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Abstract Gold-capped silicon nanocolumns regularly dis-
tributed over silicon substrate were obtained. The columns
length was roughly 100 nm; their deviation from perpen-
dicular axis was less than 2°. The diameter of the columns
was of the order of 10 nm or below of that. The proposed
procedure of nanostructuring included the following main
steps: deposition of aluminum thin layer (100-500 nm) by
magnetron sputtering on (100) oriented Si wafers; forma-
tion of porous self-ordered alumina structures by electro-
chemical anodizing of the Al film in oxalic acid; electroless
inversion of Au in alumina pores; and reactive ion etching.
The obtained Si—Au structures are of importance as the
platforms for biosensing applications, while the gold-free
structures are of interest in photovoltaics.
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Introduction

Silicon surface structuring on nano—microscale is of great
interest in many multidisciplinary fields such as optoelectron-
ics [1, 2], photovoltaics [3, 4], chemical and biological
sensors [3, 5-11], and in vivo biomedical applications [7, §].

Silicon—gold systems attracted recently substantial atten-
tion as promising platforms for chemical and biological label-
free sensing. Advantages of gold, as a material, for biosensing
applications include biocompatibility and chemical affinity
with thiol group to immobilize DNA [12]. Highly selective
and precise protein pattering was achieved using microscale
gold-patterned silicon substrates [13]. Bovine serum albumin
and fibronectin were attached to the gold regions, while this
was not a case for immunoglobulin.

It has been shown that the gold nanoparticles, when
compared to a bulk material, have increased target binding
constant, high sensibility, superior immobilization rates, and
enhanced hybridization efficiency [14—-18].

Silicon is attractive as a biosensing platform, first of all, due
to a possibility of on-chip integration with semiconductor
technologies. Another important feature is possibility to
obtain large surface-to-volume ratio by electrochemical
production of porous silicon and nanoformations [1-3, 18].
Silicon surface can be easily chemically functionalized via
the oxide- or the hydrogen-terminated surface.

Silicon nanowires (SiNWs) embedded with gold nano-
particles (GN) are promising platforms for biomolecular
sensing. The SINW-GN sensor was applied for glutathione
detection in a solution using cyclic voltammetry [17]. Probe
nucleotides were immobilized onto SINW-GN, and their
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hybridization with breast cancer DNA was studied [18]. The
system SINW—GN was used also for detection of bovine
serum albumin [19]. The sensor performed well due to large
surface area and high electrical conductivity.

Other surface structures such as porous, amorphous, or
nanocrystalline ones have been functionalized with GN as
well [20, 21]. Jiao et al. prepared a dual-mode sensing
platform from porous silicon and colloidal GN, which
enabled to study both molecular binding and identification
of benzenethiol via measurements of reflectance and SERS
[20]. Martins et al. reported an amorphous/nanocrystalline
Si with oligonucleotide-derivatized GN for the identifica-
tion of nucleic acid sequences [21].

Furthermore, silicon-pillared architectures are important
as an alternative to a planar design of solar cells. Silicon
nano—microrods make it possible orthogonalization of the
directions of light absorption and charge-carrier collection.
In such architectures, light is absorbed along the axial
dimension of the rod, while the charge carrier diffuses much
shorter distances radially to a p—n junction [22, 23]. The
concept opens the route for cheaper solar cells through
application of less pure silicon.

Large-scale ordered Si nanowire arrays are usually grown
by chemical vapor deposition [24]. The process “vapor—
liquid—solid” involves Au, Ag clusters, which are deposited
on silicon substrates by vacuum evaporation or electroless
deposition in solutions. Formation of single crystalline Si
nanowires was also proposed using self-assembly of Ag
dendrites on silicon [25]. Si nanowires are formed by
electrochemical substrate etching in a solution containing
AgNO; and hydrofluoric acid. Silicon nanowires of 10—
30 pm in length and 30-300 nm in diameter were formed by
this method. A nanofabrication process via self-assembly of
polystyrene spheres on <100> Si plane using reactive ion
etching has been proposed [26]. Large-scale and highly
ordered arrays of Si nanowires of 6.6 to 8.5 um in length and
220 to 280 nm in diameter have been obtained.

A perspective way for Si surface nanostructuring is
application of porous alumina as an intermediate template
for the surface pattering. Electrochemical self-assembly of
pores in the aluminum oxide formed by aluminum
anodizing has been widely studied [27-46]. Regularly
distributed pores develop during the anodizing at the
oxide/electrolyte interface. The matrix consists of densely
packed hexagonal columnar cells with cylindrical pores in
the center. The pore size and the interpore distance range
from a few to hundreds of nanometers depending upon the
voltage, the electrolyte concentration and the temperature
applied.

The majority of the porous alumina studies deals with
bulk aluminum substrates. Significantly less is known,
however, about porosity formation when anodizing thin
aluminum films. The templates formed of thin alumina
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layers are of increasing interest due to their potential
applications in nanotechnologies. Surely, when compared
to bulk substrates, experimentation with thin layers requires
more precise and strict procedures, and the influence of
substrate on template properties is much more pronounced.

There is great research interest and practical demand
in new means of preparation of Si-Au and Si nano-
columnar architectures. Here, we report a formation of
gold-capped and gold-free silicon nanocolumnar struc-
tures, which were obtained via formation of a nano-
porous alumina film template on silicon substrate and
subsequent electroless gold inversion, reactive ion etch-
ing, and acid treatment.

Experimental

Aluminum films of 100-500 nm thickness were deposited
on silicon using magnetron-sputtering device “UNIVEX
3507 (from Leybold, Germany). P-type silicon (100) wafers
of 20 mm in diameter and resistivity of 10-20 2cm were
used as the substrates. The sputtering device was composed
of three confocal magnetrons “ST-20” (AJA International,
USA) with possibility to operate in direct current (DC) or
radio frequency (RF) modes. Targets were prepared from
aluminum (99.999 from Alfa Aesar GmbH, Germany). The
device chamber was evacuated down to (1.2—1.6)x
10® mbar and filled with argon. Prior to sputtering, the Si
substrate was cleaned by Ar’ ions in RF mode. The RF
plasma discharge was maintained at a pressure of 6.5x
107 mbar and 16 W of effective power for 5 min.
Sputtering of the target was performed in DC mode. The
working gas pressure was maintained at ~1.3x 10> mbar,
and sputtering power was ~270 W.

The Al film anodizing was carried out in 0.3 M oxalic
acid (pure p. a. CHEMPUR, Poland) at a temperature of
20 °C using an Agilent 6038 power supply source (USA).
The rest of the aluminum barrier layer at the bottom of
pores was removed by chemical etching in 5 wt.%
orthophosphoric acid at 30 °C.

Au nanocolumns were inverted into the pores of alumina
from the electrolyte 0.0002 M AuCl;+0.8 M NH,F.
Solution pH was adjusted to 1.5-2.0 using hydrochloric
acid. The rate of Au deposition was about 24 nm/min.
Residues of aluminum oxide layer were dissolved in
K5>Cr,05 solution.

Scanning electron microscope (SEM) EVO-50EP (Carl
Zeiss SMT AG, Germany) with microprobe analyzer was
used to study composition of the sputtered coatings as well
as the surface topography. Alumina layers with pores
dimensions of the order of 10 nm were studied by a field
emission SEM (“RAITH-e-LiNE” from Raith GmbH,
Germany).
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Fig. 1 Schematic diagram of
fabrication of nanocolumnar
structures via aluminum sputter-
ing, electrochemical anodizing,
electroless Au deposition within
the pores, reactive ion etching,
and gold dissolution

1. Sputtering of Al layer

Si substrate

Si C/OIUTS /

6. Removal of Au

The “Advanced Vacuum Vision 3207 system with
13.56 MHz radio frequency integrated with “Raith-e-Line”
SEM was used for reactive ion etching (RIE). The modified
parallel plate reactor with 13.56 MHz radio frequency was
used. The etching conditions were empirically determined
to ensure preferential sputtering of unmasked Si. An
anisotropic etching process using CF4 gas was used for Si
etching. The procedure was performed at the gas flow rate
of 3 to 30 sccm (standard cubic centimeter per minute) and
at the pressure of 10 to 20 mTorr (13—26x 10> mbar). The
etching power varied from 25 to 120 W, which corre-
sponded to self-bias on the cathode from —130 to 280 V.
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Fig. 2 Voltage vs. time curve of alumina pores formation at /=4 mA/
em? in 0.3 M oxalic acid. Four distinctive zones are shown on the
curve, which are explained in the text

2. Electrochemical anodization

- —>

Porous alumina

Al layer

3. Electroless Au deposition

Au

4. Removal of alumina layer
%
5. Reactive ion etching

800 nm
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Fig. 3 SEM images of porous alumina formed at anodic bias 20 V a
and 10 V b in 0.3 M oxalic acid
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Fig. 4 Histogram of alumina pores formed by anodizing of
magnetron-sputtered Al in oxalic acid at £=20 V, /=4 mA/ecm?, 1=
240 s and subsequent etching in the 5 wt.% orthophosphorous acid
(duration 540 s)

Distribution of nanopores and surface topography was also
studied by scanning probe microscopy (SPM) “SPM D3100/
NanoscopelVa” (VEECO, USA). The surfaces were scanned
in noncontact (tapping) and tunneling current modes. The
samples were dehumidified for 2—3 h in a special chamber
before measurements. The relative humidity less than 5% at
35 °C was maintained in the chamber. Software packages
“NanoScope Software 6.13” (VEECO Instr., USA) and
“SPIP” (Image Metrology, Denmark) were used for process-
ing of the data. Coating thickness was measured using a
profilometer Dektak 6M (VEECO Instr., USA).

Results and discussion

Figure 1 shows a schematic diagram of the proposed
fabrication of nanocolumnar structures. The entire process is

Fig. 5 Histograms of alumina 20.0
pores. a After anodizing in
oxalic acid (E=10 V, /=1 mA/ 17.5
m?, =120 s). b After etching
of the residues of the barrier 15.0
layer in 5% orthophosphorous 3
acid (=360 s) s 125
o)
o]
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@
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divided into the following main steps: the thin aluminum film
deposition by magnetron sputtering; the pore formation by
electrochemical anodizing; the gold inversion within the
pores by electroless deposition; the formation of silicon
nanocolumns by reactive ion etching and the gold dissolution.

In order to produce nanoporous alumina film template,
aluminum films 100 to 500 nm in thickness were deposited
on p-type silicon <100> substrate by means of magnetron
sputtering. The pores were formed, then, in the coating by
its anodizing galvanostatically in 0.3 M oxalic acid.

A typical voltage variation vs. anodizing time curve is
shown in Fig. 2. The curve exhibits four distinctive parts.
The first one is an ascending part, which is attributable to a
barrier formation—a very thin nonporous Al,O; layer on
the top of the coating [47]. The pore formation starts
already in the first part of the curve (1, Fig. 2), and the
process develops in the second part, which is the peak 2 in
the figure. The descending part and the more or less stable
voltage zone (3) are attributable to depth penetration of the
pores [47]. The final part is a current increase (4), which
identifies an onset of silicon substrate oxidation. The latter
was used in our experiments as a criterion to terminate the
anodizing process.

SEM images of the porous alumina formed at E=20 V
and £=10 V are given in Fig. 3. Clearly, the nanopores
regularly distributed over the surface were obtained, which
size is of the order of tens of nanometers.

SPM data in Fig. 4 show that great majority of the pores
formed at £=20 V had the size in the range 15 to 25 nm.
Reducing of the anodizing bias to £=10 V led to formation
of considerably smaller pores (Fig. 5a). In this case, about
30% of the pores were of the size 5 to 10 nm.

The coating sputtered on silicon is getting substantially
thinner during the anodizing. Thus, the depth profile in
Fig. 6 shows that the initial 100 nm coating reduces in
thickness to ca. 20 nm during 120 s of anodizing at 10 V.
Surface analysis showed that after the anodizing, some
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Fig. 6 SEM image and the depth profile of the porous alumina layer
on silicon substrate, which was measured along the line shown on the
SEM image. The treatment conditions are analogous to those given in
Fig. 4

residual alumina layer is present on the bottom of the pores.
Surface treatment in 5 wt.% orthophosphorous acid was
found to be an appropriate procedure to get alumina-free
silicon surface in the bottom of the pores and, at the same
time, not to substantially increase the pore size.

The profile of the porous alumina surface with the
alumina-free silicon surface within the pores is shown in
Fig. 6. Obviously, the pore size is of the order of several
tens of nanometers, which is comparable to the sizes of
untreated pores (Fig. 3). The histogram in Fig. 5b also
confirms that the applied acid treatment caused only minor
increase in the pore sizes. This is evident from the only
slight shift of the histogram maximum when compared to
that of acid nontreated sample (Fig. 5a).

Gold particles were inverted into the alumina pores by
means of electroless deposition from acid fluoride solution.

__ 4 ‘.~ _
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‘7-'. }}f
= O

400 nm
—

Fig. 7 SEM image of the Si surface with deposited Au particles (/ef?).
The image shows also the propagation boundary of Au-Si surface.
Porous alumina is seen on the right part of the image

Mag = 18496 K X
0 nm

Fig. 8 SEM images of Si surface after 2 min of reactive ion etching

Hydrofluoric acid reacts with silicon (or silica) substrate
producing SiF¢>~ ions, which further reduce Au®* to Au.
The electroless deposition takes place in the bottom of the
alumina pores only on Si surface because of formation in
these sites of the silicon-containing reductor. Some alumina

Mag= 14998 K X
1007m EHT = 10.00 KV
WD = 33mm

Fig. 9 SEM images of Si surface after 11 min of reactive ion etching
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surface dissolution occurs as well; however, aluminum ions
do not reduce the gold and, thus, gold deposition occurs
within the pores. The reaction mechanism of electroless
gold deposition from fluoride solutions was studied by
Nagahara et al. [48, 49].

Then, the alumina was dissolved in potassium dichromate.
According to our experience, potassium dichromate solution
is well suited for “soft” removal of the rest of alumina (sodium
or potassium hydroxide solutions are more difficult to remove
by washing from the surface by a water stream). Figure 7
shows the silicon surface capped by gold nanoparticles (left)
as well as the porous alumina structure with gold particles
inside the pores (right). The alumina dissolution boundary is
clearly demonstrated as well. The optimum gold deposition
time under the applied conditions was found to be around
5 s. A longer treatment led to aggregation of gold particles
into larger formations (100 nm, or so), and the size of pores
increased due to alumina dissolution. The Au content on the
surface was examined by x-ray photoelectron spectroscopy
(XPS) measurements. It was found to be ca. 4.5 at.% after
5 s deposition.

The final stage of the surface nanoengineering was the
silicon reactive ion etching by CF, gas. In such type of
plasma, a great variety of ions and radicals is formed: CF5"
(~77%) CF5 (~6.5%) CF, F" (~4%), F, etc. Main product of
the silicon etching is volatile SiF,. Some physical surface
sputtering takes place simultaneously with the chemical
etching as well. Silicon nanocolumns capped with gold
particles were formed by this technique. Figures 8 and 9
show typical nanocolumnar structures obtained at different
etching conditions and duration. The patterns were formed
using CF, flow rate of 30 sccm, the pressure of 15 mTorr,
and the etching power of 100—-150 W. The column high in
Fig. 9 is ca. 80 to 90 nm, and the deviations from
perpendicular axis are less than 2°. The diameter of the
columns is of the order of tens nanometers. Control of
etching time allows to easily controlling the shape, the
height and the diameter of the columns. It is also obvious
that a smaller diameter of Si nanocolumns is obtained at the
expense of increase in the intercolumnar distance. The SEM
images also show that a significant part of the nano-
formations satisfy size requirement for quantum confine-
ment, which is below 10 nm [50]. The gold-free
nanocolumnar surface could be easily obtained by sample
treatment of the Si—Au samples in “aqua regia”.

Conclusions
Gold-capped silicon nanocolumns regularly distributed
over silicon substrate were obtained. The columns were

around 100 nm in heights with deviations from perpendic-
ular axis less than 2°. Diameter of the columns was of the
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order of tens nanometers. Significant part of the columns
had the diameters below 10 nm, which satisfy size
requirement for quantum confinement effect.

The proposed route of the nanostructuring included the
following main steps: deposition of aluminum thin layer
(100-500 nm) by magnetron sputtering on (100) oriented Si
wafers; formation of porous self-ordered alumina structures
by anodizing of the Al film in oxalic acid; electroless
deposition of Au in alumina pores; treatment in acids; and
final treatment of sample surface by reactive ion etching/
sputtering.

The obtained Si—Au nanostructures are of importance as
the platforms for biochemical sensors. The gold-free
structures are of interest in photovoltaic applications.
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