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Abstract. Surface-enhanced Raman scattering (SERS) from silver nanosculptured thin films
(STF) was studied in detail for biosensing. The influences of the nanostructures’ sizes, topology,
the substrate features, and the preparation conditions on the enhancement were examined.
Enhancement factors on the order of 107 were obtained from silver nanorods deposited on
bare silicon substrates with respect to their dense counterparts, using 4-aminotheophenol
(4-ATP) for the Raman emission. The low detection limit that can be achieved with STFs is
below 1 μg/lit of the probe molecule 4-ATP in Ethanol solution. Theoretical modeling based
on a single small spheroidal nanoparticle helped in explaining the main properties of SERS
from STFs. Stability of the films was noticed over a period of one year without significant degra-
dation. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JNP.6
.061605]
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1 Introduction

Surface enhanced Raman scattering (SERS) technique has a great potential for variety of envir-
onmental or medical sensing applications as it can afford small limits of detection and specificity.
Several mechanisms of enhancement were proposed in the early days of SERS investigations1,2

to account for the experimental facts observed. These mechanisms converged with the years into
two classes, which were called the electromagnetic mechanism (EM) and the chemical mechan-
ism (CM).2 The EM mechanism is caused by the nanoscale roughness of the surface under con-
sideration. The key result is that surface plasmons can be excited, resulting in an enhanced
electromagnetic field close to the surface. In Raman scattering, the intensity depends on the
square of the incident field strength; as a result, the intensity will be enhanced relative to
what it would be in the absence of the surface. The Raman emitted field may also be enhanced,
generally by a different amount than the incident field, because the frequency is different. The
overall enhancement associated with the incident and the emitted field enhancement is called
the EM contribution to SERS (see Appendix). The CM of enhancement comes, in particular, to
explain the difference between the intensities obtained from different molecules despite the fact
that they have the same polarizability.

In the last decade, a tremendous progress was achieved in fabricating variety of nanostruc-
tures and nanoparticles that support localized surface plasmon resonances (LSPRs) in the visible
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and the UV range. Plasmonic effects appear at the interfaces between metals and dielectrics and
include variety of phenomena such as enhanced transmission through nanoholes,3 field enhance-
ment and with it enhanced spectroscopies4–8 and other properties such as enhancing the effi-
ciency of solar cells.9 One of the most attractive features of the EM mechanism is that the
enhancement and its wavelength dependence can be estimated by calculations that require
only the size, shape, and the dielectric function of these nanostructures. A number of calculations
of the enhancement based on this idea appeared in the literature. Kerker et al.10 developed a
theoretical model for a molecule on or near a spherical particle. Also Ohtaka11 did the same
derivation for two spheres using more complicated rigorous calculations. Moskovits12 summar-
ized through a comprehensive review study, calculations for spheroidal nanoparticles and several
methods of treating the case of roughened surface that will be considered in our discussion.
Shrader and Moore13 surveyed the physics of Raman spectroscopy and the relevant instrumenta-
tion. More updated work was done by Schatz and Van Duyne14 in which they expanded the
discussion to various particle shapes and materials with graphic results that may be useful
for multi particle system analysis.

Since SERS is a powerful analytical tool for obtaining vibrational information for molecules,
and since this signal can be considerably enhanced by metallic nanoparticles, many works were
done in the field of biosensing using a wide variety of engineered nanostructures, including the
detection of single molecules.15 Orendroff and coworkers16 examined the effect of the aspect
ratio of silver and gold separated nanorods on SERS enhancement. They found that silver
and gold nanorods with aspect ratio of 10 and 1.7, respectively, give the largest enhancement
factors. Raman difference spectroscopy (RDS) was used by Lee et al.17 to investigate the phy-
sical aging phenomenon of the molecule Bisphenol-A—polycarbonate (BPAPC). Nicrosis due
to chemotherapy and radiotherapy in treating tumors was detected by SERS spectroscopy,18

glycated hemoglobin (HbA1c) in diabetics,19 detecting viruses,20 and single molecule spectros-
copy (SMS) of hemoglobin (Hb) by silver nanoparticles was examined.21 Structures of the form
of dielectric-metallic core-shell,22 flowerlike nanoparticle arrays, nanoflowers, nanowires
networks, nanosheets,23 and the combination substrate-molecule-silver (gold) nanoplates24

also were investigated for SERS enhancement.
Localized surface plasmon (LSP) from an array of particles deposited on a substrate differ

from the LSP on the surface of a single particle because the interaction with the substrate and the
particles around Refs. 25 and 26. Coupling between surface plasmons of adjacent particles pro-
duces “hot spots” with further electromagnetic enhancement. In this direction, Zhou et al.27

reported that the detection limit of R6G can be 1 × 10−14 molL−1 rom well-separated silver
nanorods deposited on Si substrate. Furthermore, SERS spectroscopy was used to distinguish
between LSPs from an array of oblate golden spheroids and propagating surface plasmon from
thin gold film, which was deposited beneath Ref. 28. Nanowires prepared by the Langmuir-
Blodgett technique (LB) with length on the order of 2 to 3 microns and 50-nm diameter
with pentagonal cross section exhibited a large enhancement of SERS.29 According to the
expressions of the enhancement factor of SERS due to LSP excitation, the larger gain is attain-
able when the excitation wavelength is close to the LSP wavelength of the particle adjacent to the
probe molecule.13 Since the enhancement comes from both the incident (exciting) field and the
scattered field with shifted frequency, it is adequate to require that the LSP frequency located
between the exciting and the shifted frequency. Felidj and collaborators made attempts to
confirm this fact experimentally.30

The effect of the substrate type on the Raman scattering intensity was formally treated, for the
first time, by Greenler and Slager before even the SERS phenomenon was predicted.31 Greenler
model was modified, improved, and developed recently by Liu and Zhao32 to the case of SERS
from tilted nanorods deposited on flat substrates. Although silver nanorods were and still widely
used by many researchers as an attractive substrate in investigating SERS,33–35 only few inves-
tigators examined the most optimal nanostructures for larger enhancement in terms of optimizing
the size, shape, separation and substrate material.

In this work we present a study of SERS substrates based on a special type of rods in the form
of thin films called sculptured thin films (STFs),36 prepared by the glancing angle deposition
technique (GLAD), which have been under investigation recently in our group for their plas-
monic properties.5,37–40 Although several works41–44 have already been published on SERS from
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Ag and Au STFs, no comparison between the different substrates materials and film deposition
conditions was considered. Here, a wide manifold of silver STFs is considered and the effects of
the rods length, shape, and the substrate type on SERS enhancement are considered as well as a
theoretical modeling which is proposed to explain the results.

2 Samples Preparation and Experimental Setup

1. Sculptured thin films (STF), which are assemblies of shaped parallel nanowires, are
prepared using many variants of the basic glancing angle deposition (GLAD) techni-
que.45 The growth mechanism is based on self-organized nucleation of nanoparticles
and subsequent highly directional growth due to atomic shadowing of the nanoparticle
flux reaching the substrate at a large oblique angle with respect to the substrate normal.
With an appropriate substrate rotation during growth, the nanostructures can be varied
in shape from tilted rods to helices to chevrons and recently blades.46

The Ag nanorods of STFs were grown by means of electron-beam-evaporation
GLAD.47,48 The incidence angle at deposition was set to 85 deg from the substrate
normal in all cases. For reference, dense films of each material were prepared with the
incidence parallel to the substrate normal. Some of the films were deposited on sub-
strates templated with monolayers of Polystyrene nanospheres using a self-assembly
method and with Au dots in hexagonal arrangements gained by evaporating Au
through the voids of such self-assembled films of hexagonally close-packed nano-
spheres with subsequent removal of the spheres as described by Fuhrmann et al.49

After growth, the samples were examined with scanning electron microscopy (SEM)
at 2.5 kV acceleration voltage. Analysis of the SEM micrographs was done using the
commercially available Scanning Probe Image Processor (SPIP) (version 3.2.6.0) with
the grain-detection module. A schematic illustration for the general structure of the
rods is demonstrated in Fig. 1.

2. The SERS probe molecule 4-Aminothiophenol (4-ATP) was diluted in ethanol at 1 wt.
%. After immersing the STFs in the solution for 24 h, the ethanol was evaporated by
exposing the samples to air for about half hour. The specific vibration modes of the
adsorbed molecule were considered in order to evaluate the enhancement factors of
SERS from the different STFs.50 For evaluating the detection limit, lower concentra-
tions of 4-ATP in ethanol were used down to the order of 10−10 wt.%.

3. Surface enhanced Raman scattering (SERS) measurements were performed using
Raman spectroscopy system (Control Development), which is equipped with a laser
diode emitting at 785 nm as the excitation wavelength and having approximately

Fig. 1 Schematic illustration which demonstrates the columns creation during the evaporating
process. Side view of the STF (a) Top view of the STF (b) Schematic description to the interaction
between the incident electric field and the inclined columns of the STF (c). h- STF layer thickness,
d - rod’s diameter in the plane of the incoming vapor flux, α- rod’s inclination angle measured from
the substrate, a- rod’s diameter perpendicular to the plane of the incoming vapor flux, and b the
major axis length. Ei The incident electric field amplitude and k̂ i a unit vector indicates the
propagation direction.
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50 mW power on the samples (∼80 W∕cm2). The excitation is coupled to the sample
using a 200 μm core fiber and the back-scattered radiation was collected using 400 μm
core fiber. For each sample, a dense film of the same material and with the same thick-
ness deposited on similar substrate was taken as a reference. The samples were divided
into subgroups in which each group has common features, and then a comparison
between the different subgroups was made in order to identify the sample with the
highest enhancement.

3 Experimental Results of SERS

In the first step, two types of Ag nanostructures were prepared, namely vertical columns and
slanted Ag columns with varying heights. These samples were made on four different types of
substrates: bare Si(100), Si(100) covered with 15-nm-thick Ti layer, fused silica (glass), and
honeycomb template with 35-nm-thick Au dots. In order to pattern the substrates with growth
seeds in honeycomb-like arrangement, the nanosphere lithography was used. These substrates
were patterned before depositing the Ag films, to grow the nanorods in periodic arrangements.
Initially, a bare silicon substrate was covered with polystyrene nanospheres of diameter
D ¼ 517 nm in hexagonal-close-packed arrangement. After such spreading of the nanospheres,
35-nm Au was deposited through quasi-triangular spaces (i.e., spaces through successive
spheres), then the nanospheres were removed in an organic solvent and the Au dots remained
in honeycomb-like arrangement [see Fig. 2(c) and 2(d)].

By varying the deposition time, the nanostructures were sculptured with different heights.
The heights for both the vertical and the slanted columns were planned to be similar in the range
50 to 400 nm. This group of samples will be referred to as group A. the vertical columns are
perpendicular with respect to the substrate surface, whereas slanted columns have inclination
of roughly 20 to 25 deg with the substrate.

The substrate influence was examined by comparing samples with the same heights and
inclination on different substrates. From Fig. 3, one can see that, nanostructures deposited
on Si(100) give larger enhancement than STFs with the same features but deposited on
other materials. Figure 3 shows only the results of STFs made of about 350-nm height vertical
columns deposited on different substrates and compared to typical spectrum of solid 4-ATP
bulk. The curves of fused silica and Si(100) with 15 nm Ti were exceptionally enlarged for

Fig. 2 Ag nanorods with ∼350 nm height deposited on bare silicon substrate (a) deposited on
silicon covered by 15 nm titanium thin layer (b) deposited on a prepatterned Honeycomb
(517 nmdiameter of sphere∕35 nm Au dot) (c) top view of image c (d).

Shalabney et al.: Detailed study of surface-enhanced Raman scattering from : : :

Journal of Nanophotonics 061605-4 Vol. 6, 2012

Downloaded From: http://nanophotonics.spiedigitallibrary.org/ on 09/18/2014 Terms of Use: http://spiedl.org/terms



convenience. Although the results of the slanted columns with the same sizes are not shown here,
they exhibited the same dependence with the substrate material. This behavior of the STFs versus
the substrate type was repeatable and independent of the columns height for almost all the size
categories in this group of samples.

The interference fringes of the signal obtained from the honeycomb template substrates are
most likely due to the periodic order of the nanostructures composing these substrates as can be
seen from Fig. 3(b). Since the columns that were deposited on the bare silicon substrates gave the
largest enhancement with respect to the other substrates, the examination of other features within
this group of samples was focused on these types of STFs, namely Ag columns on silicon
substrates.

The actual heights of the nanostructures that were grown on silicon in this group were in the
range of 50 to 350 nm for the vertical columns and in the range 50 to 400 nm for the slanted
columns. Although the height effect was examined for all the substrates, Fig. 4 presents only the
Raman intensity obtained from those that were deposited on silicon. The actual heights of the
columns as they were estimated from the SEM images are slightly different from the planned
heights of the nanostructures. Figure 4(a) shows Raman scattering intensity obtained by the
vertical columns V1-V4 with heights as estimated from the SEM images are 50, 150, 250,
and 400 nm, respectively. Figure 4(b) shows the SERS from the slanted columns S1 to S4
with their estimated heights being 50, 120, 250, and 400 nm, respectively. The scattering
from closed thick Ag film on Si was recorded and compared with the results of both the vertical
and slanted columns. The Raman signal obtained from closed film response is considerably
below the noise level, which clearly emphasizes the prominent contribution of the nanostructures
to SERS enhancement. Both the measurement results from the vertical and the slanted columns
show that there is an optimal height of the columns in which the enhancement factor of SERS is
the largest when the size-based comparison is considered. Furthermore, one can see from Fig. 4

Fig. 3 Raman signals from Ag STFs with vertical columns of height nearly 350 nm that are depos-
ited on silicon substrate (left vertical axis), silicon covered with 15 nm Ti (right vertical axis), fused
silica (right vertical axis), and honeycomb 517∕35 nm Au dots (left vertical axis) compared to typi-
cal spectrum from solid phase ATP (left vertical axis) (a) SEM cross section pictures of vertical
columns on honeycomb 517∕35 nm Au dots (b) similar to b with slanted columns (c) vertical col-
umns on Si (d) similar to d with slanted columns (e) vertical columns on Siþ 10 nm Tiðf Þ similar to
f with slanted columns (g). The curves of fused silica and Si(100) with 15 nm Ti were enlarged
(x10) by adding secondary vertical axis for convenience.
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that this optimal height located in the range 300 to 400 nm in both cases of vertical and slanted
columns with a slight advantage to the sample with the slanted columns.

Since the size and shape of the nanostructures that composed the STFs is a key feature in
determining the SERS enhancement, another group of samples was prepared to examine this
effect extensively. Group B consists of only vertical columns with six different heights. The
measured heights and widths of the rods are given in Table 1 as well as the originally planned
height values. Each sample of group B was deposited on two different substrates, bare Si(100)
and bare Si(100) with 45-nm Ag layer above. The purpose of adding the flat 45-nm Ag film

Fig. 4 Raman intensity of the vertical columns in group A with different heights V1–V4 deposited
on Si(100) (a) Slanted columns with different heights S1–S4 on Si(100) (b) Comparison between
S3 and V3 enhancement (c) Side view SEM image of V3 (d) SEM cross section image of S3
(e) The scattering from 300 nm thick closed Ag film on Si(100) is presented for comparison in
both (a) and (b) The heights of the vertical and slanted columns are mentioned in the text.

Table 1 The planned and actual heights of some of the films in group B. The deposition time and
columns diameter are also given.

Sample no.
Planned

height (nm)
Deposition
time (min)

Column
width (nm)

Column approx. number
density (μm−2)

Measured film
height (nm)

1 50 31 76� 34 65� 11 58

2 100 62 140� 47 43� 11 97

3 200 124 171� 42 22� 9 192

4 300 187 188� 53 20� 6 289

5 500 250 204� 41 18� 3 442

6 600 300 231� 39 11� 2 487
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underneath the STF is to test the conclusions of some previous studies on SERS, which reported
the advantage of adding this film.32

The effect of the shape of a nanorod on the LSPR is often characterized by the aspect ratio.
The nanostructures in group B approximately have a spheroid shape with the diameter in the
plane of the incoming vapor flux and the diameter perpendicular to this plane are approximately
equal. In this case the aspect ratio of the rods is defined as the ratio between the long major axis
perpendicular to the substrate and the short axis parallel to the substrate (see Fig. 1). One of the
major requirements from the new samples group is to examine the aspect ratio effect on the
enhancement factor. Basically, in order to perform this examination, the heights of the films
are required to vary while the rods diameters are kept fixed.

Although Fig. 5(a) demonstrates that STF with 442-nm rod’s height has the largest SERS
enhancement factor, several clarifications of the deposition process should be taken into con-
sideration. In fact, the deposition rate for all the films was kept constant; however, the films
thicknesses are different from the planned values (see Table 1). This could be a result of
some early mounds that are formed at the substrate surface, which become broader as the
film thickness increases. Consequently, column number density (i.e., column number per
unit area) decreases with respect to increasing film thicknesses due to competitive growth
mode under shadowing condition. Additionally, as one can see from the SEM micrographs
for the layers with 58 and 97 nm heights [see Fig. 5(c)], the columns are interconnected
with each other. Similarly, for the thicker layers there might be identical bases, which are inter-
connected with neighbors but from the top view SEM micrographs the columns are separated
[Fig. 5(d)]. However the overall columns growth process is strongly influenced by the nucleation
layer (i.e., early growth islands). One can conclude from the SEM images that when the STF
height is small, the nanostructures are formed in islands-like shapes and don’t have the columnar
shape as STFs with larger height. Because of these limitations in the deposition process and the
scaling between the deposition time and the columns widths, the obtained aspect ratios of the
films in group B were not precisely as planned. For the same reasons the layers that were depos-
ited on 45 nm Ag thin film have columns that are very close to each other or even merged

Fig. 5 Raman intensity of Ag STFs with different heights deposited on bare Si substrate (a)
Comparison between the Raman signal of STF deposited on bare Si substrate (sample 3)
and STF on 45 nm Ag film (sample 5) (b) Top view SEM image of sample 1 (c) Top view SEM
image of sample 5 (d).
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together. The actual dimensions of the layers as they were estimated after the deposition process
are given in Table 1.

Figure 5(b) demonstrates the comparison between STFs that were deposited on bare Si sub-
strate and those that were deposited on Si with additional 45-nm closed film above. Although the
comparison is shown for two heights, one can see that there is no advantage to the Ag thin film
beneath the columns; on the contrary, this additional layer may decrease the enhancement for
larger columns.

To deduce the enhancement effect of SERS from 4-ATP on these substrates quantitatively, the
enhancement factor (EF) values of a monolayer of 4-ATP on STFs were calculated according to
acceptable procedure in the literature.51,52 The EF was calculated according to the following
expression:

EF ¼ ISERS
Ibulk

·
Mbulk

Mads

; (1)

where ISERS is the SERS intensity of a specific vibrational mode from 4-ATP on STF, and Ibulk is
the intensity of the same vibrational mode from the solid phase of the sample. When the solid
phase spectrum is considered, Mbulk the number of molecules that are exposed to the laser beam
is calculated from Mbulk ¼ Alaser · dpen · Nm. The multiplication of the spot size Alaser and the
penetration depth of the beam inside the solid sample dpen gives the volume of the laser beam
portion inside the sample, and Nm is 4-ATP molecules number density in the solid state.

For the SERS spectrum, the number of the adsorbed molecules Mads at the STF surface can
be calculated by: Mads ¼ C · fAlaser · Pdeng · fSp∕Smg. Here Pden is the columns density of the
STF (columns per unit area), Sp is the single column entire surface area, and Sm is the area
occupied by single 4-ATP molecule when it is adsorbed to the STF. The coefficient C expresses
the 4-ATP concentration in 4-ATP/Ethanol solution in which the STF was dipped. This correc-
tion factor is essential in particular when the molecules number in the solution is below the full
coverage limit. Considering the Ethanol density 0.789 gr∕lit, 4-ATP molecular weight
125.19 gr∕mole, and 4-ATP weight concentration 0.01, the 4-ATP molecules number in
0.25 ml the volume in which the STFs were dipped, is about 9.5 × 1018 molecules. On the
other hand, the numbers of 4-ATP molecules that are needed to ensure full coverage at the sur-
faces of the samples 1 to 6 are 1.39 × 1014, 2.37 × 1014, 2.54 × 1014, 4.27 × 1014, 6.37 × 1014,
and 4.86 × 1014, respectively. These numbers were calculated using the entire surface of the
columns, the area occupied by single 4-ATP molecule (0.2 nm2), and the STF area, which
is about 25 mm2. One can see that 1% 4-ATP weight concentration in the solution is absolutely
sufficient to ensure full coverage of 4-ATP monolayer at each of the samples presented. Hence
we set C to unity in our calculations of the EFs.

In order to apply the EF calculation procedure, the Raman scattering from the solid phase
4-ATP was acquired under the same experimental conditions as the STF layers and plotted
together with the SERS spectrum of sample 4 in Fig. 6. Considering depth of field of about
1 mm of the laser beam, and spot diameter at the sample of 0.2 mm, the enhancement factors
of the prominent 4-ATP peaks were calculated and given in Table 2.

The area occupied by a single 4-ATP molecule is about 0.2 nm2 (Ref. 53), which is the
theoretical lower limit of the molecule footprint. Since the 4-ATP molecule is perpendicular
to the surface,32 only the field’s component normal to the surface contributes to the SERS spec-
tra. Moreover, due to the lightening rods effect, the molecules located near the upper edges of the
columns are expected to be more significant to enhancing SERS. Therefore, the calculated EFs
when the entire surface area of the columns is considered will likely be an underestimate rather
than an overestimate. Nevertheless, EFs on the order of 107 is a remarkable result compared to
other structures that were recently presented by other groups such as rings, dimmer nanocubes,
Ag nanowires, and high aspect ratio Ag nanorods with EFs of 4.2 × 106, 3 × 106, 2 × 105, and
2 × 106, respectively.16,29,54,55

Three strong bands at 1593, 1079, and 394 cm−1 can be observed for the 4-ATP molecules on
the Ag STF [Fig. 6(b)], which are the A1 modes of the 4-ATP molecule.56 In addition, a weak
band at 1147 cm−1, which is the B2 modes of 4-ATP molecule, was observed. Although some of
the vibrational bands of 4-ATP could be enhanced due to the metal-to-molecule charge-transfer
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mechanism, which largely depends on the energy of excitation and the metal surface potential,
the STF substrate causes a large increase in the intensity of the overall spectra. The significant
contribution of the EM to the enhancement can be easily explained by the very weak signals that
were obtained from the closed films [Fig. 4(a) and 4(b)].

Vibrational frequencies and relative Raman scattering cross sections of SERS spectra are
generally different from those measured in fresh samples due to the CM effect. As a conse-
quence, additional bands may become observable in SERS spectra, or existing bands may
be attenuated beyond the detection limit.57,58 While the EM effect can extend up to a few
tens of nanometers, the CM effect is extremely localized in nature. When sample molecules
come close to the metal atoms, typically at molecular distances, the sample molecules may
get adsorbed on the metal and make chemical bonds with metal atoms. This usually happens
with a transfer of charge from the metal to the sample molecule. The chemical bonds on one hand
restrict the natural vibration of free molecules resulting in modified vibrational frequencies of
adsorbed molecules; on the other hand, the charge transfer results in resonance effect, enhancing
the overall Raman scattering from the adsorbed molecules. In fact, the charge transfer serves as
the intermediate stage of the resonance Raman process in the CM effect. Thus the CM effect
adds up in enhancement and results in shift of the vibrational frequencies.59

Fig. 6 (a) Raman intensity of solid phase ATP with the most prominent vibrational modes of
the probe molecule, (b) SERS spectrum measured from sample 4 of group B after it was dipped
in ATP\Ethanol solution with 1% wt. ATP concentration. The integration time of the two spectra
was 20 seconds.

Table 2 Calculated EF values for 4-ATP on the different samples of group B for different
vibrational modes. Samples 1 to 6 are the same samples that are indicated in Table 1.

394 cm−1 648 cm−1 827 cm−1 1007 cm−1 1079 cm−1 1180 cm−1 1495 cm−1 1595 cm−1

Sample 1 0.8 × 106 0.6 × 105 0.5 × 105 0.2 × 106 0.7 × 105 0.2 × 106 0.1 × 106 0.1 × 106

Sample 2 0.1 × 106 0.7 × 105 0.6 × 105 0.2 × 106 0.7 × 105 0.2 × 106 0.9 × 105 0.1 × 106

Sample 3 0.3 × 107 0.16 × 106 0.15 × 106 0.5 × 106 0.2 × 106 0.4 × 106 0.2 × 106 0.4 × 106

Sample 4 0.5 × 107 0.17 × 106 0.12 × 106 0.7 × 106 0.4 × 106 0.5 × 106 0.3 × 106 0.5 × 106

Sample 5 0.3 × 107 0.9 × 105 0.8 × 105 0.4 × 106 0.2 × 106 0.3 × 106 0.2 × 106 0.3 × 106

Sample 6 0.7 × 106 0.4 × 105 0.3 × 105 0.1 × 106 0.6 × 105 0.1 × 106 0.6 × 105 0.8 × 105
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Since SERS is often used for biomolecules detection, the low detection limit of ATP from
STF was also examined. For this purpose, 4-ATP was diluted in ethanol with different concen-
trations. One can notice from Fig. 7 that remnants of some of the vibrational modes are obser-
vable even when the STF is dipped into pure ethanol. These are perhaps due to C-C or C-H
related chemical bonds that evolve from the surface ethanol interaction. In fact, the observation
of these Raman peaks is clear indication that single molecules are indeed observed on the sur-
face. On the other hand, no bands of the pure bulk ethanol are observed from the STFs SERS
spectra since the samples were thoroughly dried from the ethanol before acquiring the SERS
spectra. In order to make our sensing examination more realistic and unique, we used the peak at
1495 cm−1, which obviously appears in the solid phase 4-ATP spectrum and in the 4-ATP on the
STF spectrum as well, while it approximately disappears in the spectrum obtained from the pure
ethanol.

The 4-ATP concentration in ethanol varies from 0.5% wt (4 gr∕lit) down to 9.6 × 10−10% Wt

(7 × 10−7 gr∕lit) until the intensity of the peak at 1495 cm−1 vanishes. One can see from
Fig. 7(a) that a concentration of 0.7 μg/lit of 4-ATP can be easily detected by some of the
STFs substrates. It should be also noted that the STF that was used in Fig. 7 is not the optimal
structure that we found before. Hence the actual smaller detection limit is expected to be smaller
than this value.

4 Discussion

The Raman intensity from the STFs was initially compared to the reference samples, which
are the counterpart-closed films. In the case of flat surface, there are several models that can
describe the electromagnetic interactions between the adsorbed molecule and a flat metal sur-
face.12 The enhancement occurs due to the fact that the molecule near the surface is illuminated
by both a direct and a reflected field, which are coherently superimposed to give intensity up to

Fig. 7 SERS from STF with 500 nm height deposited on thin 50 nm Ag film on Si substrate for
different ATP in Ethanol concentrations. The corresponding ATP concentrations for the curves are
given near each curve in ATP grams per Ethanol liters (a) The peak located at 1495 cm−1 intensity
versus ATP concentrations that were addressed in part a of the figure.
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four times the incident intensity. Likewise, the Raman scattered field is composed of a direct and
reflected field yielding up to fourfold an increase in its intensity leading to up to total maximum
enhancement by factor of 16.

Treating roughness features, on the other hand, was done by considering a small metal ellip-
soid, near which the adsorbed molecules are placed. The dipole moment induced in an adsorbed
molecule will be due both to the incident field and the field elastically scattered by the metal
ellipsoid. For ellipsoids small compared to the wavelength of light, this scattered field becomes
much larger than the incident field when the frequency becomes resonant with the dipolar sur-
face plasmon. This may be regarded as a field concentration effect in a limited region of space in
the vicinity of the ellipsoid. Moreover, the Raman-scattered field will, for small Raman shifts,
become resonant or near resonant with the surface plasmon of the metallic particle causing the
field scattered by the metal particle to be unusually large. That is, the scattered power received
from the oscillating molecule will be unusually large as a result of this resonance. Recently, the
quantitative nature of the electromagnetic enhancement effect on SERS was studied by Yoshida
et al.60 The validity of this effect both theoretically and experimentally was absolutely demon-
strated using metallic isolated nanostructures.61

In order to basically examine the experimental results, our STF layers are modeled as arrays
of identical and parallel spheroids on which the probe molecules are adsorbed. The model that is
described in the appendix basically gives an insight into the enhancement process caused due to
the LSPR excitation of the nanostructures that composed the STF. The spheroid EM model pre-
sented here still does not describe the realistic experimental results exactly because it treats each
nanorod as independent from the others. Since the model considers the enhancement for an
isolated particle, the effects of the substrate and coupling between adjacent particles on the
enhancement magnitude and shape, which are important, were not considered in this model.
Since the results that are presented here are obtained within a comparative study, the spheroid
EM model can provide basic qualitative explanation to the major results.

More exact numerical calculations were presented by Yang et al.62 using the discrete dipole
approximation (DDA) method to determine extinction and Raman intensities for small metal
particles of arbitrary shapes. The coupling between adjacent particles and the influence of
the substrate were examined, although in their calculations only two particles were considered,
it still gives a representative description in the case of particles array. A comparison between the
spheroid EM model and the DDA method results did not exhibit significant differences between
the enhancement shapes. A little red-shift in the resonance wavelength and suppression of about
15% in the intensity were observed in the case of two coupled particles compared to the enhance-
ment obtained from single identical particle in the DDA method. Similar behavior of the reso-
nance wavelength was also observed when the spheroid particle was approached to a flat
substrate, with an extremely small increase in the enhancement magnitude. Another comparison
of the spheroid EM model was done with exact electrodynamics calculations using the T-matrix
method.63 Reasonable agreement was obtained between the results of the spheroid EM model
approximation and the T-matrix method results, except slight differences in the resonance wave-
lengths that may be also affected by the differences in the metal particle dispersion that was
considered in the two methods. Since we present here a comparative study, the enhancement
results that are estimated from the spheroid EM model could be accounted as a reasonable
tool in analyzing the experimental results. Also, as one can see easily from the SEM micro-
graphs, the rods size and width have some distribution, which also needs to be taken into account
in an exact model.

In the earlier stages of our study, different materials were examined from the aspect of enhan-
cing Raman intensity. Since silver exhibited the largest enhancement among these materials, it
was solely used in presenting the current evidences. Considering Eq. (A2) in the appendix, close
to the resonance region which is defined by εir ¼ −χi · ε0 where εir is the real part of the dielec-
tric constant of the nanostructures, one can see that the enhancement is proportional to the factor:
jgðλexÞj2. If we compare between different materials with the same particles shape, we find that
jgðλexÞj2 is in particular governed by the ratio ðεir∕εiiÞ2. The ratio between the real and the
imaginary parts for silver at the excitation wavelength is the highest among the other materials
that were examined.
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Another direct consequence of the EM model shows that increasing the aspect ratio of the
spheroid causes a red-shift in the resonance wavelength and broadening in the enhancement
shape. The red-shift is caused by increasing the rotational axis length; in particular when
the polarization state of the incidence field is parallel to this axis, and the resonance wavelength
is proportional to this length. The increase in the maximum enhancement, on the other hand, is
due to the lightning-rod effect in which the enhancement is maximized at the tips of the spheroid
[see Fig. 8(a)]. When the total size of the particle increases while keeping the aspect ratio fixed,
the resonance wavelength will be red-shifted, and the enhancement profile becomes wider with a
significant suppression to the maximum enhancement [Fig. 8(b)]. This in fact shows the elec-
trodynamics correction effect, which is more significant when the particles are larger. The trade-
off between these two effects can simply explain the fact that there is an optimal height in which
the enhancement is largest.

Considering the latter consequences of the enhancement profile, one can state that the shape
and size basically govern the polarizability of the nanostructures and hence affect the LSPR
wavelength and the enhancement shape. The substrate type, on the other hand, modifies the
effective refractive index (RI) of the hosting medium of the nanostructures, which affects
the LSPR wavelength location as well.64 So the combination of the height of the optimal struc-
ture that was presented in Fig. 4 together with the substrate where the nanostructures are depos-
ited is probably responsible to the final location and shape of the enhancement profile. The entire
effect of the size, shape, and substrate type increases the overlap between the enhancement pro-
file and the exciting laser band, which, by the end, is realized by the large SERS enhancement
from this optimal STF. This interpretation can hold for both the optimal structures from group A
and B that were presented in Figs. 4 and 5, respectively.

When the elongated rods are inclined with respect to the surface, both the lateral and the
longitudinal modes of the LSPR can be excited, which is expected to positively contribute
to the total enhancement [see Fig. 1(c)]. The additional contribution to the enhancement due
to exciting the longitudinal LSPR may be more significant when the nanostructure is more elon-
gated and that is caused due to the large enhancement caused by the major axis mode compared
to that of the equatorial axis. The superposition of the two LSPR modes can interpret the advan-
tage of the slanted columns, which was demonstrated in Fig. 4(c).

The islands involved in the beginning of the deposition process constitute the bases of the
rods and therefore have a significant effect on the final shape of the nanostructures and their

Fig. 8 Raman enhancement factor calculated using equations A1 and A2 in the appendix when
the electrodynamics correction is considered and the Raman frequency shift is 1010 cm−1. The
curves correspond to silver prolate spheroid with fixed equatorial semi-axis equals 25 nm and
various aspect ratios. The incident field is polarized parallel to the rotational axis and the surround-
ing medium is air with dielectric constant equals unity (a) Raman enhancement factor for silver
prolate spheroid with fixed aspect ratio equals 2 embedded in air. The rotational semi-axis is varied
from 25 nm to 200 nm and the polarization of the incident field is parallel to the major axis (b).
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separation. This apparently was the reason for obtaining smaller enhancement from STFs that
were deposited onto Si with thin silver film. This effect disturbs the final shape of the nano-
structures and becomes stronger when the rods of the STF are larger [see Fig. 5(b)]. The dis-
turbance in the uniform shape of the nanostructures due to these connected bases expands the
distribution of the structures sizes, which broadens and spreads the LSPR spectra. Samples that
were deposited on Si substrate, on the other hand, were more separated and uniform; hence their
enhancement profile is expected to be more defined and sharper. Furthermore, we believe that
this mounds effect is also responsible for the differences between the enhancement obtained
from Si and Si with Ti substrates. Since the differences between the compositions of these sub-
strates are not expected to be so significant, the larger enhancement obtained from STFs on Si is
due to the more separated columns with respect to those that were created on the Si and Ti
substrates [see Fig. 3(d) and 3(f)].

A note should be finally added on STFs with small thickness as they can in fact be considered
as islands, which were extensively reported as attractive substrates for SERS and SEF.65,66 How-
ever the nanostructures are still interconnected, this islands-like shape can obviously be observed
from Fig. 5(c). Comparison of STFs with larger heights and in particular those with the optimal
height with these islands-like shapes shows that the STFs with the columnar shape still have clear
supremacy upon the islands-like structures, which in turn could be counted as being a more
credible comparison when evaluating SERS enhancement with respect to other substrates. In
addition, for different excitation wavelengths, one needs different rod heights and different
aspect ratios, which cannot be controlled efficiently with metal islands.

At last, one more comment should be added on the long-term stability of the STF structure.
Some of the samples were kept in standard lab conditions without any particular protection pro-
cedures. The SERS enhancement factors from these samples after one year were not significantly
harmed due to the aging effect. We believe that the stability of these films can be considered as a
very remarkable feature, which should be further investigated in the future.

5 Conclusions

Comparative detailed study of surface enhanced Raman scattering (SERS) from silver nano-
sculptured thin films (STFs) was presented. The STFs were deposited on different substrates
with various shapes and sizes. The STFs used are assemblies of tilted, shaped, parallel nano-
structures prepared with several variants of the oblique angle deposition (GLAD) technique. The
influence of the topologies and the substrate features on the enhancement of SERS were studied.
Comparison between the different films indicates that the enhancement factor is higher when the
nanostructures made from silver and deposited onto silicon substrate. Enhancement factors on
the order of 107 were obtained from silver nanorods deposited on bare silicon substrate with
respect to their dense film counterparts using 4-Aminotheophenol for the Raman emission.
The low detection limit that can be achieved with STFs is below 1 μg/lit of the probe molecule
4-ATP in ethanol solution. Adding a thin silver film underneath the Ag nanorods did not increase
the enhancement factor compared to those obtained with bare silicon bulk. The STFs exhibited
extraordinary stability despite the fact that silver is reactive and not stable against environmental
conditions.

Theoretical model based on the spheroid EM mechanism was used to explain qualitatively
the experimental results. Modeling the layers as arrays of separated and isolated spheroid-like
particles qualitatively interprets the relative enhancement factors that were obtained by the
experiments. When the dimensions and the aspect ratio of the particles produce localized plas-
mon with its resonance wavelength coinciding with the laser excitation wavelength, maximum
Raman enhancement factors could be obtained. Due to their high enhancement and reproduci-
bility, silver STFs could serve as prominent substrates for biosensing.

Appendix
Assuming that the adsorbed molecules are randomly distributed on the surface of a prolate spher-
oid much smaller than the excitation wavelength and which its major semi-axis is -b and its
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equatorial semi-axis is -a (see Fig. 1), the total averaged Raman enhancement EN following
Schatz67 is:

EN ¼ RðλexÞ · RðλscÞ: (A1)

The components RðλexÞ and RðλscÞ refer to the enhancements in the incident and the scat-
tered fields, respectively. When doing this, we also make the simplifying approximation that the
field enhancement for the Raman-emitted photon with wavelength λsc can be calculated by using
the same expression for the field as the incidence photon with the excitation wavelength λex. The
SERS enhancement factor is then proportional to jEðλexÞj2 · jEðλscÞj2 which was indicated by
RðλexÞ and RðλscÞ in Eq. (A1). If the spheroid is small compared to the wavelength of light, the
local field EðλÞ can be obtained by solving Laplace’s equation when the surrounding medium is
replaced by an effective dielectric constant. Under the former assumptions, the field intensity
enhancement at the surface is given by:

RðλexÞ ¼ j1 − gðλexÞj2 þ
�
2 · Ref½1 − gðλexÞ� · g�ðλexÞg

Q1ðξ0Þ
þ jgðλexÞj2

Q2
1ðξ0Þ · ðξ20 − 1Þ

�

×
�
−ðξ20 − 1Þ1∕2 þ ξ20 · sin

−1ð1∕ξ0Þ
ðξ20 − 1Þ1∕2 þ ξ20 · sin

−1ð1∕ξ0Þ
�
; (A2)

where the parameter ξ20 ¼ ð1 − a2∕b2Þ−1 represents the aspect ratio of the spheroid-ða∕bÞ, and
Q1ðξ0Þ is the Legendre function of the second kind which is given by:

Q1ðξ0Þ ¼
1

2
ξ0 ln

�
ξ0 þ 1

ξ0 − 1

�
− 1; (A3)

and gðλexÞ is a gain parameter, which depends on the dielectric constants of the spheroid and the
medium evaluated at the excitation wavelength.

gðλexÞ ¼
εi − ε0

εi þ χi · ε0
: (A4)

Here εi ¼ εir þ i · εii and ε0 are the dielectric constants of the spheroid and the surrounding
medium respectively at the excitation wavelength, and the shape dependent parameter
χi ¼ ð1∕DiÞ − 1. The depolarization factor Di is determined according to the incident field
polarization state. If the incidence field is polarized parallel to the major axis of the spheroid,
the parallel depolarization factor Di is given by:68

Di ¼ Dpar ¼
1

ða∕bÞ2 − 1
·

� ða∕bÞ
½ða∕bÞ2 − 1�1∕2 · lnfða∕bÞ þ ½ða∕bÞ2 − 1�1∕2g − 1

�
: (A5)

If the incidence field is polarized parallel to the equatorial axis of the spheroid, the perpendicular
depolarization factor will be: DPer ¼ ð1 −DParÞ∕2

Dper ¼
1

2 · ðða∕bÞ2 − 1Þ ·
�
ða∕bÞ2 − ða∕bÞ

½ða∕bÞ2 − 1� 1∕2 · lnfða∕bÞ þ ½ða∕bÞ2 − 1� 1∕2g
�
: (A6)

The component RðλscÞ is calculated in the same manner as RðλexÞ when the excitation wave-
length is replaced by the Stokes wavelength λsc. The enhancement factor for a sphere with a
radius ðaÞ that is much smaller than the wavelength ða ≪ λexÞ was early developed by Kerker
et al.10 as follows:

EN ¼ j½1þ 2 · gðλexÞ� · ½1þ 2 · gðλscÞ�j2: (A7)

The gain parameter of the sphere gðλexÞ is determined as in Eq. (A4) when the shape depen-
dent parameter χi ¼ 2, (Di ¼ 1=3 for sphere). The enhancement appears in Eq. (A7) is size
independent due to the first-order approximation of gðλexÞ and gðλscÞ used in the analysis.
To extend this analysis to include small spheres with 2πa∕λex as large as 0.1, a higher-order
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approximation for the gain factors should be incorporated, and accordingly the factors gðλexÞ
and gðλscÞ are redefined as follows:

gðλexÞ ¼
h
ðεi − ε0Þ − ðk0aÞ2

10
ðε2i − 1Þ

i
h
ðεi þ 2 · ε0Þ − ðk0aÞ2

10
ð10 − 9εi − ε2i Þ

i : (A8)

The last expression is also valid when the spheroid and the medium dielectric constants are
evaluated at the scattered wavelength λsc, and the wave number k0 is replaced by the wave
number at the scattered wavelength. The expression given in Eq. (A2) for spheroidal particle
is also size independent and determined only by the aspect ratio of the particle. This is a result of
the electrostatic limit approximation that holds for small particles. When the spheroid
dimensions become larger, the radiation of the induced dipole reduces the polarization induced
by the applied field, an effect known as the radiation damping effect.69 Moreover, the interfer-
ence between the radiations emitted at different points on the surface of the particle should
be taken into account for larger particles. The second effect is known as the dynamic depolar-
ization effect. These two effects lead to dynamic correction to the Maxwell’s equations
solution in the static limit and can be expressed by means of a "modified induced dipole"
as follows:

μind ¼
 

1

1 − αok2

b − 2ik3αo
3

!
αo · E; (A9)

where E is the applied field, αo the spheroid polarizability in the static limit, and the expression
in the parentheses is the electrodynamics correction factor. To incorporate this correction into the
Raman enhancement factor RðλÞ, we multiply RðλÞ in Eq. (A2) by the absolute square of the
term in the parentheses.14

In addition to the electrodynamics corrections for large particles, there is a size dependent
correction required when the particle is very small. It is known that the dielectric constant of a
metal particle becomes size dependent whenever the particle is smaller than the conduction elec-
tron mean-free path.70 For noble and alkali metals, this applies to particles that are roughly smal-
ler than 20 nm in its smaller dimensions.71 In this work the dependence of the dielectric constant
of the metal spheroid on its size is not considered because the layers dimensions in our case are
larger than this limit. However, the main effect of the increase in plasmon width associated with
decreased particle size is the suppression of the field enhancement without changing its
resonance wavelength or its shape dependence.
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