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The paper overviews the publications of the last decade devoted to the formation of
metallic nanostructures on the surface of the silicon substrate by the galvanic replacement
method. Among modern methods of surface modification by nanostructures, galvanic
replacement can be considered as one of the most effective in the aspect of obtaining new
materials and applying metal films. The deposits of silicon nanostructures of silver, gold,
platinum metals and copper are the most studied. The features of microelectrode reactions
with the participation of the semiconductor and the components of the solution are discussed.
The methods of metal nanoparticles and nanofilms deposition on the silicon wafer surface
are reviewed. The data on the influence of the main parameters of the galvanic replacement
process (composition of the solution, duration of precipitation and temperature) on the
deposits’ morphology and the geometry of the deposited particles are presented. The main
directions in the application of metal-silicon hybrid structures obtained by galvanic
replacement, namely metal-catalytic chemical etching, creation of electrical contacts on
the surface of silicon and high-performance catalysts and sensors, are described. It has
been shown that the galvanic replacement method provides controlled synthesis of metal
nanoparticles of defined morphology, shape, size and distribution on the surface of silicon
substrate and their special functional properties.
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Introduction

A surface of silicon modified by nanoparticles
of metals has a number of special functional
properties, which determine a wide range of its
application. In particular, the application of nano-
particles of noble metals contributes to the local
metal-catalytic chemical etching (MCCE) of the
silicon substrate to produce a homogeneous porous
layer or nanowalls [1—6]. The MCCE method can
be applied to create an antireflective surface for highly
efficient solar cells [1,2], energy storage devices [3],
chemical and biological sensors [4,5] as well as for
the production of superhydrophobic materials [6].

Metallization of a silicon surface with gold in
the form of nanofilms or discrete particles is widely
used for the formation of electrical contacts [7—10].
In a metal-semiconductor hybrid structure (a surface
system of M/Si), the silicon substrate facilitates the
formation of electron-deficient metal nanoparticles
that increases their catalytic activity [11,12]. In
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addition, such structures lead to the formation of a
Schottky barrier in which the current flows in one
direction: from metal to semiconductor what is used
in diodes and transistors [13]. It is also known that
silver nanoparticles on porous silicon surfaces exhibit
a high antibacterial activity [14,15].

Among the methods used to modify the silicon
surface by metal nanoparticles and determine their
geometry and distribution on the surface, one can
distinguish such as physical (thermal evaporation
[16], sputtering of the electron beam [17], laser
treatment [18]), chemical [19] and physico-chemical
(electrodeposition [20—23], galvanic replacement
[24—44]) techniques. However, most of the methods
are energy consuming and require the use of
expensive equipment. Therefore, one of the effective
methods of deposition of nanostructural metal
nanoparticles and nanofilms on a semiconductor
silicon surface is a galvanic replacement, which is
simple to execute, and does not require additional
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equipment and reagent-reducing agents.

Over the past two decades, there was observed
a growth of the number of publications devoted to
the use of galvanic replacement process to fabricate
a metal-silicon hybrid structure. However, practically
all these papers are mainly directed to the case studies
of the methods of deposition of individual metals on
a silicon surface and the characterization of the
resulting deposits. The last review article aiming to
the deposition of nanostructured metals on the surface
of semiconductors by the galvanic replacement
method was published in 2007 [28]. In view of the
increased interest in this trend of research in the last
decade, the aim of this mini-review is to analyze the
current state of the formation of metallic
nanostructures on the silicon wafer surface, and the
dependences of the morphology of deposited metals
on the main factors of the process.

Mechanism of galvanic replacement on a silicon
surface

Galvanic replacement is considered as a specific
electrochemical process which passes without spatial
separation of anode and cathode regions. The latter
arise simultaneously as a result of contact with a
more electronegative element with a solution
containing ions of less electronegative metal. On the
surface of silicon, the galvanic replacement occurs
in general by reaction (1) via electrochemical
mechanism and involves an electrically generating
semi-reaction of oxidation of a silicon substrate at
microanodes (2) and a semi-reaction of metal
reduction at microcathodes (3).

nSi+4M*"—>nSit*+4M. (1)
Microanode: nSi—nSi**+4ne. )
Microcathode: 4M*+4ne—4M. 3)

According to the thermodynamic principles,
the spontaneous flow of galvanic replacement on
the silicon surface is possible if the following
inequality is valid:

_AG _
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where AE is the electromotive force of the process;
F is the Faraday constant; n is the number of
electrons involved in the process; and
Esa‘“ s are the equilibrium potentials.
Thus, galvanic replacement occurs if the value
of the equilibrium potential of the reducing agent
(silicon) E.  is less than that of the oxidizer (the

EM“*/M ’

recoverable metal) E, .. .

The deposit morphology and the particles size
on the substrate surface depend, first of all, on the
difference of the electrode potentials,
AE=E .. ., —Egeq. The latter is a multifactor
quantity which depends primarily on the standard
potential of a reducible metal, its ion concentration,
solution composition and temperature. In addition,
AE can change in time as the area of the anode
sections decreases due to the growth of cathodic
ones. The higher the value of AE, the greater are the
rate of the process (1) and the current density values
on the microcathodes. This contributes to the
predominant nucleation and formation of submicron
and nano-sized deposits.

High affinity of Si** ions to oxygen causes their
hydrolysis in neutral and acidic mediums. This forms
an insoluble SiO,-xH,O that passivates the silicon
surface. Therefore, ions F-, which form stable and
well-soluble complexes [SiF;]?>~, prevent hydrolysis
in aqueous solutions at pH<12. The reaction of
complex formation (Eq. (5)) occurs in the fluoride-
containing solution on the microanode after the
ionization of silicon [26—30], while the formation
of a soluble silicate anion (Eq. (6)) proceeds in an
alkaline solution (pH>12) [31]. The process of metal
deposit formation on the surface of silicon is
schematically depicted in Figure where the course
of these microanodic and microcathodes reactions
is taken into account.

Si+6F —[SiF > +4e (E'=—1.2 V) (5)

Si+60H —Si0 +3H,0+4e (E°=—1.73V)  (6)
[SiF5]*-

® ®®\

_Si°>>Si

@
@, ®

Schematic representation of the galvanic replacement
mechanism of metals on silicon substrate

Comparing the values of the standard electrode
potentials of silicon in fluoride (5) and highly alkaline
(6) solutions, one can conclude that the latter
provides higher values of electromotive force of
galvanic replacement. However, the insolubility of
the hydroxides of reducing metals and the instability
of most complexes at pH>12 limit their practical
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implementation. In addition, there are side reactions
(7) and (8) in an highly alkaline environment which
causes destruction of the silicon surface and its
shielding with microbubbles of hydrogen. This
complicates an even distribution of metal particles
on the substrate surface, and limits the application
of such a method in nanotechnology. Therefore, the
deposition of nanostructured metals on the surface
of silicon by galvanic replacement is carried out
predominantly in fluoride-containing solutions
(Table).

Si+20H +H,0-Si0 +2H, (7)

Si+40H —Si02 +H,0+H,+2¢ (8)

Main factors influencing the morphology of
deposited metal

Metal reduction during galvanic replacement
is a spontaneous and multifactorial process that
complicates the controlled formation of the metal
deposit, in particular the geometry of its structural
particles, their density on the surface and the adhesion
to the substrate. Therefore, the studies of the
formation of metal nanoparticles on a silicon surface
are mainly focused on the determination of the
dependences of the morphology of precipitated metal
on such factors of the galvanic replacement as the
composition of the solution, duration of the process
and temperature (Table).

The composition of the solution involves the

Conditions of the formation of metal nanoparticles on the silicon surface by galvanic replacement

Metal Type of silicon The composition of the solution Tempoerature, Duration of the|Particle size, Ref

substrate C process nm
n-Si (111) 0.02 mM AgNO; and 0.15 M HF 5 1..15s 50 [24]
n-Si (1((1)?)1’)(1 10), 4.5 M HF and 0.02 MAgNO; 40 1 min 100 |[26]
Si(111) 1 mM AgNO; and 9 M HF — 5,30,60s | 400-1000 |[27]
n-Si; p-Si 6.0 mM [Ag(NH;),]" 85; 23 10 min; 72 h |500; 10-100| [31]
Ag Si wafer 0.1-0.5 mM AgNO; and PVP (6mM) 23 1,3, 5 min 20-300 [[32]
n-Si (100) 1.0 mM AgNO, 5 5s 9—-60 [33]
Si (100) 27.82 M HF and 0.05 M AgNO; and H,0O 23 30s 70-170 |[34]
n-Si (100) 0.15 M HF and 1 mM AgNO; 5 5s 9 [35]
p-Si (100) 0.15 M HF and 1 mM AgNO; 5 10s 10-30  [[36]
n-Si (100) 0.15 M HF and 1 mM AgNO; 40 120 s 20-300 |[37]
Si (100), Si (111) 0.1 mM KAuCl, and 1% HF 25 2539785 min 20-100 | [7]
Si (100) 2,0.2,0.02 M KAuCly - 5...900 s 1 [10]
Au Si (100) 0.5 mM HAuCl, 5 120 s 6-25 [30]
Si (100) 0.15M HF and 1 mM AuCls 23 10 min 100 (film) |[34]
n-Si (100) 0.15M HF and 0.5 mM HAuCly 5 10 s 5 [35]
n-Si (100) 0.15 M HF and 1mM HAuCly 40 120's 5-70 [37]
n, p-Si (111); (100) 0.1...1 mM KAuCl, and 5 M HF 23 5s;60s 10-30  |[38]
Pt-Au p-Si (100) 2 mM HAuCl, — 3 min 30-50 [[39]

1 mM K,PtClg and 0.5 M HF
n-Si (111) 0.01 M CuSO4 and 1.2 M HF 40 15 min 100 [40]
n-Si (111) 10 mM CuSO4 25 60 min 60-120 [[41]
Cu n-Si (111) 10 mM CuSO4 25 10s, 1 min,1 h| 10200 [[42]
Si (100) 3.0MHF and 1...20 mMCuSO, 25 10; 1800 s 150200 |[25]
n-Si (100) 0.15M HF and 1 mM CuCl, 40 120 s 20-300 [[37]
Si (100) 0.15M(PdCl, and KF, KCI) - 5...90s 50-100 |[43]
Pd Si (100) 0.15 M HF and 1 mM PdCl, 23 10 min 140 [34]
p-Si (100) 0.15 M HF and 1 mM PdCl, 40 30s 50-150 [[36]
n-Si (100) 0.15 M HF and 1 mM PdCl, 40 120 s 20-300 [[37]
. . 0.1 M NiSO,4 and 0.2...0.5 M (NH,),SO,

Ni n-Si (100) [NI(NHy)u(HaO)eu]** (n=3-4) 60-80 - <200 [44]
Pt n-Si (100) 0.15 M HF and 1 mM H,PtCly 40 90 s 50 [35]
n-Si (100) 0.15 M HF and 1 mM H,PtClg 40 120 s 5-70 [37]
Rh n-Si (100) 0.15 M HF and 1 mM RhCl; 40 120 s 60 [35]
n-Si (100) 0.15 M HF and 1 mM RhCl; 40 120 s 20-300 [[37]
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nature of the metal ion (hydrated or complex one),
its concentration, the presence of a surfactant and
the nature of the medium (aqueous or non-aqueous).

Solutions of hydrated ions are used for
deposition of copper [25,37,40—42], silver
[24,26,27,31—37], palladium [34,36,37,43] and
rhodium [35,37], where the formation of
nanoparticles is provided by the concentration
polarization due to the low content of metal salt
(0.1-10 mM). The deposition of nanostructured gold
[13,37], platinum [35,37] and nickel [44] is carried
out from complex solutions. The literature sources
do not describe the comparison of the effects of
hydrated and complex ions on the formation of
deposit morphology and the size of structural particles
obtained by galvanic replacement. This is due to
extremely wide range of the concentration factor by
which it is possible to control the geometry of
nanoparticles and their size distribution. As a result,
it is difficult to comprehensively generalize the effect
of this factor. For example, with a decrease of the
concentration of AgNO, from 0.1 mM to 0.001 mM,
the size of silver nanoparticles is reduced from 10—
40 nm to 3—5 nm, respectively [24].

The surfactants in solutions are commonly used
for the «<smoothing» effect, influencing the shape of
the particles. For instance, nanostructured silver
dendritic deposits are formed on the silicon surface
in a solution of AgNO,, whereas the presence of
polyvinylpyrrolidone (PVP) in such solutions yields
spherical nanoparticles [32].

As mentioned above, aqueous solutions cause
a number of side-processes during galvanic
replacement, which complicates the controlled
formation of nanostructured metal deposits on a
substrate. Therefore, attention was drawn in the last
decade to use the environment of organic solvents,
in particular aprotic ones [45—47], where practically
only the main electrochemical reactions occur
(ionization of the substrate material and the reduction
of metal ions). In addition, in such media, the
absence of hydrolysis simplifies the composition of
the solution, and high-donor organic molecules often
perform the functions of surfactant. For example, it
was shown [46] that dimethyl sulphoxide (DMSO)
medium yields smaller and only spherical gold
nanoparticles on the surface of silicon as compared
with aqueous solutions. The authors [47] proposed
the deposition of nanosized particles of silver,
palladium and gold on the surface of silicon in a
medium of DMSO and DMF. It is shown that
regardless of the nature of the ion of the reducing
metal, the silicon surface is filled with spherical
particles [47] which is due to adsorption of high-

donor molecules of DMF or DMSO (L) at the metal
nuclei with the formation of surface complexes under
the donor-acceptor mechanism M [C«:L.

The duration of the galvanic replacement is a
factor affecting the size of the deposit particles and
their density on the surface, since both the nucleation
and the growth of the formed clusters and
nanoparticles simultaneously occur. At the same time,
there is an expansion of the range of particle size
distribution. For instance, with an increase in the
duration of silver precipitation from 1 to 15 s in the
solution of 0.001 mM AgNO,, the average size of
nanoparticles increases from 5 to 8§ nm, and the
range changes from 3—8 to 3—13 nm [24].

An increase in temperature causes depolarization
at microelectrodes which leads to an increase in the
rates of an electrogeneric reaction (2) and the
recovery of metal ions (3). Correspondingly, the value
of currents on microcatodes increases which can
significantly affect the morphology of the deposit
and the geometry of structural particles [47].
Therefore, the temperature should be selected
according to the nature of the ions of the reduced
metal (see Table).

Applications of metal—silicon hybrid structure

Metal-catalytic chemical etching is based on
the formation of a galvanic pair of M/Si between
the deposited nanoparticles of electrically acceptable
metals M (Ag, Au, Pt, and Pd) and the silicon surface.
In the etching solution (H,0,, HF), local etching of
the substrate occurs [48,49] due to reactions (9) and
(10).

9)
(10)

Si+2H,0,-Si0,+2H,0
Si0,+6HF—H,[SiF]+2H,0

The morphology of the etched surfaces varies
depending on the type of noble metal, the geometry
of the deposited particles and their distribution on
the surface. Thus, when using the discrete silver and
gold nanoparticles on the substrate in the MCCE
method, straight pores are predominantly formed
[48,49], while platinum is screw-like [49].

In the presence of discrete nano-sized particles
of noble metal, it is possible to obtain legible
nanopores, and their high density on the silicon wafer
surface produces an array of nanowires with relatively
uniform dimensions and distances between them [51].

The nature of the metal, in particular the value
of its standard electrode potential, affects the depth
of the formed nanopores or the nanowire length.
Thus, compared to deposited silver nanoparticles,
particles of more electro-positive gold allow
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fabricating silicon nanowires with an ultra-high aspect
ratio (>200) [52].

One of the directions of practical use of metal-
silicon hybrid structures obtained by galvanic
replacement is their use as high-performance catalysts
and sensors. Ref. [11] reported high catalytic
characteristics of nanostructured Pd/Si system toward
selective electrochemical hydrogenation of para-
chlornitrobenzene. The electrochemical sensor based
on the Ag/Si system [12] provides high selectivity in
detecting of hydrogen peroxide. Silicon electrodes
modified by nano-particles of noble metals are
effective for obtaining hydrogen by photo-
electrochemical method [39,53].

Because of galvanic replacement, the deposition
of nanostructured metal films on the silicon surface
can be performed to create electrical contacts. The
most effective in microelectronics are nanofilms of
gold which are characterized by high adhesion to
the substrate [7—10]. Moreover, both the surface of
a simple configuration and the surface of a complex
profile configuration may be metallized by this
method. Ref. [7] showed the possibility of deposition
of gold nanofilm on silicon nanowires.
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OCAILKEHHA HAHOCTPYKTYPOBAHUX METAJIIB HA
ITIOBEPXHIO KPEMHIIO I'AJIbBAHIYHUM
SAMIIINEHHAM: MIHI-OTJIAL,

O.1. Kynmuii, I'1. 303yas, M.B. Illenioa, C.I. Hiuxaao

Y mini-oens0i npoananizoearno nybaikauii ocmanHb020 decsi-
MuAimmsi, nPUCesHeHi GUEHEHHIO npoyeca hopMy8anHs Memanesux
HAHOCMPYKMYP HA NOBEPXHI KPeMHIEBOT NiOKAAOKU MemOodoM 2anb-
eaniyHoeo 3amiwenns. [lokazano, wo ceped cyuacHux memodie mo-
dudghixauyii nosepxHi HAHOCMPYKMYpamu 2anb8aHiuHe 3aMiljeHHs
P032150aromb K 00UH 3 eqheKMUBHUX 6 ACHeKMi 00epIHCaAHHS HOBUX
Mamepianié i HaHeceHHs Memanesux naieox. Haubinvw eusuero
0CAONCEHHS HA NOBEPXHIO KPEMHil0 HAHOCMPYKMYPOBAHUX 0Cadie
cpibna, 3010ma, NAAMUHOBUX Memanie ma mioi. Pozeasnymo oco6-
AUBOCMI eNeKMPOOHUX Peaxyiil 3a y4acmio HanienpogioHuka ma
KoMnoHenmie po3uuHy. Bxazano Ha Hatibinew yicueari memooduxu
HAaHeceHHs Memaneeux HaHOYacCMUHOK | HAHONAIBOK HA KPEeMHIEGY
noegepxuio. Hagedeno dani npo enaue 201061Hux napamempie npoye-
Cy 2aNbBAHIYH020 3aMiujeHHsl (CKAAOd po3UUHY, MpUuearicms ocao-
JICeHHS, meMnepamypa) Ha Mopghoaoeito ocady ma 2eomempiro ocao-
cenux yacmunok. OnUcano 20106Hi HANPAMU 3ACMOCYBAHHS Me-
Man-KpemHiceux 2ibpudHUx cmpyKmyp 00epicanux 2anb8aHitHuM
3AMIWEHHAM, a came: Meman-Kamanimuyne XimiuHe mpaeneHHs,
CMBOPEeHHA eNeKMPUHHUX KOHMAKMI6 HA NOBEpPXHI KPeMHi ma
sucokoepexmueHux kamanizamopie i cencopis. Ilokazano, wo me-
Mmoo 2anb8aHIMHO0 3amiuieHs 3a6e3neuye KOHMpPOAbOBAHUI CUH-
me3 HAHOYACMUHOK Memanieé eusHaueHoi mopghonoeii, popmu, po3-
Mipy ma po3nodiny Ha nogepxHi niOKAadKu KpemHito ma ii ocobausi
yHKyionarvHi éracmusocmi.

Karouosi cioBa: ranpBaHiuHe 3aMillleHHS; KpPeMHIil;
HAHOYACTUHKM; CPibJI0; 30JI0TO; TIATMHA; MAJIaIiil; Mifb.

DEPOSITION OF NANOSTRUCTURED METALS ON THE
SURFACE OF SILICON BY GALVANIC REPLACEMENT:
A MINI-REVIEW

O.1. Kuntyi *, G.1. Zozulya, M.V. Shepida, S.I. Nichkalo
Lviv Polytechnic National University, Lviv, Ukraine
* e-mail: kunty@ukr.net

The paper overviews the publications of the last decade devoted
to the formation of metallic nanostructures on the surface of the
silicon substrate by the galvanic replacement method. Among modern
methods of surface modification by nanostructures, galvanic
replacement can be considered as one of the most effective in the
aspect of obtaining new materials and applying metal films. The
deposits of silicon nanostructures of silver, gold, platinum metals
and copper are the most studied. The features of microelectrode
reactions with the participation of the semiconductor and the
components of the solution are discussed. The methods of metal
nanoparticles and nanofilms deposition on the silicon wafer surface
are reviewed. The data on the influence of the main parameters of
the galvanic replacement process (composition of the solution, duration
of precipitation and temperature) on the deposits’ morphology and
the geometry of the deposited particles are presented. The main
directions in the application of metal-silicon hybrid structures obtained
by galvanic replacement, namely metal-catalytic chemical etching,
creation of electrical contacts on the surface of silicon and high-
performance catalysts and sensors, are described. It has been shown
that the galvanic replacement method provides controlled synthesis
of metal nanoparticles of defined morphology, shape, size and
distribution on the surface of silicon substrate and their special
functional properties.

Keywords: galvanic replacement; silicon; nanoparticles;
silver; gold; platinum; palladium; copper.
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