optical properties. For many years, PS has been considered as 
a porous template for filling with metals by their deposition into the pore volume (Fig. 1). In this 
way, a controllable definition of dimensions and shapes of metal nanostructures has been achieved. 
For instance, in Fig. 1, b one can see that managing diameters of the pores provides formation of 
metal nanoparticles (NPs) of required sizes [2, 4, 5]. On the other hand, Fig. 1, c shows that metal 
nanowires (NWs) of a variable aspect ratio can be grown by deposition into elongated pores of PS 
[4-6]. However, the potential of PS as the porous template is not limited by the formation of the 
metal NPs or NWs. Recently, scientific community has turned an attention on PS as a tool for the 
nanostructuring of metal films by their deposition onto different parts of the surface of PS skeleton, 
i.e. rests of Si elements between the pores [7-16]. Combinations of the PS morphologies and 
methods of metal deposition give an opportunity to create the metal films with novel fascinating 
characteristics. Fig. 2 schematically illustrates types of the nanostructured metal films that can be 
grown on the PS templates. Actually, family of morphological types of PS is very rich. PS may look 
like a sponge or consist of vertical pore channels with branched or flat walls [17]. The pore 
diameters vary in wide ranges: less than 2 nm (microPS), between 2 and 50 nm (mesoPS) and more 
than 50 nm (macroPS) [18]. Here in Fig. 2 we have considered an example of the PS morphology 
typical for meso- and macroPS with the vertical pores. Such PS is a perfect candidate as the
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template for nanostructuring of metal films, which would possess reproducible properties across a 
single sample and from sample to sample. The morphology of the metal film strongly depends on 
the deposition method and type of the PS template, while its properties are not usual for the bulk 
metals as hereinafter is shown.

The purpose of this review is to capture for reader the most important results on the routes of 
fabrication of the PS template and following metal deposition depending on the desired morphology 
of metal films, their properties and applicability prospects.

Technological Aspects of PS Fabrication

By nowadays many techniques of PS fabrication have been already introduced. PS destined for the 
nanostructuring of metal films has to be formed by the method which provides the desired pore 
diameter, thickness of the porous layer and dimensions of Si elements remaining between pores (the 
PS skeleton, Fig. 1, a). Moreover, it is very important to ensure uniformity and repeatability of such 
PS parameters.

Outer 
surface of PS

Fig. 1. Schematic illustration of (a) PS with definition of its structural parameters, (b) metal NPs
and (c) metal NWs deposited into pores of PS

Thus, production of the PS templates is a specific process to control, and active investigations are 
currently underway to find possibilities of its improvement. In our works, we have used an 
electrochemical anodization of monocrystalline Si wafers in HF (hydrofluoric acid)-based solutions 
to form PS following the same fabrication procedure described elsewhere [19, 21].
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Nanostructured 
Metal Film

Fig. 2. Schematic illustration of nanostructured metal films deposited onto (a) outer, (b, c) outer 
and inner surfaces of PS; (c) deposition was accompanied by substitution of the PS skeleton with

metal

Preference has been given to this method because it allows to grow highly ordered arrays of vertical 
pore channels of required geometry, which enables us to easily manage the morphology of further 
depositing metal films. The control of the PS parameters is realized by variation of electrical 
regimes of the anodization and concentration of HF in electrolyte as well as by type of conductivity 
and doping level of the starting Si wafer. Below several parameters of anodization process crucial 
for PS technology are considered.

Type of starting Si wafers has a determinant influence on the morphology of PS formed by the 
anodization. During our research work, we were focused on three types of the PS morphology: (1) 
mesoPS, (2) macroPS and (3) “mixed” PS. To ensure reproducible parameters of mesoPS we used 
the Si wafer of n+-type (highly doped with antimony) with resistivity ranging from 0.01 to 
0.005 Ohm cm  [8-10, 12-14, 19]. The low resistivity of Si provides no need in an evaporation of a 
thin metal film on the wafer backside for uniform current flow, which is usually required in the case 
of a high resistivity. MesoPS based on highly doped Si wafers possesses good thickness and 
porosity uniformity over the wafer diameter and high reproducibility of the PS parameters from 
sample to sample. MacroPS was formed on p -S i  (lightly doped with boron) wafers with the 
resistivity of 10 -  20 Ohm cm  covered in backside with Al film to provide a uniform current 
distribution [11, 15, 16]. The last type of the PS template presenting combination of meso- and 
macroPS (so-called “mixed” PS) was grown on p-type Si wafer (boron doped, 0.3 Ohm cm ) [9]. Its 
conductivity was high enough to exclude backside contact.
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Concentration of HF in the electrolyte is the second important factor, which greatly influences 
the structural parameters of PS. For the anodization of highly doped Si wafers pure aqueous or 
mixed aqueous-alcoholic solutions of HF are usually used. In case of pure aqueous solutions, a 
rigorous stirring of the electrolyte is required to ensure the removal of hydrogen bubbles evolved 
during the dissolution of Si from the PS surface. Otherwise non-uniform PS layers are formed. 
Aqueous-alcoholic electrolytes are free of this drawback. That is why in our works solution of HF 
(45 %) : H2O : C3H7OH mixed at the ratio of 1 : 3 : 1 (by volume) was applied [8-10, 12-14, 19]. 
Anodization of the moderately or lightly doped Si wafers was performed in the solution of HF (45 
%) and dimethyl sulfoxide (DMSO) mixed at the ratio of 10 : 48 (by volume) [9, 11, 15, 16].

C urren t density is the third major technological factor that affects the kinetics of formation and 
structural parameters of PS. Typically, galvanostatic mode is used if the current is maintained 
constant by the galvanostat as a current source, thus allowing a thorough control over the PS 
thickness. For the fabrication of mesoPS in electrolytes containing 10-32 % HF, it is recommended 
to apply anode current density of 20 -  150 mA/cm [8-10, 12-14, 19]. To improve the homogeneity 
of the PS structure throughout the full thickness it is appropriate to use a pulsed mode anodization. 
It was recently shown that roughness of the pore walls can be significantly reduced if the 
anodization is carried out in a pulsed mode under a strong magnetic field conditions [4]. To form 
macroPS and “mixed” PS we have used anodic current density of 8 -10 mA/cm [9, 11, 15, 16].

Fabrication and M orphology of N anostructured M etal Films onto Porous Silicon

Nanostructured metal films can be formed onto PS by diverse means, which in general are divided 
in two major groups: (1) dry and (2) wet deposition. The first group includes sputtering, 
evaporation, atomic layer deposition, chemical vapor deposition, etc. Such techniques are 
successfully applied for deposition of metal films onto the outer surface of PS, while the methods of 
the second group result in covering both outer and inner surface of PS due to deep penetration of 
metal ions in the pore volume from the liquid solution. There are electrochemical, chemical and 
immersion depositions among the wet methods. In the following section, we consider specific 
regimes of different deposition techniques used for fabrication of nanostructured metal films onto 
PS as well as typical morphologies of the obtained structures and the results of their composition 
and elemental analysis.

Sputtering is an example of the dry deposition methods, which provides precise control of 
thickness of the depositing metal film in the nanoscale range. Recently we have reported on 
magnetron sputtering of Nb on mesoPS [10, 14]. Nb was deposited in an UHV dc diode magnetron 
sputtering system with a base pressure in the low 10- mbar regime. Fig. 3 shows SEM top views of 
the initial PS and the same sample after Nb sputtering for different periods. The diameter of pores 
and interpore distance of the PS template were found to vary in the ranges of 10 -  20 and 20 -  50 
nm, respectively (Fig. 3, a). It is clearly seen, that Nb was deposited as a nanostructured film 
consisted of Nb NPs. From Fig. 3, b follows that the growth of the Nb NPs was initiated onto the 
outer surface of PS. Average NPs’ diameter was found to increase simultaneously with the film 
thickening. For example, Nb NPs in the film of 7.5 nm thickness had diameters about 10 -  15 nm, 
while in the film of 15 nm thickness they increased up to 20 -  50 nm. In the first case, the Nb NPs 
were smaller than the interpore distance causing formation of the network of Nb NWs inherited 
pattern of the outer surface of PS (Fig. 3, b). Further thickening of the Nb film and growth of its 
NPs promoted their coalescence into continuous film and complete closing of pore entrances, which 
led to the smoothing of pattern inherited from the underlying PS (Fig. 3, c).

Managing pattern of the outer surface of PS opens an opportunity to form metal films with more 
clearly defined pattern. This is illustrated in Fig. 4, which shows SEM top views of PS with wider 
pores before and after sputtering of Pt films. Pt was found to deposit as particles of nanoscale
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diameters similar to case of the Nb films sputtering. Despite the thickness of the Pt film was 
increased greatly, its NPs, in contrast to the previous Nb example, coalesced into the network of 
wires lying on the outer PS surface. Therefore, the pattern of metal film was not lost due to 
expanded pore diameters and the clean-cut PS skeleton.

Summarizing, the careful control of the PS morphology and regimes of metal sputtering can 
result in fabrication of the ultrathin metal films onto PS, which completely inherit pattern o f the 
outer surface of PS as it was presented in schematic illustration in Fig. 2, a.

a b c
Fig. 3 SEM top views of PS (a) before and (b, c) after magnetron sputtering of the nanostructured 

Nb films; thickness of the Nb films is (b) 7,5 and (c) 15 nm

a b c
Fig. 4 SEM top views of PS (a) before and (b, c) after magnetron sputtering of the nanostructured Pt

films; thickness of the Pt films is (b) 35 and (c) 75 nm

Electrodeposition specifics consists in possibility to fabricate the metal films completely 
repeating outer and inner surface relief of the porous template. However, in case of mesoPS 
diffusion limitations in the pores of nanoscale diameter (2 -  50 nm) and weak conductivity of the 
PS skeleton cause formation of NPs or NWs in the pore channels [2, 4-6]. That is why macroPS is 
more suitable for covering the PS skeleton with a continuous metal film. In papers [11, 15] the 
results on electrodeposition of Ni onto macroPS have been presented. Pore diameter and PS 
thickness altered in the ranges of 500 -  2000 nm and 1 -  12 ^m, respectively. Ni was deposited 
from an aqueous solution of NiSO4 7H2O, NiCl2 6H2O, H3BO3 and saccharin mixed at the ratio 213 
: 5 : 25 : 3 (in g/l). The solution composition was slightly different from the Watts bath traditionally 
used for Ni electrodeposition [4]. Current density of 10 mA/cm was applied for different periods 
depending on the required Ni film thickness. Fig. 5 shows SEM images of macroPS of 2.5 ^m 
average thickness, which was used as a template for the Ni deposition in [15]. Cylindrical pores 
with rounded bottom perpendicularly oriented to the sample plane are typical for macroPS. The pore 
length of macroPS can be increased up to the Si wafer thickness. In our works [11, 15, 21] we used 
macroPS with 1 -  15 ^m pore length.

After Ni electrodeposition the structure and composition of the samples were studied by XRD 
and SEM analysis. It was found, that deposited Ni has a polycrystalline nature with (111), (100) and 
( 1 1 0 ) dominated crystalline orientations.
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a b
Fig. 5 SEM (a) top and (b) cross sectional views of macroPS

Fig. 6 shows SEM images of macroPS after electrodeposition of Ni for 4 min. It is observed, that 
Ni deposits on the outer and inner surface of macroPS as the continuous film of uniform thickness 
about 300 nm. Electrodeposition prolonged to 10 min leads to the pores closing due to thickening of 
the Ni film.

The structure of the Ni films in thicker macroPS (5 -  12 ^m) was hidden in the SEM images 
because of non-perpendicular cross-sections and large pore length. Thus, it was difficult to find if 
the Ni film completely covers the inner surface of PS. We performed an additional treatment of the 
experimental samples to reveal the structure of Ni films in depth of the PS template [15]. MacroPS 
samples with the thickness of 5 -  12 ^m covered with Ni film were immersed in the solution of 
H3PO4 : HNO3 : CH3COOH : H2O = 2 : 2 : 7 : 5 (vol. ratio) at 30 °C. The immersion was stopped 
just after full etching of the Ni film from the outer surface of PS. At the same time, Ni film on the 
inner surface of PS was not removed yet. Then the macroPS skeleton was removed in KOH solution 
at 60 °C. As a result, the rests of Ni film deposited onto the inner surface of PS were opened. Fig. 7 
shows SEM images of the revealed Ni films, which were formed by electrodeposition. Analysis of 
the images left no doubts that Ni film completely covered the pores up to their bottom forming 
void-like structures. Moreover, it was found that Ni films had uniform thickness along on the whole 
surface of macroPS.

a b
Fig. 6 SEM (a) top and (b) cross sectional views of macroPS after Ni electrodeposition

a b
Fig. 7 SEM (a) top and (b) cross sectional views of Ni films formed onto the inner surface of

macroPS by electrodeposition
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The obtained results have shown that using macroPS as a template for metal electrodeposition 
one can fabricate the continuous metal films with uniform thickness both onto the outer and inner 
surface of PS. Ni films repeating the specific relief of macroPS can be considered as arrays of so- 
called metal nanovoids schematically illustrated in Fig. 2, b.

Imm ersion deposition occupies a special place among wet metal deposition techniques since 
this method allows to form metal films on the substrate without applying an external potential or 
reducing agents in solution in contrast to electodeposition or chemical depositions. Immersion 
deposition of metal atoms on a substrate is carried out due to redox reactions between atoms of 
substrate material and metal ions from the solution. In case of Si-based substrates, solutions 
containing ions of metal with positive redox potential (Cu, noble metals) have to be used to perform 
immersion deposition. Our research group has studied immersion deposition of different metals 
onto PS for more than one decade [2, 8 , 9, 12, 13, 16, 21-24]. The mechanism of the process and 
properties of fabricated materials have been revealed. An extremely important result is development 
of the immersion deposition model depending on the type of the initial Si wafer, the PS morphology 
and conditions of the metal deposition including time and temperature regimes and solution 
composition. It has been found, that proper combination of these factors can lead to the partial or 
complete substitution of Si atoms in the PS skeleton with metal atoms causing fabrication of all 
types of the nanostructured metal films illustrated in the introduction section of this review. Here we 
consider the most recent results on fabrication of the nanostructured metal films onto PS by 
immersion deposition.

Ag immersion deposition. In paper [16] immersion deposition of Ag on macroPS was 
performed. The structure of macroPS was the same presented to that in Fig. 5 in the previous 
subsection. Fig. 8 demonstrates SEM images of macroPS after immersion for 40 min into the bath 
composed of the 3 mM AgNO3 aqueous solution, HF (45%) and C2H5OH mixed in the volume ratio 
20 : 1 : 2. XRD analysis of PS after immersion into the solution for Ag deposition showed a 
polycrystalline nature of the Ag deposit. From Fig. 8 follows that Ag deposited only on the outer 
surface of macroPS as a film consisted of Ag dendrites. Each dendrite was a slightly branched “tree” 
grown from Ag NPs and nanosheets of 20 -  100 and 150 -  600 nm in diameter. It was found, that 
Ag dendrites formation was possible due to covering the outer surface of PS with the Ag NPs which 
acted as precursors and saturation of the solution with the Ag ions. At the same time, concentration 
of electrons for the Ag ions reduction was low enough because of ̂ -type of the initial Si wafer. 
Absence of the Ag deposit on the inner surface of PS is caused by its relative smoothness and 
wettability of the solution improved by addition of isopropanol, which provided slipping Ag NPs 
along the pore walls to the outer surface and their further integration with the Ag dendritic film. 
Dendrites in the Ag film were observed to be ordered in accordance to the pattern of the outer 
surface of PS.

Cu immersion deposition. Remarkable morphology was observed in nanostructured Cu films 
formed by complete substitution of the PS skeleton with Cu atoms during immersion deposition 
[13, 24]. Fabrication of such film was realized due to the use of “mixed” PS as a template for 
deposition of Cu.
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a b
Fig. 8 SEM (a) top and (b) cross sectional views of the nanostructured Ag films formed onto the 

outer surface of macroPS by immersion deposition

SEM images of the “mixed” PS are presented in Fig. 9. Its morphological type can be defined as a 
mixture of macro- and mesoPS, because there can be observed major macropore channels 
perpendicular to the substrate plane, while basing macroPS skeleton is riddled with mesopores 
(especially in the top part). The average thickness of the “mixed” PS was about 3 ^m. Such 
morphology of PS is favorable for deep penetration of the solution to the inner surface of PS due to 
the presence of the macropores. Furthermore, reduced dimensions of the “mixed” PS skeleton 
provided by riddling with mesopores made their dissolution at the Cu deposition faster and easier. 
An important condition for the substitution of Si atoms with Cu ones is p-type of the initial Si 
wafer. In the case of w-type, reduction of Cu ions is carried out mostly due to electrons of the 
dopants preventing oxidation and dissolution of the PS skeleton [25, 26].

a b
Fig. 9 SEM (a) top and (b) cross sectional views of the “mixed” PS

Deposition of Cu was performed by immersion of the “mixed” PS in 0.025 M CuSO4 5H2O + 
0.005 M HF (45%) + 0.1 M C3H-7OH aqueous solution for 30 -  120 min. Upon reaching immersion 
time 120 min, deposited Cu film was separated from the substrate opening surface of the initial Si 
wafer free of the PS rests. It was an evidence of the complete dissolution of the PS skeleton. XRD 
and EDX analysis showed that the separated film contained about 99 at. % of Cu and had 
polycrystalline nature. Fig. 10 demonstrates SEM images of cross section, top and bottom views of 
such Cu film. It is observed that the film was porous and consisted of two layers. Its average 
thickness was about 8 ^m. The top view shows the surface of the sample/solution interface, while 
the bottom -  surface initially connected with the substrate. The top layer had the thickness of about 
5 ^m and presented a tightly packed array of parallel column-like agglomerates, which were 
perpendicular to the substrate plane, i.e., columns grew along the pore direction of the original PS. 
On the other hand, the bottom layer looks like a sponge of 3 ^m in thickness consisted of chains of 
the Cu particles. The diameters of upper agglomerates are an order of magnitude greater, than those 
of bottom particles. In the spongy layer, the particles of 100 to 200 nm in diameter dominated. The 
diameter range of the upper agglomerates was 1500 to 3500 nm. The gravimetrically determined 
porosity of the Cu film was 60 -  65 % in comparison with bulk Cu and equaled to porosity of the 
initial “mixed” PS.
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a b c
Fig. 10 SEM (a) cross sectional, (b) top and (c) bottom views of the nanostructured Cu film 

formed by immersion deposition of Cu onto “mixed” PS

The formation of the nanostructured Cu film was found to proceed as follows. At the stage of full 
impregnation of PS with the solution, Cu NPs nucleate and grow on the surface of PS skeleton. 
Since metal reduction is carried out simultaneously with dissolution of Si, the PS skeleton was 
substituted with the bottom spongy Cu layer. It is proved by the equality of the thickness of the 
original PS to that of the bottom Cu layer (3 ^m). After that, new Cu NPs grow and coalesce onto 
the outer surface of the spongy Cu layer. In this way, the layer of huge Cu agglomerates is formed. 
Cu film is separated in the moment when stresses on the Si substrate/Cu film interface exceed the 
interaction force between Si and Cu atoms.

Summarizing, immersion deposition of metals onto PS allows to fabricate a number of different 
morphological types of nanostructured metal films inheriting the structural peculiarities of the 
original PS template as it is schematically shown in Fig. 2, a and c.

Combination of different deposition techniques and metals is very attractive for fabrication of 
nanostructured multi metal films onto PS, i.e. films composed of several metals. Such approach can 
significantly enhance or change properties typical for the single metal film. Here we present our 
recent results on forming nanostructured bimetal film onto macroPS by successive Ni elecro- and 
Ag immersion depositions [15]. MacroPS showed in Fig. 5 was used as an initial template. Ni 
electrodeposition was carried out upon the conditions described in the subsection on 
electrodeposition. However, Ni deposition time was no longer than 2.5 min to avoid pore closing. 
After plating macroPS with Ni film, the sample was immersed into aqueous solution of 3 mM 
AgNO3, HF (45%) and C2H5OH mixed in the volume ratio 20 : 1 : 2 for 30 min. Fig. 11 presents 
SEM images of the resulting sample. It is observed that the outer surface of the Ni film is covered 
with tightly packed spherical Ag nanoparticles which diameters alter from 10 to 150 nm. Cross 
sectional view shows that Ni film on the inner surface of macroPS was partially dissolved to 
sponge-like layer due to Ag immersion deposition. According to EDX analysis the sample contained 
35 at. % of Ni and 2 at. % of Ag.

a b
Fig. 11 SEM top and cross sectional views of nanostructured bimetal (Ni-Ag) film formed by 

successive Ni electrodeposition and Ag immersion deposition onto macroPS

Schematic view of the obtained nanostructured bimetal film on PS is illustrated in Fig. 2, c and 
presents an array of bimetal nanovoids.
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Properties and Applications of N anostructured Metal Films onto Porous Silicon

A rrays of Superconductive N anostructures. Research activity in the field of superconductivity at 
reduced dimension has been continuously growing [28, 29] because its results can help to 
understand fundamental aspects of this phenomenon resulting in practical application in 
superconducting electronics [29-31]. The behavior of superconducting nanostructures of dimensions 
comparable with the superconducting coherence length is dominated by both thermal activated 
phase slips (TAPS) and quantum phase slips (QPS) processes [32] causing the nanostructures to 
remain resistive much below the superconducting transition temperature. The challenge of the 
experimental study of such nanostructures is the problem of fabrication of homogeneous samples, 
since it has been widely demonstrated that sample inhomogeneity can be the source of broadened 
superconducting transitions [33]. From the early studies realized on crystalline superconducting 
whiskers, advances in nanofabrication techniques have allowed the realization of high quality single 
crystals nanowires [34, 35]. Even more sophisticated is the approach of using suspended carbon 
nanotubes or DNA molecules as templates for the formation of superconducting nanowires [36-38]. 
A radically different approach to nanostructures fabrication based on self-assembled growth 
attracted much attention also in the superconducting nanowire field [39, 40]. Most of these works 
rely on the deposition within the channels and cavities of porous membranes. Self-assembled 
methods are versatile and reliable bottom-up techniques for generating low-cost patterns of 
nanostructures, assuring a highly reproducible geometry on very large areas. We have proposed to 
study superconductivity of the interconnected Nb nanostructures in the film deposited onto mesoPS 
by magnetron sputtering [10, 14]. Typical morphology of the nanostructured Nb films formed for 
the research is presented in Fig. 3, b. Analysis of SEM images showed that average size of the Nb 
nanostructures is comparable to the superconducting coherence length. Hence, each individual Nb 
nanostructure behaves as a one dimensional (1D) object. As a consequence, the whole samples 
show broadened resistive transitions, which can be described by theoretical models for both thermal 
and quantum fluctuations of the order parameter in 1D superconductors [41, 42]. Since the effect of 
the periodic PS template is reduced if the Nb film thickness exceeds the pore diameter, Nb films 
deposited for transport measurements were no thicker than 12 nm. Moreover, the thickness of the 
Nb film optimal to investigate superconducting properties of the Nb nanostructures was found to 
fall in the range from 9 to 12 nm. To perform resistivity measurements, the samples of Nb films on 
mesoPS were patterned by standard optical lithography and lift-off procedure into stripes of 10 -  
20 nm in width and 100 |im in length. In this way four-point geometry of Nb film (meaning two 
contacts, each used to set/register current and potential) was realized. The goal of the patterning was 
to reduce the number of interconnected Nb nanostructures upon measurements. Superconducting 
transition temperatures and critical currents were resistively measured in a Helium cryostat using a 
standard dc four-probe technique. Transport measurements were also provided to control quality 
and homogeneity of the Nb nanostructures. Fig. 12 shows the resistive transitions for all the 
analyzed samples. Measurements were performed using a constant bias current 50 |iA. The first step 
in the curves is due to the transition of the electrodes [27, 36]. The main feature of the R(T) curves 
is the nonzero resistance over a wide temperature range, which is strongly reminding a 1D behavior. 
It also deserves noticing that the R(T) curves do not show any steps or humps, which can be a 
signature of inhomogeneity [33].

The proposed technique allows one to overcome the problem of handling fragile membranes 
usually used for this purpose [39, 40] employing robust PS crystals as a stable support. Moreover, 
the analyzed systems are rather simple and macroscopically large objects, which however, reveal 
fascinating quantum effects. Finally, compared to similar self-assembled nanowire networks 
exhibiting thermal phase slippage [40], the system presented in this work provides strong evidence 
of QPS.
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SERS-active substrates. Raman spectroscopy is an important analytical method for chemical and 
biological analyses due to high structural information content. However, applicability of this 
technique was restricted for many years because of an extremely small Raman scattering (RS) cross 
section, thus preventing the possibility of low concentration detection. The renewed interest in 
Raman spectroscopy has been emerged due to the observations of enormous enhancement of Raman 
signal for molecules adsorbed on special metal surfaces with nanoscale roughness [43-45]. This so- 
called surface-enhanced Raman scattering (SERS) phenomenon opens a wide range of new 
possibilities of the Raman technique for trace chemical analyses, environmental monitoring and 
biomedical applications [46-49].

т--------■------- 1--------■--------г

2.5 3.0 3.5 4.0 4.5 5.0

T(K)
Fig. 12. Resistive transitions of different nanostructured Nb films: experimental data of the Nb films 

with thickness 9 nm (circles) and 12 nm (triangles) are shown together with the curves 
obtained from theoretical calculations including only the TAPS term (dashed black lines) 

and both TAPS and QPS terms (solid red lines).

Moreover, under special conditions, enhancement factors of about 14 orders of magnitude, as 
compared with conventional non-resonant RS, can be achieved [50]. The large Raman cross section 
permits single-molecule detection [51, 52]. SERS-activity is known to be demonstrated by metal 
nanostructures. An electromagnetic field of the metal nanostructures increases under laser excitation 
at the Raman scattering due to an effect of surface plasmon resonance (SPR). Fabrication of the 
films consisted of metal nanostructures allows to improve SERS-activity because of multiplication 
of the electromagnetic field in the closest locations of metal nanostructures (so-called “hot spots”). 
Despite all metals show SPR, noble metals are mostly used in SERS-active substrates as they are 
characterized by SPR in the visible range and demonstrate high stability. Thus, the most critical 
aspect of SERS is the development of new noble metal substrates. The substrates need not only to 
have a rough nanoscale features, but also should demonstrate high sensitivity, reproducibility, 
stability, ease of preparation and compact size. Traditional SERS-active substrates include 
electrodes roughened by the oxidation-reduction cycle and aggregated colloidal NPs. Rough metal 
electrodes are stable and reproducible, but they have low sensitivity and unhandy for many 
applications. On the other hand, aggregated colloids can be easily prepared and often provide the 
strong Raman enhancement, however such substrates are typically unstable and difficult to 
reproduce. Many new SERS-active materials have been appeared during the last decade due to
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progress in nanotechnologies. The growing interest to the nanofabrication is obvious since SERS 
enhancement depends on the size, shape, and interspacing of noble-metal NPs [53]. There are 
several methods for the formation of such surface-confined nanostructures, including electron-beam 
lithography [54], nanosphere lithography [55], and films over nanospheres [56]. However, 
practically all these materials are costly, require special technique and trained personals for the 
fabrication. It has been shown that PS appears to be promising material for the fabrication of SERS- 
active substrates [57-59]. Our research group has been among pioneers in the area of SERS-active 
substrates based on PS [8 , 60, 61]. The rich family of morphological types of PS allows to fabricate 
onto its surface different nanostructures demonstrating SERS-activity, which are adopted to careful 
analysis of a specific molecule or can be used for the study of complex analytes. For instance, we 
have applied as analytes a number of organic and inorganic objects, including heavy metals, 
graphene, carbon nanotubes, organic dyes, porphyrines, proteins, etc. Principal attention to SERS of 
metal porphyrines in some of our works is caused by prospects of porphyrines in therapy of cancer, 
anemia, neuropsychiatric disorders, skin and eye diseases. Functions of the molecular porphyrine 
systems used for selective treatment are based on their interaction with different biomolecules 
(mostly with transport proteins and nucleic acids). Proper therapy has to provide immediate and 
invasive detection of porphyrine at extremely low concentration in physiological liquids of patient. 
So, SERS-analysis fully meets these requirements.

SERS-active substrates based on Ag dendrites on PS. Improved SERS-activity can be 
possessed by Ag nanostructures, especially dendritic films, due to many crossing tips of Ag 
nanostructures favorable for “hot spots” . As it was described above, one way to form such films is 
Ag immersion deposition on macroPS. Actually, driving force for the study of Ag dendrites growth 
on macroPS was our previous result on SERS-activity of immersion deposition of nanostructured 
Ag film on mesoPS [12, 25]. The Ag immersion deposition on the mesoPS based on n-Si has led to 
the forming the Ag NPs on its outer surface. The growth of the Ag dendrites has not been observed 
due to the excess of electrons from the substrate for the Ag reduction. In the work [16] the 
overabundant number of the electrons from the dopant atoms was avoided by using the macroPS 
formed on the p-Si wafer. Reflectance spectrum of the Ag dendritic film on macroPS showed that 
the the position of its SPR band is located between 370 and 500 nm with the maximum absorbance 
around 450 nm. The best condition for the SERS spectra registration is using the laser wavelength 
within the SPR range of SERS-active substrate. Thus, we applied blue laser of 473 nm wavelength. 
The laser power density was 0.8 kW/cm . Fig. 13 presents SERS-spectra of water-soluble cationic 
Cu(II)-tetrakis(4-N-methylpyridyl) porphyrin (CuTMpyP4) adsorbed on the dendritic Ag film 
deposited on macroPS for 80 min. The spectra contain all bands typical for Raman spectrum of this 
compound. The study of the analyte on the macroPS free of Ag showed just background proving 
evidence of SERS-activity of the dendritic Ag film. Following from Fig. 13 detection limit of 
SERS-active substrate based on Ag dendrites on macroPS reached 10-10 M, while minimal 
concentration of the porphyrine detected by ordinary Raman spectroscopy did not exceed 10-4 M.

SERS-active substrates based on metal nanovoids on PS. SERS-active substrates based on 
films composed of NPs of different shapes (spheres, triangles, rods, etc.) are defined in the literature 
as 2D nanostructures. However, recently principally novel 3D SERS-active nanostructures have 
attracted a great attention of the scientific community [62]. It has been found that arrays of metal 
nanovoids (anti-NPs) demonstrates significant SERS-activity. Surface plasmons in this case are 
localized within and around nanovoids in metal film. Fabrication of nanovoids is quite easy and 
includes convective assembly [63, 64] or vertical deposition [65] of polymer nanospheres on a base 
support (metal coated glass) followed by electrodeposition of metal. Finally, polymer is removed 
leaving a metallic film with the highly ordered array of voids. Such technique provides remarkable 
reproducibility and repeatability of the properties of SERS-active substrates. Easy control of the
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thickness of deposited metal by monitoring the current density as well as possibility of successive 
deposition of different metals allows variation of the nanovoids parameters in a very wide range. 
These factors make nanovoids substrates perfect for studying SERS phenomena.

Nevertheless, the area of monolayer of polymer spheres on the base support is usually limited 
(about 1 cm ) because exceeding such sizes prevents self-organization of spheres and causes defects 
in the layer. In this regard, it is very prospective to develop a method of nanovoids production 
excluding the polymer spheres coating. We proposed fabrication of SERS-active substrates based on 
nanovoids by direct metal deposition from solutions on macroPS. To improve the SERS-activity we 
have used bimetallization consisted of Ni and Ag. Ni was chosen as transition metal to expand SPR 
band of SERS-active film [6 6 ]. At the same time Ag is known for its strongest plasmonic 
properties. Our idea was to fabricate basic continuous Ni layer on the pore walls of PS and improve 
its plasmonic properties by immersion deposition of Ag NPs. The fabrication steps and typical 
morphology of the resulting bimetal films were presented in the previous sections. The reflectance 
spectrum of the bimetal film on macroPS showed that the position of its SPR band is located 
between 300 and 500 nm. Maximum absorbance peak was not as sharp as for dendritic Ag film and 
laid in the range 410 -  470 nm.
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Fig. 13. SERS spectra of CuTMpyP4 molecules adsorbed on the dendritic Ag film grown onto the
macroPS by immersion deposition for 80 min

Broadening of the SPR was caused by Ni contibution. Thus, addition of transision metal gives an 
opportunity to vary SPR in the wide range. The best condition for the SERS-spectra registration is 
using the laser wavelength falling within the SPR range of SERS-active substrate. SERS spectra 
were recorded by using Solar TII DM160-MS3504I spectrometer with excitation at 441.6 and 514.5 
nm by He-Cd and Ar ion lasers respectively. The power density of lasers was about 0.3 -  0.5
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2
W/cm . Fig. 14 shows SERS spectra of CuTMpyP4 adsorbed on the nanostructured bimetal film 
formed by consequtive Ni electrodeposition and Ag immersion deposition on macroPS.

Raman signal enhancement was estimated on the intensity of the band at 1365 cm-1 (marked by 
dashed line in Fig. 14). The highest signal is observed for the substrate formed by immersion 
deposition of Ag for 30 min. SERS signal intensity reaches 105, in contrast to 104 for two others 
substrates. The morphology of this sample was shown in Fig. 11. Significant signal enhancement is 
partially caused by optimal dimensions of Ag NPs (10 -  150 nm) which are favorable for SPR and 
thus for SERS effect. In addition, spongy structure of bimetal film on the inner surface of PS 
provides a number of “hot spots” where abnormally high electromagnetic field is excited. As it was 
mentioned above, effective enhancement of the Raman signal occurs for the molecules located near 
“hot spots” . The detection limit of the most SERS-effective bimetal film was studied for the 
rhodamine 6 G (R6 G). Laser wavelength of 514.5 nm was used to provide resonant conditions for 
the plasmons and R6 G excitation. Fig. 15 presents SERS spectra for R 6 G adsorbed on the bimetal 
film on macroPS from solutions of the altered concentrations. It is observed, that the decrease of the 
R6 G concentration is accompanied by SERS intensity gradual falling. However, 1362 and 1508 cm- 
1 bands typical for R6 G can be observed in all spectra. It follows from Fig. 15 that the detection 
limit provided by the SERS-active substrate based on the nanostructured Ni-Ag film on macroPS is 
as small as 10-11 M.

Very recently, the developed SERS-substrates have been successfully used to determine 
concentrations of antiseptic proteins in tear liquids to perform proper treatment of eye diseases [67].

Wavenumber, cm"1
Fig. 14. SERS-spectra of CuTMpyP4 adsorbed from 10-6 M water solution on nanostructured Ni- 

Ag film; films was formed by Ni electrodeposition on macroPS for 2.5 min and followed by Ag 
immersion deposition for (a) 5, (b) 30 and (c) 120 min.
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Fig. 15. SERS-spectra of R6 G adsorbed on nanostructured Ag/Ni film onto macroPS from the
solutions of different concentrations

Elastic Electrodes for transderm al therapy. One of the most important tasks of modern 
biomedicine is treatment of living tissue pathologies. For the last decade, transdermal drug delivery 
by electroporation (aquaphoresis, non-invasive mesotherapy, needle-free mesotherapy, no injection 
mesotherapy) has been considered to solve this problem. The electroporation method provides to 
introduce macromolecules of active substances, drugs and genetic materials from solutions into 
living cells by applying short pulses of voltage, which open pores in cell membranes [6 8 ]. Effective 
transdermal delivery by electroporation therapy requires realizing close electrode contact with the 
vastest possible area of the diseased tissue, i.e. skin. Currently rigid Al electrodes are used for the 
electroporation. It limits the surface area of the treated tissue resulting in weak healing quality. 
Development of elastic electrodes could help to overcome this limitation. Such electrodes have to 
be thin enough for elasticity (several decades of microns) and have porous structure (pore diameters
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of nanoscale range). The porosity is caused by need of similarity to living tissues, which are porous 
in nature for proper organism functionality. Taking into account these requirements, we have 
proposed nanostructured Cu films formed by substitution of “mixed” PS skeleton as a candidate for 
material of electroporation electrodes. Cu films are of principal attention due to high conductivity 
and antibacterial activity of Cu.

M echanical properties of Cu films based on PS. Elasticity of the nanostructured Cu films was 
studied by measuring their Young modulus upon temperature variations from -100 to +100 °C. We 
performed the control of Young modulus at different temperatures to reveal the reliability of 
electrode under voltage pulses, which causes Cu film heating. We used the samples of the free 
nanostructured Cu film with the thickness of 25 ^m. Schematic illustration of the measuring process 
is presented in Fig. 16. Young modulus was estimates in the Cu film plane (Ey) and cross section 
(Ex).

Fig. 17 shows the temperature dependences of the measured Young modulus. Both Ey and Ex 
increase at temperature falling. This behavior is typical for the most solid materials. The measured 
values of Young modulus are significantly lower than that of bulk Cu (110 MPa). Young modulus 
in the film plane and cross section varies in the ranges 450 -  900 MPa and 0.5 -  4.5 MPa 
respectively. The decrease of Young modulus of the Cu film in comparison with that of bulk Cu is 
caused by film nanostructuring. Ey is two orders of magnitude higher than Ex, i.e. mechanic 
properties of the film are anisotropic. It is connected with peculiarities of the Cu film morphology. 
Upper Cu layer consisted of agglomerates lays on the layer of the network of Cu particles (Fig. 10). 
Cu agglomerates are mutually separated causing an easy deformation of the film in its cross section. 
On the other hand, bottom Cu particles are connected in the network preventing destruction of Cu 
film. Hysteresis of the Young modulus observed in the curves takes place due to gas 
adsorption/desorption by porous Cu structure under temperature altering. Variations of Young 
modulus at 20 -  30 °C (comfortable temperature for the human skin) do not exceed 20 %.
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Fig. 16. Schematic illustration of the Young modulus measurements for the free nanostructured
Cu film

a

Electrical properties of Cu films based on PS. Specific electrical resistance of the 
nanostructured Cu film was measured using samples of 10, 20, 50 and 100 ^m thickness. Each
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sample of Cu film was cut onto 2*20 mm stripes. Then we fixed two conductive probes onto the Cu 
stripe thus providing press contact. The measurements for each stripe were performed twice: in 
probe contact with upper and bottom layer. The potential on the strip was measured at current of 
100 mA. Using data of the measurements, we calculated values of the specific resistance, which 
was independent on Cu film thickness. Despite the morphology of the Cu film is not homogeneous 
(two-layered), its specific resistance was found to be quite uniform. An average specific resistance 
of the nanostructured Cu films was found to be equal to 2.65 10 Ohm m. Deviations from this 
value did not exceed 0.05 10' 8 Ohm m proving repeatability of the electrical properties of the Cu 
film across the single sample and from sample to sample. The specific resistance of Cu film is 
almost similar to that of bulk A1 prevalently used as a material for the electroporation electrodes.
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Fig. 17. Temperature dependences of the Young modulus Young modulus of the free nanostructured

Cu film

Therefore, the nanostructured Cu film formed by substitution of “mixed” PS skeleton with Cu 
possesses properties convenient for its application as a material of the elastic electrode for 
electroporation.

The obtained results were used to design construction and produce testing sample of the elastic 
electrode for electroporation of the 50 cm active area [69].

Summ ary

For more than a decade many efforts have been devoted to the fabrication of the nanostructured 
metal films onto PS by combinations of different porous templates and metal deposition methods. 
Impressive morphological types of the metal films have been achieved, including (1) ultrathin metal 
films onto PS which completely inherit pattern of the outer surface of PS, (2) metal and bimetal 
films with uniform thickness both onto the outer and inner surface of PS and (3) porous metal films 
formed by substitution of the PS skeleton with metal. It has been shown that nanostructuring of the
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metal films with PS template provides pronounced changes of their properties in contrast to bulk 
metals. Varied potential applications have been explored for the developed metal films in such areas 
as superconductive electronics, chemical and biomedical sensing and drug delivery. Although, we 
can expect further research activity in this direction, it is clear, that templates based on PS can offer 
new solutions for progress on the way to fabricate new functional nanomaterials.
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