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Fabrication of Flexible Silicon Nanowires by Self-assembled Metal 

Assisted Chemical Etching for Surface Enhanced Raman 

Spectroscopy 
S. A. Karaa,b,d, A. Keffousb, A. M. Giovannozzi*c, A. M. Rossic, E. Carad, L. D’Ortenzid, K. 

Sparnaccie, L. Boarinod, N. Gabouzeb and S. Soukanea

A homogenous array of flexible gold coated Silicon nanowires was fabricated by the combination of Nano Spheres 

Lithography and Metal Assisted Chemical Etching to obtain highly effective Surface Enhanced Raman Spectroscopy (SERS) 

substrates. 3D nanostructures with different aspect ratios and well-defined geometries were produced by adjusting the 

fabrication parameters in order to select the best configuration for SERS analysis. The optimum flexible nanowires with an 

aspect ratio of 1:10 can self-close driven by the microcapillary force under exposure to liquid and trap the molecules at 

their metallic coated “fingertips”, thus generating hot spots with ultrahigh field enhancement. The performance of these 

SERS substrates was evaluated using melamine as the analyte probe with various concentrations from the millimolar to 

the picomolar range. Flexible gold coated SiNWs demonstrated high uniformity of the Raman signal over large area with a 

variability of only 10% and high sensitivity with a limit of detection of 3.20*10-7 mg l-1 (picomolar) which promotes its 

application in several fields such food safety, diagnostic and pharmaceutical. Such an approach represents a low-cost 

alternative to the traditional nanofabrication processes to obtain well ordered silicon nanostructures, offering multiple 

degrees of freedom in the design of different geometries such as inter-wire distance, density of the wires on the surface as 

well as their length, thus showing a great potential for the fabrication of SERS substrates. 

Introduction 
Since its discovery in 1974, Surface Enhanced Raman Spectroscopy 

(SERS) 1-3 has become one of the most promising analytical tools to 

detect trace of chemical and biological species down to a single 

molecule level4 in both liquid and gas phase 5-9. Due to its specificity 

and sensitivity, SERS has gained a wide range of applications such as 

in electrochemistry, environmental analysis and bio-sensing 10-13. 

Even if two substantially different primary theories, i.e. 

electromagnetic theory and chemical theory were developed to 

explain SERS mechanism, it is now generally agreed that SERS 

phenomenon is mainly based on the electromagnetic field 

enhancement. The enhancement results from the amplification of 

the light by the excitation of localized surface plasmon resonances 

(LSPRs) and occurs preferentially in the gaps, crevices, or sharp 

features of plasmonic materials, which are traditionally noble and 

coinage metals (e.g., silver, gold, and copper) with nanoscale 

features 14. In particular, the so-called “Raman hot spots” are 

generated by the close proximity of metal nanostructures separated 

by a space of a few nanometers15, 16. Since the SERS effect strongly 

depends on the nanostructure of the supporting plasmonic 

material, much attention was paid to the fabrication of highly active 

SERS substrate with high degree of reliability and reproducibility 10, 

17
’
18. SERS substrates can be classified into three categories 

depending on their morphology: 1D, 2D and 3D. Most commonly 

used SERS nano-structured substrates include colloidal Ag/Au nano-

particles (NPs) 19, 20, Ag/Au NPs array 21, 22 and Ag/Au nanowires or 

Ag/Au coated nanowires 23-29. The fabrication of these substrates 

can be performed by different micro and nanofabrication 

approaches such as optical lithography 30, electron beam 

lithography (EBL) 31, focused ion beam (FIB) 32 and nano-imprint 

lithography (NIL) 33. 

In the last years, new strategies were reported concerning 

flexible SERS substrates based on Au/Ag tips coated nanopillars 

which exploits a trapping molecules configuration18,34-37 in order to 

achieve the minimum inter-distance gaps (less than 5 nm) between 

the active plasmonic materials. These flexible nanostructures can 

self-close driven by the microcapillary force under exposure to 

liquid and trap the molecules at their metallic coated apex or 

“fingertips”, thus generating hot spots with an ultrahigh field 
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enhancement. In fact, the inter-gap distance between the 

plasmonic nanostructures is determined by the size of the molecule 

that sits within the fingertips. Hu and co-workers reported gold 

coated flexible polymer fingers fabricated by a combination of EBL, 

reactive ion etching (RIE) and NIL 35, achieving a nanometer 

precision in the control of the gap size between plasmonic 

structures with reproducible hot spots. However, this method 

requires very expensive instrumentation and it suffers the main 

limitation of EBL in terms of fabrication over large area. Recently, 

Schmidt and co-workers proposed a simpler and cheaper method 

based on mask-less dry etching to produce flexible silver coated 

silicon nano-pillars on large area 36. This method demonstrated high 

uniform field enhancement of the SERS signal across the surface but 

the requirement of sophisticate instruments for standard silicon 

processing still remains. 

The development of simple and low-cost methods for the 

machining of high aspect ratio nanostructures on large area with 

equipment available in most research institutions is therefore 

required 37. Nano-spheres lithography (NSL), based on the self-

assembly of polymer or metal nano-spheres as a surface patterning 

method 33,38,39, in combination with Metal Assisted Chemical 

Etching 40 (MACE), represent good candidates for cost-effective 

fabrication of large-scale orderly functional nanostructure arrays 
41,42. MACE is an anisotropic wet etching technique, which is 

catalyzed by the presence of noble metal (the most frequently used 

are Ag, Au, Pt and Pd) film on a silicon wafer. It offers the possibility 

to obtain high aspect ratio nanostructures whose geometry strictly 

depends on the surface metal distribution, on the concentration of 

the etching solution and on the total time of etching 43. Recently, 

silicon nanowires (SiNWs) were employed as supporting SERS 

substrates due to their unique optical, electrical and mechanical 

proprieties 44-46. SiNWs offer large area to volume ratios and they 

have the ability to confine the incident light on their surface, 

improving the light conversion and, consequently, the 

enhancement of the localized electromagnetic field47-50. Moreover, 

the mechanical properties of silicon offer the possibility to have 

robust and flexible free-standing wires. 

Herein, we report a fabrication method based on the 

combination of Nano Spheres Lithography (NSL), as a large-

area surface patterning technique, and MACE, to achieve well-

defined flexible Au-coated cylindrical SiNWs to support Surface 

Enhanced Raman Scattering. Our approach constitutes a low-

cost alternative to EBL and RIE in the fabrication of ordered 

matrix of SiNWs, offering multiple degrees of freedom in 

design and fabrication of SERS substrate, ranging from the 

micro to the nanoscale. Different 3D nanostructures can be 

fabricated by adjusting NSL and MACE parameters in order to 

change the inter-wire distance, the density of the wires on the 

surface as well as their length. SERS efficiency of these 

substrates was investigated in different “leaning” and “non 

leaning” wires configurations in order to select the optimum 

configuration for Raman analysis. Melamine (Mel) was used as 

the test analyte to evaluate the performance of the SERS 

substrate in terms of uniformity of the Raman signal across 

large area, sensitivity of the SERS substrate for analyte 

detection and analytical enhancement factor. Mel was recently 

involved in food scandals because it was fraudulently added in 

milk, pet and animal feed to increase the apparent content of 

protein, causing kidney failures and even death in infants in 

China 51.Therefore, the performance of this SERS substrate was 

also evaluated in terms of food safety applications. 

Experimental 
Materials and chemicals 

Silicon wafer n+ type with resistivity of 27­47 mΩ cm were provided 

by SunEDISON/MEMC. Styrene was purchased from Sigma-Aldrich 

and purified by passing through an inhibitor removal column 

(Sigma-Aldrich) before use. Sodium dodecyl sulfate (SDS), 

potassium persulfate (KPS) and Melamine (99%) were purchased 

from Sigma-Aldrich and used without further purification. 

Hydrochloric acid (HCl 37%), Sulfuric acid (HSO4 96%), Hydrofluoric 

acid (HF 50%), Hydrogen Peroxide (H2O2 30%), absolute Ethanol 

(99,99%) and Acetone (>99.5%) were obtained by Carlo Erba 

Reagents (Rodano, Italy). All solutions were prepared with Milli-Q 

quality water (18 MΩcm). Piranha solution was prepared with 

H2SO4 (96%) : H2O2 (30%) = 3 : 1 volume ratio. The etching solution of 

HF(50%) : H2O2 (30%) : H2O with 3 : 1 : 1 ratio in volume was prepared 

and stored up to one month. Ethanol, acetone and de-ionized (DI) 

water were used to rinse the samples in many steps of the 

fabrication. 

Synthesis of Polystyrene (PS) nano-spheres 

The polystyrene nanoparticles were synthesized by emulsion 

polymerization. The polymerization reactions were carried out in a 

1 L five-neck equipped with a condenser, a mechanical stirrer, a 

thermometer and inlets for nitrogen and styrene. 500 ml of 

deionized water containing 0.3 g (1.0 mmol) of SDS were introduced 

into the reactor at room temperature with a stirring rate of 300 

rpm, and then 70.0 ml (0.61 mol) of styrene were added dropwise. 

The mixture was purged with nitrogen, and nitrogen was fluxed 

during the entire polymerization procedure. The reactor was heated 

to 80 °C, then a potassium persulfate aqueous solution (5.0 ml, 0.74 

mmol) was added, and the mixture was reacted for 24 h. The 

obtained latex was purified from surfactant and unreacted 

monomer by repeated dialyses against water (cellulose membrane, 

molecular weight cut-off 12 kDa). The polystyrene nanoparticle size, 

determined by electron microscopy, was 250 ± 4 nm while the 

hydrodynamic radius, determined by dynamic light-scattering (DLS) 

was 259 nm (PDI 0.020). 

Silicon nanowires fabrication 

Silicon nanowires were fabricated by nanospheres lithography and 

MACE. The first step consisted in cutting and cleaning square silicon 

substrates (1.5 cm per side) using acetone and ethanol, the surface 

functionalization was performed by piranha solution at 80°C for 90 

minutes to render the surface hydrophilic. The sample was then 

abundantly rinsed with DI water and we deposited 60 µl of a 
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colloidal aqueous solution of PS beads with diameter of 260 nm by 

spin coating, the consequent self-assembly process leads to a 

monolayer of nanospheres in hexagonally close-packed (hcp) 

configuration. The homogeneity of the monolayer depends on the 

spinner parameters and the quality of nanospheres colloidal 

solution; we performed spin coating in two steps, set as follows: 

step 1: vel. = 500 rpm, acl. = 400 rpm/s, time = 10 s; step 2: vel. = 

3000 rpm, acl. = 1000 rpm/s, time = 30 s. Subsequently, we reduced 

the spheres size by means of an etching process using Ar+ plasma 

(Dibiscom Plasma Matrix, RF power = 75 W, time = 8 minutes and 

pressure = 10-2 mbar). The following step consisted in the 

deposition of a thin gold film (20 nm) by e-beam evaporation, the 

reduced nanospheres in hexagonally non-close-packed 

configuration acted as a mask, so by removing them in an ultrasonic 

bath of ethanol, we obtained a gold film patterned over the whole 

surface with a two dimensional array of circular. We proceeded by 

transferring this geometry to the bulk silicon by the MACE 

technique.  

MACE can be described as a sort of self-catalytic etching of 

silicon and other semiconductor, where the formation mechanism 

is ruled by local redox potential of the metal with respect to the 

semiconductor in the presence of hydrofluoric acid and an oxidizing 

agent. This drives the holes necessary to dissolution at the metal-

semiconductor interface. In the case of silicon, the metal at the 

interface rapidly sinks following the crystallographic directions, and 

defines silicon walls or wires, depending on the metal distribution 

at surface, on the temperature and concentration of the etchants. 

The reaction mechanisms involved in the dissolution of silicon in the 

etching solution are rather complex and are descript in details in 

the work of Chartier and coworkers52 for the case of Ag on Si.  

In our procedure, we soaked the sample in the etching solution 

for 40 to 60 seconds and stopped the process by rinsing the sample 

with ethanol. The final process to prepare the sample for SERS 

application is the coating of the matrix of silicon nanowires with 80 

nm of gold which we deposited by e-beam evaporation. 

Scanning Electron Microscopy analysis 

A morphological characterization has been carried out using FEI 

Inspect-F™ Field Emission Gun  scanning electron microscope (FEG-

SEM); we used 10 kV to observe PS nanospheres and up to 30 kV for 

gold structures and silicon nanowires with secondary electrons 

detector. We always adopted a 30° tilted configuration which 

enables the cross-sectional view of the nanostructures and we 

varied magnification from 20,000 times to 120,000 times depending 

on the features size. 

Raman analysis 

Different concentrations of Mel solution ranging from 100 mg l-1 to 

1*10-5 mg l-1 were prepared in Milli-Q water by a serial dilution of a 

Mel stock solution at 1000 mg l-1.  A 1 µl droplet of the different 

Mel aliquots were deposited onto the SERS substrate and let them 

dry in air before Raman characterization. All Raman spectra were 

recorded using a Thermo Scientific DXR Raman equipped with a 

microscope, an excitation laser source at 780 nm with a motorized 

stage sample with a minimum step size of 1 µm equipped with a 

charge-coupled device (CCD) detector. Spectra of melamine 

samples on SiNWs substrates were collected using a 10x 

microscope objective, a 50µm slit aperture and a spectral range 

from 400 cm-1 to 3500 cm-1with a grating resolution of 5 cm-1 and

with a 24mW laser excitation power. The acquisition time was of 

20s with 1s exposure time. Raman mapping were performed on all 

tested substrates using the same collection parameters on an area 

of 4x4 mm using a step size of 150 µm. 

Results and discussion
Silicon Nanowires characterization 

The adopted fabrication procedure gave a SiNWs matrix which can 

be tested with SERS active molecules, the results of each step of 

fabrication are shown in Figure 2. At first, we were able to achieve 

an extended monolayer of self-assembled PS nanobeads presenting 

some linear and punctual defects which results in the presence of 

domains of some micrometres (Fig. 2a). The reduction of the 

nanospheres size by plasma etching allows an accurate control of 

the final diameter of the nanospheres, ranging from 100 to 130 nm 

by appropriately setting the duration of the process (Fig. 2b). By 

changing the original nanobeads, the spheres spacing can be set as 

well, consequently leading to wide variability of the geometrical 

features of the nanostructures. After plasma etching, gold 

deposition and nanospheres removal, we obtained an hcp ordered 

pattern of circular holes on the metallic film, the so-called "antidot" 

mask (Fig. 2c) which assists the successive etching process. The 

etching rate depends on the type and doping level of bulk silicon, 

on the relative concentration of HF and H2O2 in the etching solution 

as well as on the spacing between consecutive antidots 39. During 

etching at room temperature, the length of SiNWs varies linearly 

with the etching time 53 so that a fine control of this parameter can 

be achieved by changing the time of etching. 

Once the etching is completed, a gray stain appears on the bulk 

silicon, caused by the reduction of the reflectance due to the 

nanostructured surface 54. Thus, we obtained a matrix of standing 

silicon nanowires (Fig. 2d) with diameter ranging from 100 to 130 

nm and different lengths, varying from 600 nm to 1.3 µm. The 

ultimate substrates for SERS analysis consist of SiNWs with gold 

caps on top (Fig. 2e) covering the diameter of the nano-wires; the 

gold thickness was chosen to be 80 nm in order to ensure the 

maximum intensity in correspondence to a laser excitation 

wavelength of 785 nm (see Raman measurements paragraph). 

The optimization of the etching conditions (time, solution 

concentration) allowed us to exploit the mechanical properties of 

SiNWs by fabricating wires with different lengths. When the SiNWs 

have aspect ratios (ratio of diameter and length) larger than 1:10, 

they bend and stick together to from bundles during drying, after 

liquid etching (Fig. S1a, see supplementary information). On the 

other hand, SiNWs with aspect ratio of 1:10 remain straight during 

and after fabrication, as shown in Fig. 2d. Moreover, straight SiNWs 

with aspect ratio of 1:5 were fabricated (Fig. S1b, see 

supplementary information). 
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In order to demonstrate whether the resulting standing SiNWs 

are flexible and able to bend or not, we performed the following 

test, illustrated in (Figure 3a), we exposed substrates with long 

(aspect ratio 1:10) and short (aspect ratio 1:5) SiNWs to a droplet of 

water and let them dry in the air. After water evaporation we 

noticed that the SiNWs with aspect ratio 1:10 leaned and stick 

together forming different bundles of wires (Fig.3b), while the 

SiNWs with aspect ratio 1:5 remain straight exhibiting high stiffness 

(Fig. S1b). A similar test was also conducted with a droplet of 

Ethanol. No leaning phenomenon was observed. Thus, the leaning 

phenomenon could be explained by the capillarity effects during 

drying, due to the surface tension of the water. In addition, it has 

been demonstrated that the elastic modulus of silicon nanowires is 

independent of their diameters, if the diameter is larger than 100 

nm; this supports that finite size effect (due to surface tension) 

does not play a role on elastic behaviour of silicon nanowires with 

diameter of >100 nm 53. 

The leaning effect allowed us to have a large number of bundles 

of nano-wires in the area corresponding to the droplet size on the 

substrate while no leaning is visible outside the drop area, as shown 

in (Fig. 3b). It is assumed that a hot-spot is created at the tip-to-tip 

site between two leaning nanowires and thus a large number of 

electromagnetic hot spots are present on the substrate (Figure S2, 

see supplementary information). The combined use of NSL and 

MACE for SiNWs fabrication guaranteed a good control over the 

geometrical parameters, such as diameter and centre-to-centre 

distance, and manufacturing over large areas as well as large aspect 

ratios, which could be difficult to obtain by EBL and RIE, 

respectively. The aspect ratio of silicon nanostructures is indeed a 

very crucial parameter as well as the position of the analyte with 

respect to the hot-spots; both these parameters have been widely 

investigated to find the most convenient configuration for the 

enhancement of Raman scattering as treated in the following 

section. 

Raman Measurements 

It was previously demonstrated that the leaning of flexible 

nanostructures such as nanofingers 33 or nanopillars 36 coated with 

silver or gold is crucial for the intensity Raman enhancement. As 

already mentioned in Fig.3, the flexibility of the free standing silicon 

nanowires here presented strongly depends on the length of the 

wires whose leaning properties are impaired when a wire’s length is 

shorter than 0.6 um. In order to demonstrate that the SERS effect is 

magnified when flexible SiNWs are used due to entrapment of the 

analyte in a multiple hot spots configuration, a SERS comparison 

test between leaning and non-leaning nanowires was initially 

performed (Fig.4). Moreover, the pre-leaned wires, i.e. wires 

brought to lean before the deposition of the analyte, and post 

leaning wires, wires brought to lean during the deposition of the 

analyte, were also compared to better understand the efficiency of 

the SERS mechanism. SiNWs substrates with an aspect ratio of 1:5 

and 1:10 were chosen for the so-called “non leaning wires” and 

“leaning wires” samples, respectively. In the “pre-leaned wires” 

configuration a drop of pure water was first deposited on the 

SiNWs substrate to induce the leaning of the nanowires before the 

addition of the analyte probe. In these tests melamine (Mel) 

molecule was chosen as analyte probe thanks to the demonstrated 

properties to bind the gold surface 55,56, thus it is an ideal candidate 

to investigate the SERS mechanism occurring on the SiNWs based 

substrate. A droplet of 100 mg l-1 Mel solution was deposited on 

leaning and non-leaning SiNWs samples and let it dry in air before 

Raman analysis. 

In Fig.4 typical Raman peaks of solid melamine at 380 cm−1, 580 

cm−1, 678 cm−1 and 983 cm−1 are shown. The most intense peak at 

676 cm−1 is assigned to the ring-breathing II mode, which involves 

the in-plane deformation of the triazine ring. The second most 

intense peak at 983 cm−1 arises from the ring-breathing mode I of 

the triazine ring 54. As Fig.4 shows, the SERS spectra of melamine 

are dominated by the amine trigonal breathing mode which shifts 

at higher wavenumbers and splits into two main peaks at 680 

cm–1 and 712 cm–1, indicating that melamine is bound to the 

electropositive gold surface via the lone electron pair of ring 

nitrogen. Remarkable splitting and shifts of 10 cm-1 and 40 cm-1 

from the original melamine bands at 676 cm-1 were already 

reported in the literature using respectively Klarite SERS substrates 
58, triangular shape gold nanoparticles 59, silver nano-particles 54 

and spherical gold nanoparticles 60. It is reasonable to infer that a 

strong polarization occurs at the surface of these metallic 

nanostructures and where the electric field strongly increases, it 

can result in not only an increased enhancement factor, but also in 

a change of the vibrational Raman selection rules, which allows the 

appearance of forbidden Raman bands. Moreover, the shift and the 

relative intensity ratio between the main peaks at 680 cm–1 and 712 

cm–1 depend on the physiochemical interactions of the melamine 

with the metallic nanostructures and on the different hot spots 

configuration at the surface of the SERS substrates. When the 

melamine is deposited on the “non leaning wires” sample, it is 

assumed that the analyte adsorbs uniformly all over the gold coated 

tips of the nanowires, leading to an enhancement of the Raman 

signal of the melamine. In particular, as reported by Wu et al.61, 

when free standing wires i.e. “non leaning wires” are present on the 

surface and the Raman excitation is provided by a 780nm laser line, 

we could infer that a strong enhancement of the electric field occur 

at the interface Au/SiNWs.  In this hot spots configuration the ring-

breathing II mode is dominated by the peak at 680 cm-1, which 

reaches about 1000 counts/sec with only a small shoulder at 712 

cm-1. Remarkable shifts of the traditional melamine Raman bands at 

580 cm-1 and 983 cm-1 to 600 cm-1 and 1000 cm-1 were also 

registered, respectively, together with the first order of silicon at 

520 cm-1. When clustered wires i.e. “leaned wires” are present on 

the surface, instead, a strong local electromagnetic field should be 

mainly distributed in the gaps between the Au particles with the 

formation of multiple hot spots. Melamine molecules are adsorbed 

at the gold coated tips of the wires and entrapped in clustered 

Raman hot spots with the smallest spacing between the nanowires 

tips determined by the analyte molecule size. The formation of 

multiple hot spots after the leaning of the wires resulted in a huge 

enhancement of the melamine signal at 712 cm-1 which reaches 
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about 4000 counts/sec for “pre-leaned wires” and 9000 counts/sec 

for “post-leaned wires” configurations, respectively (Fig.4). The first 

order of silicon at 520 cm-1 is clearly visible in the “pre-leaned 

wires” but partially overlapped with a Mel peak in the “post-leaned 

wires” due to the huge Raman enhancement of the melamine 

signal. This means that if the wires are brought to lean before the 

deposition of the analyte (pre-leaned), the Raman signal from pre-

leaned wire is approximately 2 times lower than from the post-

leaned wires. This indicates that some potential hot spots and/or 

adsorption sites are forbidden by leaning prior to analyte exposure. 

These results well agree with what already reported in literature 33 

with post-leaned wires configuration showing the highest 

enhancement factor respect to pre-leaned wires and non leaning 

wires configurations. In case of optimum SiNWs for SERS, i.e. 1:10 

aspect ratio SiNWs with a diameter from 100 - 130 nm, the inter-

wires distance is about 100 nm and it depends on the dimensions of 

the starting PS spheres (260 nm). Gold caps with different 

thicknesses at 40 nm, 60 nm and 80 nm were tested in SERS 

measurements (data not shown). SiNWs with a gold cap of 80 nm 

provided the highest enhancement in Mel SERS measurements, 

which well agrees to what already reported in literature by Ou et 

al.18, where a gold thickness of 80 nm was used on flexible polymer 

fingers to ensure the maximum intensity in correspondence to a 

laser excitation wavelength of 785 nm. Thicknesses higher than 80 

nm were not tested to avoid the risk of getting a continuous film of 

gold between adjacent SiNWs, which might affect the SERS 

efficiency of the substrate. Higher gold thicknesses could be tested 

by changing the dimensions of the starting PS spheres in order to 

increase the inter-wires distance. 

SiNWs with aspect ratio of 1:10 used in “Post-leaned 

configuration” were then selected for the further characterization 

of the performance of the SERS substrate. In particular, the 

uniformity of the Raman signal across the area of leaning 

nanowires, the sensitivity of the SERS substrate in terms of analyte 

detection and the analytical enhancement factor were studied. 

In order to study the uniformity of the Raman signal across an 

area of leaning nanowires, a 1 µl droplet of 100 mg l-1 Mel solution 

was deposited on the substrate and Raman mapping was 

performed on the entire area covered by the evaporated droplet. 

An area of approx 4x4 mm was mapped with a micro Raman system 

using a laser spot size of 3.1 µm in diameter and a step size of 150 

µm obtaining 756 spectra in total (Fig. 5a). Fig. 5b shows the 

resulting Raman map obtained by plotting the area of the specific 

Mel peak in the spectral range 750 cm-1 – 650 cm-1 over the scanned 

surface with a color scale bar from blue to red that provides semi-

quantitative analysis. As (Fig. 5c) shows, the distribution of the Mel 

signal on the SERS substrate is only confined in the droplet region 

with a good homogeneity distribution from the centre to the edge 

of the stain. The investigated Mel signal at 712 cm-1 is relatively 

uniform within the leaned nanowires area and a 10% deviation 

from the average signal across the leaned area was calculated. 

Since the SERS substrate based on post-leaned SiNWs provided 

a good homogeneity of the Mel Raman signal across the droplet 

region, we decided to investigate the dynamic range of the 

substrate in order to obtain a calibration curve for the melamine 

quantification and to detect the sensitivity limit for this molecule. 

Different concentrations of Mel solution ranging from 100 mg l-1 to 

1*10-5 mg l-1 were deposited on the SiNWs substrates and 

characterized by Raman mapping after the post-leaned wires 

configuration was induced by solvent evaporation. At least 50 

spectra were collected and used for statistical analysis. An average 

relative standard deviation of 10% of the Raman signal at 712 cm-1 

was calculated for each concentration value. Average Raman 

spectra of each Mel concentration are reported in Figure 6. As( Fig. 

6a) shows, very low concentrations of melamine such as 1*10-5 mg 

l-1 and 1*10-3 mg l-1 can be easily detected and distinguished from 

the blank signal (0 mg l-1) but it is not possible to discriminate 

between them in this range of concentrations. The intensity of the 

ring-breathing II mode at 712 cm-1 tends to increase proportionally 

with the Mel concentration in the range from 1*10-3 mg l-1 to 1 mg l-

1 but it starts to decrease when concentrations higher than 1 mg l-1 

are used. 

This behavior is quite common in SERS measurements and it is 

related to the saturation of the surface coverage of the metallic 

nanostructures as well as the hot spots regions which mainly 

contribute to the Raman enhancement. Since the highest intensity 

of the signal at 712 cm-1 is recorded with the melamine 

concentration of 1 mg l-1, we can infer that the surface coverage of 

the gold coated tips by this melamine concentration could be 

approximated to a quasi monolayer morphology, which represents

the best condition for the enhancement of its Raman signal. 

However, when higher concentrations of analyte are used (10 mg l-1 

and 100 mg l-1), Mel molecules accumulate at the top of the gold 

coated tips leading to the formation of thicker layers of analyte on 

the surface. The presence of few layers of Mel on top of the 

substrate reduces the amount of excitation photons that reach the 

Mel - gold coated SiNWs interface, inducing both a decrease of the 

intensity of the SERS peak at 712 cm-1 and an increase of the 

classical Raman band around 680 cm-1.To exclude any effect due 

accumulation of the analyte by the coffee stain effects we perform 

test measurement by dipping the SiNWs substrate in a melamine 

solution. The behavior was confirmed by the immersion tests where 

the SiNWs substrates were dipped in Mel solutions at 1 mg l-1, 10 

mg l-1 and 100 mg l-1 for 20 minutes, thoroughly washed with water 

to remove the non-adsorbed molecules and let them dry in air 

before Raman analysis (Fig. S3, see supplementary information). In 

this case a slightly increase of the Raman intensity at 712 cm-1 was 

registered in the immersion tests by increasing the concentration of 

Mel (Fig. S3).

This means that the signal at 712 cm-1 is generated by a similar 

amount of Mel molecules adsorbed on the gold coated tips. Since 

the non-adsorbed Mel molecules were removed by intensively 

wash the substrate after the soaking procedure, they cannot block 

the excitation photons to reach the Mel - gold coated wires 

interface thus resulting in a slightly increase of the signal at 712   

cm-1 but not in a decrease of the SERS signal. These observations 

further confirmed our hypothesis that the deposition of Mel 

concentrations higher than 1 mg l-1 by drop coating induces a 
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decreased efficiency of the SERS effect due to both the saturation 

of the clustered hot spots within the wires and the accumulation of 

few layers of non-adsorbed analyte molecules on the top of the 

substrate. Even if this phenomenon could affect the quantification 

of the Mel in the range of concentrations that was investigated, the 

relative intensity ratio between the specific Mel peaks at 680 cm–1 

and 712cm–1 can be exploited for the building of a calibration curve 

and to provide a quantitative analysis of the Mel on the substrate. 

As (Fig. 6b) shows, after normalization of the Raman spectra to the 

intensity of the peak at 712 cm-1, the intensity ratio at 680 cm–1 

tends to increase proportionally with the melamine concentration. 

A calibration curve was built in the range of concentrations 

between 1*10-8 mg l-1 - 10 mg l-1 by plotting the logarithm of 

relative intensity ratio at 680 cm–1 with the logarithm of Mel 

concentration (Fig.7). A linear regression model was applied for the 

calibration and the forcefulness of the fit was confirmed by the 

reduced chi-square value (i.e. the sum of the weighted squared 

residuals normalized by the number of degrees of freedom) which 

is attested close to 1 (Fig. 7). 

The limit of detection (LOD) was experimentally detected on 

blank samples (n=10) and calculated by the equation: 

(1) 

Where M is the mean value of the relative intensity ratios at 680 

cm-1 of the blank sample and s is the standard deviation. 

The limit of quantitation (LOQ) was estimated with the 

following equation: 

(2) 

According to equations (1) and (2) the LOD and LOQ were 3.20*10-7 

mg l-1 and 1.00*10-6 mg l-1, respectively. The present methodology is 

then suitable for melamine quantification in the concentration 

range of 1.00*10-6 mg l-1 - 10 mg l-1 in accordance with the European 

law limits of 1 mg l-1 and 2.5 mg l-1 in dairy products for infants and 

other food and animal feed, respectively 62. 

In order to complete the characterization of the SERS substrate 

based on SiNWs the enhancement factor (EF) was calculated. 

The EF is usually calculated using (3), where �SERS and �NR are the 

intensity of the vibrational peak in SERS and normal Raman (NR) 

measurements, respectively, and �NR and �SERS are the 

concentration of the analyte probe in NR measurements and the 

SERS measurements, respectively: 

(3) 

In order to determine the EF on the SiNWs SERS substrates, a 1 µl 

droplet of 1 mg l-1 Mel solution was deposited onto the gold coated 

SiNWs SERS substrate prepared with optimized conditions. Bare 

SiNWs substrate without the layer of gold on top was used as 

reference for traditional Raman measurement and spotted with the 

same amount of Mel on the surface. As (Fig.S4, see the 

supplementary information) shows, Mel is easily detected on the 

SiNWs SERS substrate with the main peaks at 1000 cm-1,712 cm-1, 

680 cm-1, 600 cm-1 and 380 cm-1. No Mel signal is revealed on the 

bare SiNWs and only the first and second order of Silicon at 520  

cm-1 and around 1000 cm-1 are registered in the Raman spectrum, 

respectively. Applying the (3), assuming that �NR and �SERS are the 

same and using as �SERS the intensity of the peak at 712 cm-1, the EF 

was determined to be 1.3*104. This number proved the efficiency of 

this SERS substrate and promotes its application in several fields 

such food safety, diagnostic and pharmaceutical. 

Conclusions 
In this work, a homogenous array of flexible gold coated SiNWs was 

obtained combining Nano Spheres Lithography and Metal Assisted 

Chemical Etching to support Surface Enhanced Raman Scattering. 

NLS was used as surface patterning method to obtain ordered self 

assembled nanostructures on large area, while MACE guaranteed 

high aspect ratio nanostructures with a well defined geometry. 3D 

nanostructures with different aspect ratios were produced by 

adjusting the fabrication parameters in order to change the 

flexibility of the wires and, consequently, to find the optimum 

condition for SERS analysis. Among the different configurations 

tested, the optimum flexible nanowires with an aspect ratio of 1:10 

can self-close driven by the microcapillary force under exposure to 

liquid and trap the molecules at their metallic coated “fingertips”, 

thus generating hot spots with ultrahigh field enhancement.  

Melamine molecule was used as analyte probe to test the 

performance of this SERS substrate in terms of uniformity of the 

Raman signal across large area, sensitivity of the SERS substrate for 

analyte detection and analytical enhancement factor evaluation. 

Flexible gold coated SiNWs demonstrated high uniformity of the 

Raman signal over large area with a variability of only 10% and a 

high sensitivity of melamine detection with a LOD of 3.20*10-7      

mg l-1 (picomolar) and an EF of 1*104. Such approach represents a 

low-cost alternative to EBL and RIE in the fabrication of well 

ordered silicon nanostructures, offering multiple degrees of 

freedom in the design of different geometries such as inter-wire 

distance and density of the wires, thus showing a great potential for 

the fabrication of SERS substrates. 
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Figures 

Fig.1 Scheme of SiNWs fabrication. The original spheres are 260 nm, the SiNWs 100 nm in diameter and 1 µm -1.3 µm in height. 
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Fig. 2 SEM images reporting consecutive steps of fabrication. (a) monolayer of PS nanospheres self-ordered in hcp configuration in 

domains of some micrometers. (b) PS reduced nanospheres. (c) Au thin film patterned with circular voids resulting after reduction of the 

nanospheres and their removal. (d) Resulting matrix of SiNWs. (e) SiNWs covered with 80 nm of gold. 

(a) (b) (c)

(d) (e)
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Fig. 3 (a) Illustration of the leaning of the SiNWs during the water evaporation. (b) SEM images of SiNWs after water evaporation within 

(green area) and outside (red area) the droplet region. 

Inside droplet – SiNWs closingOutside droplet – SiNWs non closing

(a)

(b)

Water droplet
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Fig. 4 Reference Raman spectrum of melamine powder with main assignments in the spectral region 300 cm–1 – 1100 cm–1 (black line). 

Raman spectra recorded from post-leaned nanowires (blue line), pre-leaned nanowires (violet line) and non leaning nanowires (green line) 

after the deposition of a 1 µl droplet of a 100 mg l-1 Mel solution on each substrate. Raman measurements were performed in air after the 

evaporation of the solvent. 



Journal Name  ARTICLE 

J. Name., 2013, 00, 1-3 | 13  

Please do not adjust margins 

Please do not adjust margins 

Fig. 5 (a) Optical image of SiNWs substrate after the deposition of a 1 µl droplet of a 100 mg l-1 Mel solution. The darker region on the 

image clearly identifies the post-leaned nanowires area obtained after the evaporation of the solution. (b) Raman map of the optical image 

shown in a) which was obtained by plotting the area of the specific Mel peak in the spectral range 750 cm-1 – 650 cm-1 across the analyzed 

surface of the SiNWs substrate. A color scale bar from blue to red provides semi quantitative analysis. c) 3D representation of the Raman 

map in b). 

(a) (b)

(c)
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Fig. 6 (a) Raman spectra recorded from post-leaned nanowires substrates after the deposition of a 1 µl droplet of Mel solutions at 100 

mg l-1, 10 mg l-1, 1 mg l-1,0.1 mg l-1, 0.001 mg l-1 and 0.00001 mg l-1.Raman measurements were performed in air after the evaporation of 

the solvent, (b) Normalization of the Raman spectra from to the intensity of the peak at 712 cm–1. The intensity ratio at 680 cm–1 tends to 

increase proportionally with the melamine concentration. 

(a)

(b)
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Fig. 7 Calibration curve obtained by plotting the logarithm of the relative intensity ratio at 680 cm–1/ 712 cm-1 with the logarithm of Mel 

concentration in the range 1*10-8 mg l-1 - 10 mg l-1. 


