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Abstract

Au films have recently increased their technological significance in view of the emerging electrical
and optical applications. In this work we present a study on the preparation of nanoworm Au films
onto Si (100) by the formation of an intermediate columnar porous silicon (PSi) layer. The films are
resistant to peeling in different buffers and solvents. Adhesion arises from the presence of a diffused
Au nucleation layer in the channeled PSi, which can be observed at short electroless Au deposition
times. In longer experiments, an Au surface film grows from piled and aggregated Au crystals,
which provide a high surface area. An X-ray absorption spectroscopy study reveals differences in

the Au absorption edge that can be ascribed to the induced nanoroughness.
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1. Introduction

Nanostructured Au films find relevant technological applications in several disciplines in
view of its electrical, optical and surface properties, which are very frequently exploited
simultaneously. Gold electrodes and contacts present good conductivities and relatively high
oxidation potentials so that they are commonly used in analytical systems [1] and cellular
stimulation protocols [2]. From the optical point of view, Au stands the reference material in
reflectivity studies (especially in the IR but also in particular UV configurations) [3] and is prone to
an intense surface plasmon resonance [4]. With regards to its surface properties, Au(111) terraces
are the most referenced solid surface for the study of thiol based molecular monolayers [5]. Though
large ordered domains of monolayers are only obtained when gold is deposited on mica substrates, a
significant technological interest emerges from the deposition of gold on alternative transparent [6]
or semiconductor substrates [7]. Deposition on Si(100), the reference microelectronics substrate,
implies the growth of intermediate adhesive layer of Ti or Cr to avoid a tensile mismatch induced
peeling. Identical requirement is necessary for the deposition of Au onto silica glass [8].

The use of Au in the form of nanoparticles allows to simultaneously exploit the plasmonic
response [9] in gold and to follow the modification of such response by forming a diversity of
complexes by thiol chemistry [10]. However, there is an increasing interest in the integration of the
plasmonic properties of nanoparticles into solid substrates with the aim of defining new plasmonic
configurations and the added value of increased surface area [11].

In the present work, we aim at making first approximation to the formation of high surface
area Au structures onto silicon. We use as interface buffer layer a columnar film of porous silicon
(PSi). Such a material has been already studied as matrix or template material of other metals [12]
and oxides [13] and presents also relevant optical properties in view of the possibility to control the
effective refractive index (i.e. by tailoring its porosity) and to emit visible light after UV excitation

(i.e. quantum-crystal derived photoluminescence).



2. Experimental
2.1 Preparation of PSi

Porous silicon layers was obtained from high conductivity (0.01-0.02 Qcm), p-type, silicon wafers.
The anodization in 1:2 (volume) HF: Ethanol solutions (from commercial HF 48% (w/v) in water,
Sigma-Aldrich) was carried out in a homemade Teflon® electrochemical cell, with a Pt reference
electrode. Different current densities were set for obtain different porosities from 40 to 120 mA/cm?
and a fixed etching time of 150 s for all of them was chosen. After etching, the Si/PSi substrates

were rinsed in ethanol and dried with N,.

2.2 Electroless Au deposition

Au deposition is carried out by displacement reaction from a precursor solution based on
previous method [14]. Solution included 20 mM HAuCI,;, 200 mM HF and 20 mM NH;OH was
prepared in ultrapure water. All the reaction was carried out in the dark to avoid light-enhanced
displacement reaction by the Si substrate. Precursor solution drops were placed over fresh and rinsed
PSi substrates, and deposition time was controlled. Both substrate and film were immersed into 1:1
water:ethanol solution to remove solution and the rinsed twice with ethanol and twice with water.
Au films were grown onto PSi for different deposition times (ta= 2, tb= 8 and tc= 32 min) and
different porosities of the PSi matrix (labeled in the text according to anodization current; 120, 100,
80, 60 and 40 mA/cm?, i.e. Aul00SiP). Deposition time was fixed in 8 min for these latter

conditions.

2.3 Characterization
XRD measurements were performed in a X Pert PRO- Panalytical, with a graphite secondary

monochromator. Cu Ko radiation was used in 6/26 configuration obtaining diffractograms in the



10°-90° range with a step of 0.02° and 5 s integration time. FESEM images were acquired in a XL-
30S FEG (PHILIPS). SEM images were obtained in a Hitachi S-3000N equipped with an EDX
analyzer (Incax-sight, Oxford Instruments). TEM analysis were carried out in a JEOL JEM4000
(400 KV) provided with an STEM module which is sensitive in Z. Samples for cross section
observation were prepared according to previously optimized protocols for mechanical and ion bean
milling [15].

X ray absorption spectroscopy- (XAS) synchrotron experiments were carried in the Ls edge
of Au (2p3/2->5d5/2, 6s1/2, dipolar electronic transitions) at line BM25A of Spline in the European
Synchrotron Radiation Facility (Grenoble, France). Both x-ray absorption near-edge structure
(XANES) and extended x-ray absorption fine structure (EXAFS) spectra were obtained for each
sample. The working energy from the colliding ring was 6 MeV. For the data treatment, software

Athena [16] was used.

3. Results
3.1 Preliminary studies on Au/PSi

An initial study on the growth of Au films onto PSi columnar layers with different porosities
was performed. To obtain homogeneous films with golden reflection, long deposition times were
used, over 10 min. Equivalent films of circa 100 nm thickness were studied by XRD. The
corresponding diffractograms are presented in figure 1. From their general shape it can be derived
that all Au films obtained under different PSi porosities were polycrystalline with characteristic
main diffraction peak at circa 42° corresponding to the 111 planes. Films grown on higher porosity
structures presented a slight relative increase of the 111 planes with respect to those grown in low
porosity PSi. Mean crystallite size estimated by the Scherrer formula [17] was also observed to be

relatively higher for films grown on the more porous structures with respect to the low porosity PSi



films (circa 80 nm versus circa 70 nm, respectively). From these results, we could conclude that Au
films obtained from PSi layers with highest porosity (Aul20PSi) do not have a particular advantage
with respect to those obtained at 100 mA/cm?, which was defined as maximum porosity limit for the
rest of the study.

The AulOO0PSi films were observed by SEM in cross section configuration as shown in
figure 2. Figure 2a corresponds to a general view showing the characteristic columnar PSi obtained
and the Au layer on top in a brighter contrast. An in depth composition analysis was performed by
EDX in order to trace the presence of Au in the PSi layer (Figure 2b). The profile confirmed that Au
structures were present in the PSi layer even at depths of almost 8 um (i.e. down to the interface
with the underlying Si). It could be also noted that there is a non negligible oxygen concentration in
the mixed Au/PSi surfaces. A higher resolution image from the surface allows to better describe the
Au film as a non dense, randomly woven filamentary structure (Fig 2c).

In order to evaluate Au film stability, the Aul00PSi structures were immersed in different
polar organic solvents and aqueous buffers. In particular, the films showed no signs of peeling for

immersion in ethanol, toluene and PBS after 1 min soaking and ultrasound agitation.

3.2 First stages of Au nucleation into PSi.

The first stages of Au nucleation into de PSi matrix were studied by the preparation of cross
section samples and observation by TEM. Figure 3.a shows a double cross section image of two
facing columnar PSi substrates with deposited Au. From the magnification of the two facing surface
in figure 3.b we can conclude that at short deposition times of 2 min a non negligible number of Au
nanoclusters has already been formed on the surface of the PSi columnar pores. High resolution
images (figure 3.c) allow confirming the crystalinity of these Au clusters with clear identification of
interplanar distances of Au (111) planes (d= 0.2355 nm), which are even resolved locally in 2D

forming crossing angles of 60° (see insert to figure 3.c). The Au crystals appear in a mesh of Si



crystalline structures, which are normally identified by Si (111) interplanar distances (d= 0.3135
nm). Other regions of the PSi matrix have suffered partial amorphization and oxidation so that the
crystalline regions in PSi are reoriented with respect to the Si monocrystalline substrate (Fig. 3c).
Observations in STEM mode were used in order to enhance the contrast arising from different Z for
Si and Au. The infiltrated Au clusters create a clear diffusion profile with smaller and fewer clusters
at increasing depth (Fig. 3d). However, in the deepest part of the PSi columns Au is still detected by

EDX and it forms smaller nanoclusters of circa 5 nm (See inset in Fig. 3d).

3.3 XAS spectroscopy.

A XAS analysis was performed onto Au/PSi taking into account different porosities and
deposition times. The spectra corresponding to AulOO0PSi grown for different deposition times
(dominantly XANES region) are shown in figure 4a. The spectra show the typical profile of a
polycrystalline gold film (see reference spectrum for Au foil). However, a slight modification can be
observed in the absorption edge (see magnified region in the inset) with reduced intensity for
deposited gold at the shorter periods. The EXAFS region of the spectra was used to determine by
Fourier transformation the fine structure of the different gold structures. The radial distribution
functions obtained are presented in figure 4b. All the spectra present identical general profile to the
one obtained for the control Au foil. The differences in such functions leave very little chance to the
presence of neighboring atoms different to Au even by considering the third neighbor.

Identical analysis was performed on AuPSi films with different substrate porosity. The
spectra corresponding to Au films grown on PSi formed from 40 to 100 mA/cm? are presented in
figure 5a. Again in this case the films show clear differences in the absorption edge intensity with
respect to the Au foil reference. By increasing the porosity of the films the intensity was reduced
and reduced porosity lead to closer intensity to the reference Au film (see magnification of the

absorption edge in the inset). The use of the EXAFS region of the spectra to determine the radial



distribution functions led to an analog conclusion to that obtained previously. The similarity of all
radial distribution functions leaves little place for considering, even at third order neighbors, the
presence of alternative elements within the Au structures. However, in this case we can observe a
slight shift towards smaller radius in the first neighbor maximum of the radial distribution function

for the Au deposited layers with respect to the foil.

3. Discussion.
The process of gold electroless deposition in PSi can be categorized within displacement
reactions according to the following chemical equation:

Audt +3e” - Au
Si + 2H,0 — Si0, + 4H* + 4e~

Dissolved Au from AuCl, behaves as an oxidizing agent, while the PSi matrix takes the role
of reducing agent, allowing the nucleation of metallic gold clusters. The complementary chemical
equation for the PSi matrix is:

SiH, + 2H,0 - SiO, + (4 + x)H" + (4 + x)e~
This reaction, in concomitance with the high potential for reduction of Au from AuCly,

favors the formation of the Au clusters and the growth of the final Au film. A sequence of the
previously presented results are in agreement with this interpretation for the Au nucleation reaction
since they justify the presence of an independent Au metallic structure (i.e. XRD, TEM
characterization) within an oxidized PSi matrix (i.e. oxygen in EDX analysis). In addition, for all
times and porosities of the PSi matrix, we have obtained XAS spectra of Au L3 absorption edge
presenting similar characteristics to those for noble transition metals with fcc structure (first
shoulder at 5 eV above the threshold is related to a full occupation of the d level) [18]. Changes in
the intensity of this first peak can be interpreted in terms of size effects of the Au structures [19].

Deposited samples present small Au aggregates, which gain charge in the d level (i.e. loose d holes)



with respect to bulk Au due to a hybridation of s—d levels. In this sense, we observe in fact that the
formation of Au in PSi would imply smaller Au structures at shorter times and high porosity of the
matrix. An alternative interpretation to the scaled intensity patterns at the absorption edge could be
attributed to the presence of an electronegative atom in the Au environment (S, O, Cl) [20].
However, the radial distribution functions leave only little chance to such structures. The slight
differences in the first neighbor distances for the Au deposited films with respect to the Au foil is in
agreement with a slight reduction in the first neighbor distance, though this is not confirmed by
shifts in the XRD peaks.

Performing surface modification processes on Au surfaces for biomedical applications
implies the use of certain adsorption/immobilization protocols. On the one hand, most of Au surface
activation protocols are performed using thiol molecules, which are dissolved in Toluene solvents
[21]. On the second hand, most protein (i.e. antibody-antigen and enzyme) adsorption assays are
carried out in PBS [22]. Finally, ethanol immersion is a general sterilizing process in any cell culture
experiment. It is important thus to outline herein that AulOOPSi films withstand immersion

conditions in all these media and can be thus considered for inclusion in many biomedical protocols.

5. Conclusions

Au films have been successfully deposited onto columnar PSi substrates of different
porosity. Displacement reactions induce the formation of Au nanoworms on the PSi matrix at times
as short as 2 min deposition. At longer times the clusters coalesce forming a mesh of filamentary
structures on the PSi surface, which are resistant to ethanol, toluene and PBS immersion. The Au
structures are crystalline and remain chemically independent of the SiOy porous matrix formed from
PSi during the deposition process. Shape arrangement is the most plausible explanation to the

observation of lower intensity in the Ls Au absorption edge with respect to Au foil reference.
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Figure 1. XRD diagrams of Au films grown on PSi layers formed at 80, 100 and 120 mA/cm? after

deposition during 32 min.
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Figure 2. a) SEM image of the columnar PSi layer used as buffer and the top Au layer grown after
deposition during 32 min. b) EDX in depth profile of the relative Au, Si and O composition (Au

surface= point #1, silicon-PSi interface = point #8, 1 um shift). c) Magnification from surface in a).
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Figure 3. XTEM image of a sample prepared under short deposition times. STEM image showing

the presence of Au clusters even at depths of various pum in the PSi.
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Figure 4. a) XAS spectra (EXAFS region) corresponding to Aul00PSi films grown during different
times along with an Au foil reference. b) Radial distribution functions obtained from the NEXAFS

region of the Aul00PSi films and the Au foil reference.
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Figure 5. a) XAS spectra (EXAFS region) corresponding to Au films grown on PSi of different
porosities during tb=8 min along with an Au foil reference. b) Radial distribution functions obtained
from the NEXAFS region of the Au films on PSi of different porosity and from the Au foil

reference.
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