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a b s t r a c t
Modern diagnostic tools ever aim to reduce the amount of analyte and the time needed for obtaining the result.
Surface-enhanced Raman spectroscopy is a method that could satisfy both of these requirements, provided that
for each analyte an adequate substrate is found. Here we demonstrate the ability of gold-sputtered silicon nanowires (SiNW) to bind p-mercaptobenzoic acid in 10−3, 10−4 and 10−5 M and adenine in 30 and 100 μM concentrations. Based on the normal mode analysis, presented here for the ﬁrst time, the binding of p-mercaptobenzoic
acid is deduced. The intensity enhancement of the 1106 cm−1 band is explained by involvement of the C—S
stretching deformation, and the appearance of the broad 300 cm−1 band attributed to S—Au stretching mode. Adenine SERS spectra demonstrate the existence of the 7H tautomer since the strongest band observed is at
736 cm−1. The adenine binding is likely to occur in several ways, because the number of observed bands in the
1200–1600 cm−1 interval exceeds the number of observed bands in the normal Raman spectrum of the free
molecule.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
Since the discovery of surface-enhanced Raman scattering (SERS) by
Fleischmann [1], Van Duyne [2], and Creighton [3], many research efforts have been dedicated to understand this effect [4–8]. Broadly
speaking, SERS effect takes place if the metal substrate possesses an
electronic state whose energy lies between the energy of the laser excitation and the energy of Raman scattered light, thus facilitating a “localized surface plasmon resonance” [9]. Originally the effect was studied
ﬁrst in colloidal silver [10] and gold nanoparticles aggregates [11],
reaching a sensitivity down to single molecule detection [12,13].
The possibilities of SERS effect on solid substrates have soon
surpassed those of free ﬂowing aggregates, because of better reproducibility [14–16]. The importance of nanoscale dimensions of metal particles has been investigated and repeatedly proven essential for the SERS
to take place [17,18]. Besides electromagnetic contribution to enhancement, a chemical one is often mentioned, but it is several orders of
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magnitude smaller [4]. Few molecules with strong resonant Raman
spectrum have become very popular for testing substrates – one is rhodamine 6G, another crystal violet. Both of them incorporate several aromatic rings having delocalized electron orbitals. The UV VIS spectrum
of crystal violet, for example, changes dramatically depending on the
pH of the solution. When the pH is 1, the absorbance has its maximum
in the blue spectral region, while it shifts to red if the pH changes to 4
[19]. Still, when testing new substrates it is advisable to check their
properties with non-resonant molecules [9].
Among numerous applications of SERS, the possibility of detecting
an extremely small quantity of an analyte in blood, urine or saliva
within minutes has attracted a lot of attention, and has been a part of
study effort within the COST action [20]. Two main strategies offer
themselves: the ﬁrst is to devise a label-free method of detection, thus
concentrating on a substrate itself [21], and the second one is to devise
a chemical marker which binds to the analyte and to the substrate and
through which one ascertains the existence of analyte [22,23].
Here we present the results of a joint effort to produce a reliable substrate with good reproducibility based on electroless chemical etching
method. This method dates from 2002 [24]., is cost effective and produces silicon nanowires 50–100 nm in diameter and several tens of
μm in length [25–37]. In contrast to electrochemical etching that is
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also often used, here there is no external voltage applied in electrochemical cell, but hydrogen ﬂuoride or ammonia ﬂuoride providing excess electrons to ionize silver atoms [25–27]. Gold particles are added on
the top of the substrate, thus creating optimal binding surface for
Raman spectroscopy with near infrared (785 nm) laser. Welding of a silicon nanowire with a gold droplet produces an atomic force microscopy
tip that serves as a probe for tip-enhanced Raman spectroscopy (TERS)
[28–30]. We present SERS spectra of p-mercaptobenzoic acid (4MBA),
and discuss possible types of molecular binding. By performing normal
coordinate calculation, we elucidate the nature of observed spectral
changes which appear on binding of 4MBA to the substrate.
2. Experimental
Silicon wafers - (100) orientation – single crystalline p-type, were
cleaned with standard RCA (Radio Corporation of America) cleanup
processes. The mixture of hydroﬂuoric acid (5 M) and AgNO3 solution
under UV lamp was utilized for synthesizing silicon nanowires by electroless wet chemical etching method during period of 90 min. The
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experiment was carried at ambient temperature of 260C. After etching,
the samples were covered with grey silver layer which was removed
with NH4OH:H2O2:H2O solution using the 1:1:5 volume-to-volume
ratio. The samples were rinsed with MQ water and dried. Next step included gold sputtering of silicon nanowires during various time intervals. For the etching of the ﬁrst group of samples the 30 mM
concentration of AgNO3 was used, the sputtering was performed during
1, 10, 15 or 20 min and all were annealed at 6500C in the oven under
argon ﬂow for one hour. The second group of substrates was etched
using two concentrations of AgNO3: 10 and 30 mM, they were sputtered
during 7, 10, 15 or 20 min. Samples from the second group were further
divided into one half that was annealed at 6500C, while the other half
which was not annealed.
2.1. Gold coating
For sputtering a Polaron E5000 sputter coater was used. The vacuum obtained prior to Au sputtering was 10 −5 mbar. During the
sputtering argon plasma was utilized and the pressure inside the

Table 1
Calculated normal modes of 4MBA with potential energy distribution are compared with Raman and infrared bands observed for crystalline powder and SERS spectrum obtained for not
annealed substrate from Fig. 5 (cm−1). The multiplicity of observed bands is greater than one (such as for C_O stretching) because of crystal splitting. Notation of internal coordinates is
explained in Supplementary Material.
Mode

Observed (crystal)

Observed (SERS)

Raman

Infrared

Not acq.
Not acq.
Not acq.
Not acq.
Not acq.
Not acq.
1676,1655, 1643,1638
1632,1624,1615
1599
1456
1405

Not acq.
Not acq.
Not acq.
Not acq.
Not acq.
Not acq.
1694, 1679,1652
1593
1564
1493
1444, 1424, 1402

1322
1296
1286
1185
1138

1323, 1308
1296
1281,1263, 1232
1182
1130
1115
1096, 1086, 1051
1015
956, 925
831, 805
710
632
546
518

A'
3763
3228
3219
3194
3191
2694
1783
1644
1604
1529
1445
1376
1346
1333
1223
1194
1144
1120
1106
1030
944
793
672
644
520
496
308
298
168

100 l
100 r
100 r
100 r
100 r
100 s
81 D
67 R + 21 Φ + 10 Ω
74 R + 10 Φ
59 Φ + 34 R
51 R + 40 Φ
26 ε + 21 d + 18 CC + 18κ
76 R+ 13 Φ
73 Φ + 23 R
47 Φ + 22 R + 21 ε
36 Φ + 31 ε + 13 R
60 Φ + 33 R
28 R + 26d +16 Φ
56 R + 19 d + 13 S
61 Ω + 27 R
91 δS
29 R + 29 Ω + 15 CC
36 κ + 21 Ω + 14 S
83 Ω + 10 R
29 η + 23 S + 13 CC
27 κ + 23 η + 14 δC
37 Ω + 17 S + 16 CC + 12 κ
54 δS + 15 κ + 13 δC
52 CC+ 22 S + 18 κ

344
276
186

335
298

Mode

PED (%)

Observed (crystal)

Observed (SERS)

1100
1075
914
804
700
635

Raman
A″
991
978
851
841
765
680
595
472
414
259
156
88
71

100 μ
100 μ
71 μ + 30 μSC
98 μ
70 μSC + 29 μ
93 δ
85 τOH + 11 δ
47 δ + 46 μSC
80 μSC + 19 δ
100 τSC
56 δ + 44 μCC
97 τOCCC

818
812

249
223,205
84
79

Not acq.
Not acq.
Not acq.
Not acq.
Not acq.
Not acq.
1689
1589
1482
1414

1281
1178

1077
1014
802
692
631

Infrared

974
848
848
757
684
576
470

848
763
716
407
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chamber was 4 · 10−4 mbar. The Au layer thickness is estimated to
increase linearly with time, and is assumed to be between 100 and
150 nm for 40 min of sputtering.
2.2. Raman measurements
Raman experiments were conducted on four instruments: T64000
Horiba Jobin-Yvon with 670 nm laser for powder sample of 4MBA,
Thermo Scientiﬁc DXR Raman microscope with 785 laser illumination
which was used for SERS droplet experiments, BWTek i-Raman Plus
with 785 nm laser for SERS immersion experiments, and Renishaw
InVia spectrometer with 785 nm laser source for Raman mapping.
Each of these four setups is described in detail:
2.3. Raman and infrared spectra of polycrystalline 4MBA
Polycrystalline powder of 4-MBA was put on a glass slide under microscope of HORIBA Jobin Yvon T64ooo Raman spectrometer operating

in triple subtractive mode, using 670 nm red excitation laser line with
power of 3 mW on the sample. Spectral resolution was 0.6 cm−1 and
the spot size 1 μm. Infrared spectra of 4MBA powder pressed in KBr pellet were obtained in transmission by Perkin Elmer Spectrum GX mode,
with 20 repetitions and 4 cm−1 resolution. The observed bands are reported in Table 1.

2.4. Raman SERS spectra of the ﬁrst group of substrates – droplet method
The SERS spectra using the annealed substrates etched for 1, 10, 15
or 20 min with 5 M HF/30 mM AgNO3 were obtained by leaving a 1 μl
droplet of 0.01 M 4MBA on a surface and recording the Raman signal
immediately using Thermo Scientiﬁc DXR Raman microscope operating
with 785 nm laser excitation line. Spectral resolution of this instrument
was 4 cm−1. The acquisition time was 10 s, the pinhole was 50 μm, and
four accumulations were performed. In order to test the limit of detection SERS spectra of droplets from 10−3 M, 10−4 M and 10−5 M solutions of 4MBA were recorded.

2.5. Raman SERS spectra of the second group of substrates – immersion
method
Substrates from the second group were immersed either into a
1 mM 4MBA water solution, or into 30 μM or 100 μM adenine water solution for 30 min, taken out, rinsed and dried. SERS spectra using the
substrates of the second group were recorded by portable BWTek iRaman Plus spectrometer using 20× objective and 785 nm excitation
suitable for gold sputtered surfaces, with spectral resolution of
4 cm−1. The spot diameter was 80 μm, the acquisition time 5 s and a single accumulation of the spectrum undertaken. Besides 1 mM 4MBA concentration, a sensitivity test included 10−4 M, 10−5 M, 10−6 M and
10−7 M 4MBA water and ethanol solutions.

2.6. Raman mapping
The spectral mapping of the 1520–1640 cm−1 Raman interval of
4MBA was performed with Renishaw INVIA spectrometer, operating
with 785 nm laser source, on two selected substrates, both etched
with 5 M HF and 30 mM AgNO3 solution, sputtered for 20 min with
gold, one annealed and the other not annealed. The intensity maps
were analyzed using the HyperSpec package [39] for R [40].

Fig. 1. Scanning electron microscopic images of silicon nanowires obtained by electroless
chemical etching (30 mM AgNO3/5 M HF solution) with gold sputtered for 20 min. a) not
annealed substrate, b) substrate annealed at 650 °C for 1 h in argon atmosphere. The bar
corresponds to 100 nm. The tilt angle was 15°. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 2. Comparison of SERS spectra of wet droplets of 4MBA ethanol solution on AuNP@
SiNW substrates. Laser excitation: 785 nm, Thermo Scientiﬁc DXR Raman spectrometer.
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Fig. 3. Arrows indicate movements of atoms in the two strongest normal modes of free 4MBA: calculated at 1106 (left) and 1604 cm−1 (right).

2.7. Scanning electron microscopy
Scanning electron microscopy of silicon nanowires substrates was
performed using JEOL ﬁeld emission SEM, model JEOL JSM-7000F,
with acceleration voltage of 5 kV.

normal modes calculation proved that the geometry was indeed a stable
state and no imaginary frequencies occurred. Introducing internal coordinates suitable for a planar molecule such as 4MBA, we used MOLVIB
program by Krisztof Kuczera [42] and obtained a potential energy distribution among normal modes. Details of this calculation are part of the
Supplementary Material.

2.8. Computational details
Optimization of the geometry of the 4-mercaptobenzoic acid was
performed using Gaussian03 program [41], utilizing the implemented
density functional theory through Becke exchange and Lee, Yang and
Parr correlation functionals with 6-311G(d,p) basis set. The subsequent

Fig. 4. Comparison of Raman spectrum of polycrystalline 4MBA (A) obtained with 670 nm
laser, with the SERS spectrum of 1 mM 4MBA droplet (B), and the SERS spectrum obtained
by immersion of the substrate in the 0.01 mM ethanol solution of 4MBA for 30 min, rinsed
and dried (C). (B) and (C) were obtained with 785 nm excitation.

Fig. 5. SERS spectra of 1 mM solution of 4MBA (substrates were submerged for 30 min in
0.001 M 4MBA solution in EtOH, rinsed and dried) with 785 nm excitation using 20×
objective, 5 s accumulation time and 1 repetition, with BWTek i-plus spectrometer.
Spectra shown above were taken on different points on a single substrate which was
not annealed, spectra shown below on an annealed substrate. Spectrum of the backside
of the same substrate is also shown.
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Fig. 6. a) Results of the mapping of not annealed AuNP/SiNW substrate immersed in 1 mM solution of 4MBA (30 mM AgNO3, 20 min sputtering Au). b) Results of the mapping of annealed
AuNP/SiNW substrate immersed in 1 mM solution of 4MBA and rinsed (30 mM AgNO3, 20 min sputtering Au).
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3. Results and Discussion
Scanning electron microscopic images of two selected substrates
from the second group are displayed in Fig. 1. The diameters of silicon
nanowires (SiNW) were 80 to 100 nm, and their length from 1 to 1.1
μm. The wires ran parallel to each other, occasionally producing entanglements, while their free ends were accessible to gold particles
sputtered onto them. The voids between SiNWs grow larger when etching time exceeds 1 h. The appearance of voids described by Bontempi
et al. [31] was attributed to mechanical damage because SiNWs became
brittle. The procedures of electroless chemical etching and metalassisted chemical etching refer to mainly the same procedure, sometimes without hydrogen peroxide H2O2 and sometimes exchanging HF
with NH4F [24–38]. Occasionally nanowires get entangled or joined at
the top. The effect this has on SERS spectrum was discussed by Kara
et al. [36] in their SERS spectrum of melamine. The strongest Raman
band obtained with substrate with non-leaning SiNWs corresponded
to the strongest band in the reference Raman spectrum of pure melamine (676 cm−1), while there were two strong bands obtained with
substrate with leaning SiNWs, one shifted to 712 cm−1 and one notmuch-shifted from the reference (680 cm−1).
When chloroauric acid, HAuCl4·3H2O, is used for chemical deposition of gold on silicon nanowires, gold particles enter the vertical
space between the wires, getting bigger towards the top [32–34]. Our
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hybrid sensors were produced by sputtering gold onto SiNWs, thus
gold nanoparticles (AuNP) formed predominantly at SiNW tips. Their
dimensions were in the range 120 to 230 nm, while annealing caused
coalescence of several AuNPs into a bigger one (Fig. 1.)
The suitability of our hybrid substrates for SERS is demonstrated in
Fig.2, where droplets of different concentrations of 4MBA were deposited on a AuNP@SiNWs, which were not annealed. Spectra of droplets
were recorded while the samples were still wet, focusing the image
on the substrate/droplet interface. As the concentration of 4MBA is
lowered, the band at 300 cm−1 that corresponds to the calculated
value of 298 cm−1 for C—C—S in plane deformation is gaining the
intensity.
The band at 528 cm−1 corresponds to the Ag mode of the silicon, but
is shifted from the value observed for crystal (520.7 cm−1). Also, shoulders appear on this band, probably coming from the 518 and 548 cm−1
modes observed in the infrared spectrum and too weak to be observed
in normal Raman spectrum (Table 1, Supplementary Fig. S1). The two
strongest 4MBA bands are observed at 1077 and 1589 cm−1, and the
normal modes assigned to them depicted in Fig. 3.
The droplet technique is compared with immersion and drying technique in Fig. 4. The substrate is immersed in solution for 30 min, then
taken out, rinsed and left to dry. The crystal structure of 4MBA is unknown, therefore we could not calculate the positions of phonon
bands for powder sample (spectrum A, Fig. 4.). The observed bands at

Fig. 7. Comparison of SERS spectroscopy on gold-coated and pure vertical silicon nanowires. We used 40 mM AgNO3/5 M HF solution, and cut the plate in two pieces. On the ﬁrst part the
gold was sputtered for 7 min. The height of these vertical Si nanowires was 800 nm. Concentration of 4MBA: 10−4 M. a) Gold-coated not annealed SiNW. Above left: average Raman
spectral intensity is the middle line, the upper and lower spectrum bordering the grey area mark standard deviation of intensity. Above right: distribution of number of integrated
Raman intensity between 1520 and 1640 cm−1 of the mapped area. Below left: colour map with hot spots in light blue and yellow. The Raman intensity corresponding each colour is
given in the legend on the right. b) Pure SiNW. Above left: average Raman spectral intensity is the middle line, the upper and lower spectrum bordering the grey area mark standard
deviation of intensity. Above right: distribution of number of integrated Raman intensity between 1520 and 1640 cm−1 of the mapped area. Below left: colour map with hot spots in
light blue and yellow. The Raman intensity corresponding each colour is given in the legend on the right. (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)
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Fig. 7 (continued).

276 and 344 cm−1 are most probably internal molecular modes, since
there exist three modes predicted for free 4MBA at 259, 298 and
308 cm−1 (see Table 1 where all calculated modes for free 4MBA are
compared with the observed bands positions). The mode calculated at
259 cm−1 is out-of-plane deformation, while 298 cm−1 mode is C—C
—S bending deformation coupled with C—C—O bending deformation
of the carboxylic group. The 308 cm−1 mode is also an in-plane mode
containing ν(C—S) and ν(C—COOH) stretching motions. In SERS spectra
from Fig. 5, bands at 298 and 335 cm−1 observed for not annealed substrates gain in the intensity. The shift of 27 cm−1 between the expected
value of 308 cm−1 for free molecule and the observed band at
335 cm−1in SERS spectrum points to the fact that binding to the goldcoated silicon nanowire substrate has taken place. Comparing not
annealed and annealed substrates, we ﬁnd that there are no bands at
298 cm−1 and 335 cm−1, but an asymmetric weaker band at
360 cm−1 in the case of annealed substrate (Fig. 5). This change is attributed to much bigger gold islands on the top of Si nanowires (Fig. 1).
Para-mercaptobenzoic acid is a suitable SERS test molecule able
to bind both on gold and silver nanoparticles [43–47]. It was one of
several benzoic acid derivatives for which Guo et al. performed
time-dependent density functional theory calculation of possible
HOMO and LUMO states [48]. It turns out that at different pH,
LUMO available orbital has different electron density, for low pH it
is spread over all molecule, while for high pH it is almost exclusively
localized on —S—H group. Michota and Bukowska used roughened
silver or gold electrodes at various voltages for obtaining SERS spectra of 4MBA [44]. When gold surfaces were prepared, 4MBA attached
itself with sulphur atom to the gold one, irrespectively of pH. They

observed two bands characteristic for —COO– group, the symmetric
stretching band at 1370–1380 cm-1, and the bending of COO– group
at 848 cm−1. These two bands occur when pH is approximately neutral, and we have recorded them in our SERS spectra of 10−5 M 4MBA
(spectrum C, Fig. 4., and Supplementary Fig. S2). The absence of
2580 cm−1 band assigned to ν(S—H) is conclusive of binding via sulphur atom (Fig. 5).
Raman mapping of an annealed vs. not-annealed substrate was performed in order to explain the better quality of SERS spectra in notannealed samples (Fig.5). In Fig. 6a and Fig. 6b the density of hot spots
is compared by analyzing the integrated Raman intensity of the
1520–1640 cm−1 4MBA band.
Not-annealed substrates presented a more homogeneous distribution of hot spots with respect to annealed ones, according to intensity
maps and area distribution histograms in Fig.6. In annealed substrates,
high intensity values are only observed but in few isolated spots, on a
background of low-intensity values. On the other hand, in nonannealed substrates, the dimensions of the high-intensity spots were
larger, on an overall background of medium-intensity values. It seems
that larger dimensions of the nanostructures obtained by annealing
with respect to non-annealed substrates (as seen in Fig.1) are less efﬁcient in enhancing the signal. Their structural inhomogeneity exists on
a larger scale, leading to a worse intra-substrate repeatability.
In order to experimentally determine the ratio of Raman intensity
for gold-coated not annealed silicon nanowires and pure silicon nanowires, we performed Raman mapping of the two substrates previously
immersed into 10−4 M solution of 4MBA for 30 min and dried. The intensity ratio of the background corrected average SERS spectra is 234
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