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Abstract After over 30 years of development, surface-
enhanced Raman spectroscopy (SERS) is now facing a very
important stage in its history. The explosive development of
nanoscience and nanotechnology has assisted the rapid
development of SERS, especially during the last 5 years.
Further development of surface-enhanced Raman spectros-
copy is mainly limited by the reproducible preparation of
clean and highly surface enhanced Raman scattering (SERS)
active substrates. This review deals with some substrate-
related issues. Various methods will be introduced for
preparing SERS substrates of Ag and Au for analytical
purposes, from SERS substrates prepared by electrochemical
or vacuum methods, to well-dispersed Au or Ag nanoparticle
sols, to nanoparticle thin film substrates, and finally to
ordered nanostructured substrates. Emphasis is placed on the
analysis of the advantages and weaknesses of different
methods in preparing SERS substrates. Closely related to
the application of SERS in the analysis of trace sample and
unknown systems, the existing cleaning methods for SERS
substrates are analyzed and a combined chemical adsorption
and electrochemical oxidation method is proposed to
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eliminate the interference of contaminants. A defocusing
method is proposed to deal with the laser-induced sample
decomposition problem frequently met in SERS measure-
ment to obtain strong signals. The existing methods to
estimate the surface enhancement factor, a criterion to
characterize the SERS activity of a substrate, are analyzed
and some guidelines are proposed to obtain the correct
enhancement factor.
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Substrate cleaning - Photodecomposition -
Surface enhancement factor

Introduction

Raman spectroscopy is capable of obtaining fingerprint
information of species by detecting the vibrational bands.
However, the Raman signal of most systems is very weak
and is only about 107 times the intensity of the incident
laser [1, 2]. The signal becomes even weaker when the
adsorbed species are concerned, because there are only
monolayer or submonolayer species on the surface. In
Raman measurements other than in a pure liquid or solid, a
certain kind of enhancement effect should be employed to
boost the signal, such as the resonance Raman effect, the
surface enhanced Raman scattering (SERS) effect [3], or
the tip-enhanced Raman effect [4]. The first observation of
surface-enhanced Raman spectra was in 1974, when
Fleischmann et al. [5] reported the first high-quality Raman
spectra of monolayer-adsorbed pyridine on an electrochem-
ically roughened Ag electrode surface. Three years later,
the Van Duyne group [6] and the Creighton group [7]
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independently pointed out that the million-fold enhance-
ment is due to a kind of surface enhancement effect. These
exciting early observations have stimulated intensive
experimental and theoretical works and SERS has found
wide application in surface sciences, analytical sciences,
biological sciences, etc. [8—10].

Meanwhile, the investigation of the SERS mechanisms
has never stopped. It is now widely accepted that
electromagnetic enhancement and chemical enhancement
are the two major enhancement mechanisms contributing to
the giant SERS, with the former being the dominant
contribution [11-13]. The chemical enhancement mecha-
nism reflects the enhancement as a result of the chemical
interaction between the adsorbates and the metal surface.
Among the various types of chemical enhancements,
including chemical bonding enhancement, resonance en-
hancement of a surface complex, and photon-induced
charge-transfer enhancement (PICT) [14, 15], PICT is the
most important. It describes the optical resonance excitation
of the charge-transfer state formed by the surface complex
of the metal adatom and the adsorbate [16—18]. Chemical
enhancement is a short-range effect occurring in the range
of molecular scale. Electromagnetic enhancement comes
from the interaction of light (both incident and scattered)
with the substrate. It is a long-range effect not depending on
the properties of the probe molecules. Localized surface
plasmon resonance (LSPR), the lightning rod effect, and the
image field effect have all been considered to contribute to
SERS [19, 20]. Among them, LSPR makes the major
contribution to the electromagnetic field enhancement and
therefore SERS. The LSPR strength and frequency are
influenced by the incident laser wavelength, the morphol-
ogy of the substrate, and the surrounding medium. By
controlling the composition, shape, size, and the interpar-
ticle spacing of nanoparticles and their assemblies, one can
tune the LSPR to obtain the optimized SERS substrate at
the desired wavelength [21, 22].

However, whether SERS can achieve a broader applica-
tion really depends on the SERS activity and the reproduc-
ibility of the substrate [23]. Ever since the first observation
of SERS on an electrochemically roughened Ag electrode,
the preparation methods of SERS substrates have gone
through the following stages: (1) random and nonuniform
substrates prepared by electrochemical oxidation and
reduction cycles(s) (EC-ORC) or vacuum deposition
methods; (2) nanoparticle sols with a large size distribution
prepared by wet chemical synthesis or a laser ablation
method; (3) nanoparticles with controlled size and shape
prepared by a chemical synthesis method; and (4) large-area
surface nanostructures with defined size, shape, and
interparticle spacing prepared by self-assembly, template,
or lithography methods. Especially, in the last 15 years, the
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preparation of SERS substrates has become more control-
lable, benefiting from the development of nanoscience and
nanotechnology. As a result, SERS has found a further
application in quantitative analysis [24-26], trace analysis
[27-29], and the analysis of bio-related systems [30-32].

Combining the concluding remark made by Natan [23]
at Faraday Discussion 132, we can easily outline the
features of an ideal SERS substrate:

1. The substrate should have high SERS activity and
therefore provide high sensitivity. By controlling the
size (more than 50 nm) and interparticle spacing (less
than 10 nm) of nanoparticles, one can tune the LSPR
frequency of the substrate to match the incident laser
frequency and the effective coupling between nano-
particles can be induced to maximize the enhancement.

2. The substrate should be uniform so that the deviation in
enhancement over the whole surface can be less than
20%, which requires a relatively ordered arrangement
of the nanoparticles on the substrate.

3. The substrate should have good stability and reproduc-
ibility. Even after a long shelf time, the enhancement
effect can still be maintained. The deviation in the
enhancement should be less than 20% for different
batches of substrates prepared by the same method.

4. The substrate should be clean enough so that it can be
applied to study not only strong adsorbates but also
some weak adsorbates or even unknown samples.

Unfortunately, at present, it is still difficult to obtain SERS
substrates that can simultaneously meet all of the above
requirements. According to the specific application purpose,
one has to make some trade-offs. For example, in quantitative
analysis, a uniform and reproducible substrate is extremely
important; however, in trace analysis, the maximized en-
hancement is the prerequisite. In bio-related detection, a clean
and highly enhanced substrate is generally required owing to
the complexity in biosystems studied to allow for a reasonable
assignment of the detected spectral bands.

In the present critical review, we will firstly introduce
various methods to prepare SERS substrates. We have
introduced this aspect in several of our previous reviews
[33, 34], and the focus of present review will be on the
preparation of metal nanoparticles and highly ordered
SERS substrates and the advantages and challenges when
they are used as SERS substrates. We will then deal with
the issue of contaminants frequently met in SERS,
especially in SERS analysis of trace sample and unknown
systems. A method will be proposed to handle the laser-
induced decomposition problem frequently met in SERS
measurement with a confocal micro Raman instrument.
Finally, we will show how to correctly calculate the surface
enhancement factor.
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Methods for preparing SERS substrates
EC-ORC and vacuum deposition methods

The first SERS spectra were obtained on a rough Ag
surface prepared by EC-ORC [5]. By application of an
oxidation potential to the metal electrode, the electrode will
be oxidized to soluble compounds or will form a surface
complex. A reduction potential will then reduce these
dissolved species on the surface, forming surface nano-
structures. To ensure reproducibility, the metal surfaces
should first be mechanically polished, ultrasonically
cleaned to obtain a clean surface, and then roughened in
certain electrolytes (KCl or H,SO,4) with a special wave-
form of potential or current control to allow the oxidation
and reduction of the surface [33]. Using this method, we
can easily obtain SERS-active Ag and Cu surfaces. For the
Au surface, special care has to be taken regarding the
waveform applied and the cleanliness of the surface [35].
The common enhancement achieved using this method can
be as high as 10%-10° for Ag, Au, and Cu, and 10'-10* for
other transition metal substrates, such as Fe, Co, Ni, Rh, Pd,
and Pt [36]. EC-ORC is a very simple method for preparing
a SERS substrate with very good stability. It has less chance
of being contaminated. With such a conductive substrate,
potential-dependent SERS measurement can be performed
to study the SERS mechanism, especially the chemical
enhancement mechanism. Such a substrate has a random
surface structure formed by nanoparticles with a wide size
and shape distribution. Therefore, different areas of the
surface may have quite different enhancements. As com-
mon practice, one has to check the surface to find the most
representative spots for a series of Raman measurements to
ensure the reproducibility of the SERS experiment [33, 36].
To obtain a higher enhancement on the transition metal
surface for studying the surface adsorbates, a very thin layer
(several atomic layers to several tens of atomic layers) of
transition metals (Pt group metal) has been deposited on
highly SERS active Ag or Au surfaces by electrochemical
methods to utilize the long-range effect of SERS [37, 38].
The method has been used to study the adsorption and
reaction of molecules on the transition metal surfaces and
has provided a wealth of meaningful data and conclusions
for understanding the electrochemical interfaces and the
electrocatalytic processes [39]. It should be pointed out that
the influence of the substrate metal on the physical and
chemical properties of overlayer metals and the stability
and the reversibility of the thin layer still limit a wider
application of the method. To overcome these problems,
our group used core—shell nanoparticle methods to obtain
SERS substrates of transition metals with a high enhance-
ment, which will be discussed in detail later. In parallel to

EC-ORC, those laboratories equipped with a vacuum
deposition system tend to use vacuum deposition methods
to prepare SERS substrates. The main purpose is to form a
rough metal film or discontinuous metal islands in the
vacuum chamber by depositing metal atoms on the
substrates, which can be a Si wafer, a glass slide, graphite,
or a mechanically polished rough substrate or even nano-
structured substrates [40—44]. By controlling the tempera-
ture of the substrate and the deposition rate during the
deposition process, one can obtain metal films with
different SERS activity. For example, if the metal vapor is
deposited on a cold substrate (typically lower than 120 K),
a rough metal film will be obtained. With increase of the
temperature, the migration of the metal atoms will be
accelerated, leading to the formation of an island-like
structure.

Both EC-ORC and vacuum deposition methods have
difficultly to produce very uniform structures; therefore,
different points may have different enhancement effects.
Furthermore, both methods need specialized equipment,
such as a potentiostat or a vacuum deposition system.
Which of the two methods is selected really depends on the
instrumentation available in the laboratory. To overcome
these problems, nanoassembly or nanolithography methods
have been used to fabricate ordered substrates, followed by
vacuum deposition or electrochemical methods to produce
comparably ordered substrates, which will be discussed
further later.

Chemical synthesis for producing well-dispersed
nanoparticles

With the vast development of nanoscience and nanotech-
nology, metal nanoparticles of different sizes and shapes
have been synthesized using various methods, such as
chemical reduction, chemical replacement, electrochemical
reduction, photochemical, thermal decomposition, and
ultrasonic decomposition methods [45]. The simplest and
the most widely used method is the chemical reduction
method, in which a metal salt is reduced to metal
nanoparticles in aqueous or nonaqueous solution by
reductants, such as sodium citrate [46], NaBH, [47],
hydrogen [48], or alcohols [49]. Normally some surfactants,
such as cetyl trimethylammonium bromide (CTAB), poly
(vinyl pyrrolidone) (PVP), or sodium dodecyl sulfate
(C12H,5S05Na), are be added to the solution as capping
agents to prevent the aggregation or oxidation of the
synthesized nanoparticles or to adjust the growth rate of
different facets to control the shape and size of the
nanoparticles. The type of metal salt, reductant, surfactant,
and their relative concentration, the reaction temperature,
and the solution pH all influence the size and size
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distribution, the shape, and the aggregation state of
particles. For example, in the presence of CTAB and at a
high ascorbic acid concentration, spherical Au seeds will
grow into Au nanocubes (Fig. 1a). If only the concentration
of the Au seeds is increased, the nanocubes will be
transformed into nanotriangles (Fig. 1b). If the concen-
trations of the Au seeds, CTAB, and Au®" are increased, the
nanocubes will be transformed into tetrapods (Fig. 1c). The
variation of the seed-to-Au®" concentration ratio and the
concentrations of CTAB and ascorbic acid will result in a
shape transformation from a tetrapod to a star (Fig. 1d)
[50]. Owing to the unique optical properties, most Au, Ag,
and Cu nanoparticles (sphere, rod, cube, or triangle) have
more or less strong SERS activity and other transition metal
(such as Pt group or Fe group metals) nanoparticles have
weaker SERS activity. SERS-active nanoparticles can be of
monometallic, alloy, or bimetallic composition. They can
be used as SERS substrates in the form of well-dispersed
nanoparticles, nanoparticle aggregates, or even multilayer
nanoparticle thin films. In comparison with EC-ORC or
vacuum deposition methods, the use of metal nanoparticles
as SERS substrates may have the following advantages: (1)
easy to synthesize at a low cost; (2) the size and shape can
be controlled by reaction conditions to obtain the desired
optical properties and the maximized enhancement effect;
(3) the aggregated nanoparticles can provide very high
enhancement up to single-molecule sensitivity [51, 52].
Since the first application of Ag and Au sols as SERS
substrates in 1979 by Creighton et al. [47], Au and Ag sols
have been widely used as SERS substrates owing to their
strong SERS activity. With the fast development of nano-
science and nanotechnology in the mid-1990s, the control
of the shape, size, and composition of Ag and Au
nanoparticles has become quite sophisticated. As a result,
Ag and Au sols have become the most widely used SERS
substrates. Theoretical calculations indicate that the Raman
enhancement of a single Au nanoparticle is about 10°~10%,
and that for a single Ag nanoparticle can reach about 10°—

107 [53, 54]. Experimental results obtained with 647-nm
excitation indicate that Ag nanoparticles with a diameter of
about 200 nm and Au nanoparticles with a diameter of
about 60 nm show the highest enhancement [55, 56].
Although spherical Au nanoparticles show surface plasmon
resonance absorption at about 530 nm, the efficiency of
inducing localized electromagnetic field enhancement is not
high owing to the extension of the interband transition of
Au into this wavelength region; therefore, reasonably good
enhancement can only be obtained by using red excitation,
typically 632.8 or 647 nm. Theoretical results have shown
that metal nanoparticles with a sharp edge and angle will
give an extra enhancement owing to the “lightning rod
effect” [57, 58]. Experimental results also indicate that Au
nanocubes or nanotriangles have a strong enhancement
effect over nanospheres, among which the enhancement
effect of nanocubes can be as high as 10° [59, 60], although
in this finding one should not neglect the coupling effect of
a Au substrate on enhancement. Most of the above-
mentioned nanoparticles show surface plasmon resonance
absorption in the visible region; however, to apply SERS to
study biological samples or cells, it is better to choose
excitation light in the near-infrared region. Owing to the
weak absorption of the near-infrared light by tissue and the
lower energy of the light, it can penetrate deeper into the
tissue and effectively avoid the interference of fluorescence.
As a result, there has been special interest in preparing
SERS substrates with LSPR absorption in the near-infrared
region in recent years [60]. Among various type of
nanoparticles, Au nanorods have a very unique absorption
in the near-infrared region. Different from the single
absorption band of single spherical nanoparticles, nanorods
show transverse and longitudinal LSPR modes due to the
geometric asymmetry. The former occurs in the short-
wavelength region and the latter occurs in the long-
wavelength region, and usually the latter shows a stronger
absorption than the former. The longitudinal band will
redshift and increase in intensity with increasing aspect

Fig. 1 Transmission electron microscopy images of Au nanoparticles
synthesized under different conditions (inset scanning electron
microscopy, SEM). The concentration of Au seed increases from a
to b. The concentration ratio of seed to Au>" and the concentrations of
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cetyl trimethylammonium bromide and ascorbic acid vary from ¢ to d.
Scale bar 100 nm. (Redrawn with permission from [50], copyright
American Chemical Society)
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ratio, which dominates the optical properties of nano-
particles [61]. For example, Au nanorods with an aspect
ratio of 4 show an absorption band at about 800 nm. They
are ideal substrates for 785-nm excitation and have been
used for cancer cell detection [60]. However, owing to the
isotropic feature of nanorods, the enhancement obtained
from them may also depend very much on the direction of
polarization of the light and the long axis of the nanorods,
which may lead to some complications in using them as
substrates.

Compared with the SERS effect of Au and Ag nano-
particles, that of transition metal nanoparticles is relatively
weak. Transition metal nanoparticles are normally used for
studying the electrocatalytic and corrosion processes of
transition metals. The pioneering work on using transition
metal nanoparticles as SERS substrates dates back to 1984,
when Parker et al. [62] synthesized Rh sols and used them
to detect the SERS of pyridine. It was not until 1997, after
the demonstration that there is a SERS effect on transition
metals [33, 63], that SERS was also observed on Pd [64],
Fe [65], and Pt [66, 67] nanoparticles. Owing to the
difficulty in synthesizing large transition metal nanopar-
ticles, most of the previous studies were performed using
small nanoparticles (less than 20 nm in diameter), and as a
result the enhancement was usually weak. More recently,
with use of a special capping agent, Pt nanocubes and Pd
nanotriangles have been synthesized and used as SERS
substrates. Both of them show higher enhancement than
the respective spherical nanoparticles, possibly owing to the
special effect of the sharp edge [68, 69]. To overcome the
weak SERS activity of transition metal nanoparticles, we
further coated the Au core with an optimized SERS activity
with a very thin layer (one to ten atomic layers) of a
transition metal shell (Pt, Pd, Ni, Co, etc.) and obtained Au
core—transition metal shell nanoparticles. With the assis-
tance of the long-range effect of the SERS of the Au core,
the SERS of molecules adsorbed on transition metal shells
can be significantly improved. The enhancement can be as
high as 10*-10° [70, 71]. Such core—shell nanoparticles
have been used for studying the electrochemical process
and interfacial structure [70-72].

Both experimental and theoretical results indicate that a
stronger enhancement effect will be produced when the single
nanoparticles form aggregates of two or multiple nano-
particles owing to the coupling of the electromagnetic field.
For instance, in single-molecule SERS, enhancement as high
as 10'* has been claimed [73, 74]. A high concentration of
probe molecules or some salts (such as NaCl) will help to
form aggregates in the sol and improve the SERS activity
[51, 75]. Tt should be pointed out that in the multiple-
nanoparticle system, the SERS enhancement will not only be
influenced by the size, shape, and interparticle spacing, but
also by the polarization of the laser. In such a system, the

interparticle spacing and arrangement is random. Therefore,
the experimentally obtained signal is the averaged spectra
contributed by systems of different enhancements, which
will lead to a poor reproducibility of the spectral intensity in
the multiple-nanoparticle coupling system. Especially, the sol
is usually stabilized by the surface charge or the steric
hindrance of polymeric molecules on the nanoparticle
surfaces. One would expect chemical degradation or aggre-
gation of the nanoparticles in the sol owing to the change in
surface charge or the desorption or decomposition of
polymeric molecules. Furthermore, after the addition of
sample molecules and salt, the nanoparticles may form
precipitates after the formation of aggregates, which may
lead to a significant decrease of the SERS signal in a few
minutes [76]. Therefore, to obtain signals with very high
reproducibility, it is better to use highly ordered substrates;
these will be discussed later.

In comparison, the synthesis of well-dispersed single
spherical nanoparticles with a size deviation of less than
10% is becoming very sophisticated. The spectral repro-
ducibility is already good enough for quantitative analysis;
however, owing to the weak enhancement, it is only
applicable to some molecular systems with a strong Raman
signal. Furthermore, in the single-particle SERS measure-
ment, it is very important to keep the nanoparticles from
aggregating and stabilized in the sol. For this purpose, the
nanoparticle surface will usually be modified with charged
molecules or molecules with a large steric hindrance effect.
These molecules, on the other hand, will occupy some of
the surface sites and prevent the direct adsorption of target
molecules on the surface, which will also lead to a decrease
of the SERS signal, especially when the target molecules do
not have strong interaction with the substrate. Therefore, up
to now, there is still limited use of sols for direct SERS
detection. A more prevalent method of using SERS for
quantitative analysis is to use an indirect detection method.
Typically, a Raman marker with a very strong Raman signal
(usually a molecule with a resonance Raman effect at the
excitation wavelength) is adsorbed on the nanoparticle
surface. Then the surface is further modified with an inert
layer [SiO,, thiol-modified poly(ethylene glycol), poly
(acrylic acid) plus poly(allylamine hydrochloride), etc.]
with a very weak Raman signal. Afterwards, some
molecules that can specifically interact with the target
molecules (antibody—antigen, biotin—avidin, aptamer—protein
specific interaction) are linked to the inert layer. Finally, the
modified nanoparticles can be use for indirect quantitative
analysis of the target molecule by detecting the SERS signal
of the Raman marker. A detailed scheme of the detection
principles is shown in Fig. 2 [77-81]. Special attention has to
be paid to the signal intensity by choosing the right
nanoparticles and the right Raman marker and the unspecific
interaction.
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Fig. 2 Architectures used

in surface enhanced Raman
scattering (SERS) experiments
using metal nanoparticles
encapsulated in silica (blue
route), polymer (red route), and
polyelectrolytes (green route).
TEOS tetraethyloxysilane,
APTMS aminopropyl
trimethoxysilane, PA4 poly
(acrylic acid), PAH
poly(allylamine hydrochloride),
PEG-SH thiol-modified poly
(ethylene glycol)

As mentioned above, the SERS signals obtained from the
well-dispersed nanoparticle sols are usually very weak.
Therefore, a more common method is to disperse the
synthesized sol or sols that have been cleaned by centrifuga-
tion on a solid substrate (such as glass, Si, or metal surface) to
form a compact layer of nanoparticles to effectively induce the
coupling between nanoparticles. This method is very simple
but provides very high enhancement, and has been widely
adopted. It should be especially pointed out that to form a
well-dispersed layer of nanoparticles the substrate has to be
thoroughly cleaned to obtain a highly hydrophilic surface.
Even so, the nanoparticle layer formed by a single dispersion
is still very nonuniform and the SERS signals in different
areas are quite inhomogeneous. A much more uniform SERS
substrate can be obtained by concentrating the sol and by
controlling the dropping times and drying rate (Fig. 3) [72].
The signal deviation in different areas of the substrate can be
less than 10%. One should also realize that the surface layer
will no longer be transparent and that it is hard to estimate
the quantity of nanoparticles on the surface after several
cycles of dropping and drying, which may limit to some

Fig. 3 SEM images of
nanoparticles dispersed on
electrode surfaces as a
SERS-active substrate: a Au
nanospheres; b Au core—Pd
shell nanocubes. (Redrawn with
permission from [72], copyright
Royal Society of Chemistry)
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extent its application in the study of living cells, quantitative
analysis, and the SERS enhancement effect. If it is possible
to obtain a SERS substrate with a highly ordered monolayer,
it will be of great significance to help understand the SERS
mechanism, extend the application of SERS, and finally be
recognized and accepted by the field of analytical sciences.

Highly ordered SERS substrates

The methods to prepare highly ordered SERS substrates
include the nanoparticle assembly method, the Langmuir—
Blodgett (LB) method, the template method, and nano-
lithography and nanoimprint methods. In the following
part, the preparation method and the advantages and
disadvantages will be analyzed for different methods.

Chemical assembly method

This method is to modify the solid substrate [Si, glass,
indium tin oxide (ITO), or Au film] with a bifunctional
molecule. The molecule forms a compact layer with the
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solid substrate with one moiety and another moiety
interacts with the nanoparticles through electrostatic or
chemical interaction to form an ordered layer of nano-
particles. Different bifunctional molecules should be select-
ed for different substrates. For example, a molecule with
SH and a N lone pair group can be selected for Au, Ag, Pt,
and Pd substrates [82]. Special care should be taken for
thiol, because thiol can be easily dimerized to form disulfur
compounds and this leads to the annihilation of the
functional group and a bad assembly effect. A Si or glass
substrate should usually be completely degreased and
activated to form a surface hydroxyl group, which can then
react with the siloxane group of the bifunctional molecules
[83]. The surface coverage and uniformity of the assembled
layer depend primarily on the size, concentration, and
surface charge of the nanoparticles, and the type of
bifunctional molecules. During the synthesis process,
capping agents are usually added to prevent the aggregation
of nanoparticles and to form a uniform substrate. However,
the presence of the capping agent will lead to a large
repulsion between nanoparticles and prevent the formation
of a compact assembly layer. As a result, the electromag-

Fig. 4 a Preparation of a
SERS-active substrate of Au
nanoparticles on an indium tin
oxide glass surface by
combining the self-assembly
and electrodeposition methods.
b, ¢ SEM images of the
assembled substrate before and a —

netic coupling between nanoparticles cannot be highly
effective and the SERS activity will be low [84]. To
overcome this problem, further growth of the nanoparticles
by chemical or electrochemical methods has been proposed
to reduce the interparticle spacing and increase the SERS
activity [85, 86] (Fig. 4). The advantage of the method is
that it can tune the optical properties of the substrate by
controlling the interparticle spacing. Although the arrange-
ment of nanoparticles on the surface during the assembly
process is still rather random, the signal is quite homoge-
neous over the whole surface because the laser spot covers
a range of several microns containing several hundred
nanoparticles and the resulting signal is an average of the
signals from these nanoparticles. The most attractive
advantage is that a substrate with a very homogeneous
SERS signal and large area (up to several square centi-
meters) can be fabricated in a normal laboratory without
complicated equipment.

An alternative method is to functionalize the Au nano-
particle surface with CTAB to form a positively charged
molecular bilayer. Then a droplet of the functionalized
nanoparticles is dispersed on a precleaned ITO glass surface

after electrodeposition. NPs
nanoparticles

Self-Assembly of
/ APTMS /
J f
*’f
Au NPs
Immobilization
Electrodeposition # 0 < rl_-,"

0
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to form a very uniform layer of Au nanoparticles, with the
interparticle spacing controlled by the length of the CTAB
molecule (approximately 8 nm). Owing to the positive
charge of the bilayer surrounding the nanoparticles, the
nanoparticles will not form aggregates on the surface
during the process of evaporation of the solvent. The small
interparticle spacing enhances coupling between nano-
particles, which will lead to a shift of the LSPR of the
substrate to the near-infrared region and a 10® enhancement
[87]. The substrate has a very uniform SERS signal and
good reproducibility and stability. It should be pointed
out that even for a strongly adsorbed molecule such as
p-mercaptoaniline, the signal of CTAB can still be detected.
This will limit to some extent its application for detecting
molecules with a weak interaction with the substrate or a
weak Raman signal. The problem can be solved by a kind
of surface cleaning method, as will be discussed later.
Although this method can effectively avoid the aggregation
of nanoparticles, it is still difficult to obtain a defect-free
surface and to obtain a substrate with a large area. The LB
technique can potentially solve this problem.

LB technique

The LB technique was originally used to prepare a large-
area film of amphiphilic molecules on solid substrates [88].
By dissolving an amphiphilic molecule in a volatile solvent
immiscible with water, and dispersing the solution on the
surface of the water phase, a monolayer of the molecule
will form at the interface after the evaporation of the
solvent. By changing the position of the movable barrier in
the LB trough, one can change the density of the monolayer
film. The film can then be deposited on the substrate by the
dipping and pulling method. Similarly, to prepare a nano-
particle film, the nanoparticles should first be modified with
hydrophobic molecules and dispersed into highly volatile
chloroform or hexane, which is immiscible with water. By
dispersion of the solution into the water phase, a layer of
randomly distributed nanoparticles will be left at the
interface after the evaporation of the solvent. As a result
of compression of the layer through moving the barrier, an
ordered layer of nanoparticles will be formed on the surface
[89]. A systematic study by the Yang group [29, 89-91] has
demonstrated the promising future of this type of substrate
for SERS. During the compression process, the interparticle
spacing will decrease, leading to strong electromagnetic
coupling between nanoparticles and a significant shift of
the LSPR band. The obvious color change during the
compression process clearly demonstrates the change.
Under very high pressure, the nanoparticle film even
presents a metallic luster. The film structures formed by
different types of nanoparticles are quite different. For
example, spherical and cubic nanoparticles can easily form
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a highly ordered close-packed film, whereas nanorods or
nanowires tend to align perpendicular to the compression
direction and form a rather ordered structure in a large area
and a less ordered structure in comparison with spherical
nanoparticles in a small area. The formation of a liquid-
crystal-like structure of the nanorod film makes it an ideal
model to correlate the laser polarization with the LSPR and
the SERS signal. The nanoparticle film can then be
deposited on glass or a Si wafer by transfer to form a
substrate with a surface area as large as 20 cm”. At present,
the LB technique has been successfully used to fabricate
SERS films of nanorods, nanowires, and spherical, cubic,
cuboctahedral, and octahedral Ag nanoparticles (Fig. 5)
[89]. Among them, the Ag nanocube shows the lowest
enhancement, and the octahedral nanoparticle shows the
highest enhancement, up to 10’~10%. With use of the latter
as a SERS substrate, a detection limit as low as 1 ppb has
been achieved for the detection of arsenate and arsenite in
solution [29]. We should also note that similar to the above-
mentioned CTAB-modified method, in the LB method, the
nanoparticles should also be modified with some molecules
that may also interfere with the SERS measurement.
Nonetheless, the LB method is the method that is capable
of achieving the most uniform substrate based on the
nanoparticle assembly method. As Tao et al. [89] stated in
their review: “It is most likely, however, that these
techniques will not completely supersede top-down
approaches but instead will provide a complementary tool
for nanoscale patterning. The greatest advantage of the
techniques presented here is that no specialized equipment
is necessary.”

Anodic aluminum oxide template method

The electrochemical oxidation of electrochemically pol-
ished Al foil under strictly controlled conditions will result
in the formation of a two-dimensionally ordered anodic
aluminum oxide (AAO) nanopore template. The diameter
of the nanopores can be adjusted in the range of 15-150 nm
by the oxidation voltage, the pH of the solution, and the
reaction temperature during the oxidation process. Highly
ordered nanowires or nanorods can be prepared by
depositing metals into the nanopore using electroless, AC,
or DC electroplating (Fig. 6). Electroless plating turns to be
the simplest method by using SnCl, as a sensitizer and
PdCl, as an activating agent and can be performed by
dipping the template into the plating solution containing
metal salt and reductants [92]. However, electroless plating
usually starts from the bottom and the wall of the pore and
tends to form nanotubes. It is also difficult to control the
length and the crystallinity. AC electroplating is performed
by dipping the template directly into the electroplating
solution containing metal salt without removing the barrier
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Fig. 5 SEM images of a
monolayer of nanocrystals and
nanowires prepared by the
Langmuir-Blodgett technique: a
Pt nanospheres; b Ag truncated
nanocubes; ¢ Ag nanowires; d
Ag octahedral nanoparticles.
(Reprinted with permission from
[91], copyright 2007 Macmillan
Publishers Ltd.)

layer and the Al. The deposition voltage depends on the
thickness of the barrier layer of the AAO template and
varies from 2 to 20 V. In the AC electroplating method, the
plating is limited inside the pore owing to the voltage
regulation; therefore, the length of the metal nanowires is
usually less than the thickness of the template. By
dissolving part of the template in dilute H;PO, solution,
one can expose highly ordered metal nanowire arrays for
SERS measurement [33, 93]. In the DC electroplating
process, the barrier layer should be removed first before the
electroplating, or a layer of conducting metal is deposited
by vacuum methods on the AAO surface and then the Al
layer and the barrier layer are removed for further electro-
plating. The DC electroplating method is rather complicat-
ed, but the nanowires obtained have good crystallinity [94].
In comparison with other methods for preparing SERS
substrates, the AAO template method has the following
advantages: the process is simple and highly reproducible
and can be done at a low cost; the type of metal, the

Fig. 6 a The fabrication (a)
processes of metal nanorod/
nanowire arrays. b The atomic
force microscopy image of Ni
nanorod arrays after the anodic
aluminum oxide layer had been
partially removed in solution of
4% H;5PO,

Anodic

—

Removing the barrier

Nanohole Fabrication of

I I I I I Iconductive layer DC deposition
—_— m —)

Nanohole

AC deposition
—
Aluminum

100 nm

diameter, and the length can all be controlled to request; the
interwire spacing can be narrowed down to 10 nm or even
5 nm by a pore-widening technique [95, 96]; no surfactants
or capping agents are needed during the fabrication process
and therefore the substrate is very clean; it is easy to obtain
an ordered plate up to a size of square centimeters. But at
present, it is still a great challenge to obtain a gap of less
than 5 nm owing to the corruption of the template at such a
thin wall thickness.

Nanosphere lithography

Another type of ordered SERS substrate that has been
shown to very promising is fabricated on the basis of the
nanosphere lithography method, mainly through the efforts
of the Van Duyne group [22] and the Bartlett group [97].
By assembly of polystyrene or silica spheres of desired size
on a clean substrate (glass, ITO glass, Si or metal film), a
monolayer or a multilayer of the highly ordered nanosphere

Electroless/ (b)
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film will form on the substrate by controlling the assembly
conditions. The film is then used as the template for
vacuum deposition or electrochemical deposition to form
on the template a metal film of the desired thickness. As a
result, three kinds of structured SERS substrates may be
produced (Fig. 7): (1) physical vapor deposition on the
nanosphere template leads to the formation of a metal (e.g.,
Ag or Au) “film over nanosphere” (FON) surface; (2)
removal of nanospheres in the FON substrate by sonicating
the entire sample in a solvent results in surface-confined
nanoparticles with a triangular footprint; (3) electrochemi-
cal deposition followed by removal of the nanosphere
leaves a thin nanostructured film containing a regular
hexagonal array of a uniform metal nanoisland, nanobowl
to nanovoids depending on the thickness of the deposited
film. The advantage of the nanosphere lithography method
for preparing the SERS substrate is that the shape, size, and
spacing of the nanostructures can be controlled by the size
of the nanospheres and the thickness of the deposited metal
so that the LSPR position can be adjusted to match the
excitation wavelength and to achieve an optimized SERS
enhancement [98]. Methods 1 and 3 will produce substrates
with high SERS enhancement. Although the SERS activity
of the second method is comparably low owing to the large
spacing between particles, the outstanding LSPR tenability
results in an excellent LSPR sensing chip. Although it is
rather routine to obtain an ordered substrate with an area of
10-100 um? in some experienced groups [99], the success
rate of this method really depends on the experience of the
experimentalist and how strictly the experimental condi-
tions can be controlled. It is extremely challenging to obtain
an ordered surface without any point or line defects when

Fig. 7 Template methods using

) Substrate cleaning
nanosphere lithography to

fabricate ordered nanostructured
SERS-active substrates. PS
polystyrene. (Reprinted with

permission from [72], copyright |
Royal Society of Chemistry)

~
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the size of the sphere is less than 200 nm. However, with
the help of a microscope, it is still quite easy to find an
ordered area for quantitative analysis with very good
reproducibility and stability.

Nanolithography and nanoimprint

The ultimate method to obtain a highly ordered array is to use
the top-down nanolithography and related nanoimprint
methods. Typically, a layer of polymeric photoresist (positive
or negative) is cast on the solid substrate (such as Si, glass, or
Au film), followed by patterning with ultraviolet light, an
electron beam, or a focused ion beam directly on the
photoresist surface or indirectly with the assistance of a mold.
After exposure and development, the remaining photoresist
can be used as a mold, on which SERS-active metals are
deposited by vacuum physical vapor deposition. After the
mold has been lifted off, a highly ordered nanostructured
SERS-active substrate with a structure identical or comple-
mentary to that of the mold is formed [100, 101]. In the case
of a Au film substrate, the resist masks obtained can also be
used as stencils for ion beam etching of the exposed Au
substrate. Then, the residual polymeric photoresist can be
dissolved to expose the SERS structures [102]. The nano-
lithography method allows the preparation of highly ordered
and uniform SERS substrates with nanostructures having a
wide diversity of shapes and geometries compared with
nanosphere lithography. However, it is still a challenge to
routinely obtain a spacing of less than 10 nm to allow the
maximized electromagnetic coupling. The use of focused ion
beam or electron beam lithography to make a SERS
substrate of large area is still time-consuming and the cost

PS dispersing

Physical vapor deposition / l Electrodeposition

lLift off
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is too high for commercialization. Only those laboratories
having the facilities are able to use them to fabricate SERS
substrates for mechanistic study. Owing to the above-
mentioned facts, these two methods will not be widely used
because of the low efficiency and high cost. However, if the
two methods are used to make molds to be used in
nanoimprint, batch production will be possible. Nanoimprint
normally directly writes on the Si or quartz slide with an
electron beam to produce the desired nanopattern as the
mold. The mold is then aligned and pressed into the
photoresist covering on the substrate. After curing, the mold
is lifted off and the substrate is deposited with the desired
metal. After removal of the photoresist, a highly ordered
nanostructure with SERS activity can be obtained [103].
Compared with nanolithography, nanoimprint has a much
higher efficiency and lower cost. However, the problems
associated with the mold, such as the weak coupling and low
enhancement effect, still exist. Although there have been
attempts to obtain the rough nanoarrays by changing the
deposition conditions or posttreatment to increase the SERS
activity of the fabricated nanostructures [104], such kinds of
treatment will also lead to the problem of nonuniformity.

SERS substrate cleaning

Among various methods for fabricating SERS substrates as
mentioned already, the reductants or surfactants (such as
citrate, CTAB, or PVP) introduced during the synthesis
process may interact strongly with the nanoparticles. Even
for the substrate fabricated by template methods, some
contaminants may also stay on the surface or be adsorbed
from the air. In both cases, the surface sites will be
occupied by the impurities. When the contaminated
substrate is used for SERS measurement, the following
two cases will be met:

1. If the target molecule has a strong interaction with the
nanoparticle surface and the signal of the target molecule
is strong, then the target molecule will probably replace
the contaminants on the surface. In this case, the
interference of the contaminants can be neglected.

2. If the interaction of the target molecule with the
nanoparticle surface is weak or the signal is weak, then
it is difficult for the target molecules to occupy the
surface active site. Meanwhile, the existing signal of
the contaminants will strongly interfere with the signal
of the target molecules.

Especially when the substrate is used for detecting
species with low concentration or biological samples, the
requirement of a clean SERS substrate will be even higher
because of the low surface coverage and the complexity of
the biological environment.

Various attempts have been made to obtain clean SERS
substrates. The simplest way to obtain a clean surface for
chemically synthesized nanoparticles is to centrifuge the sol
several times to remove the unreacted reductants and the
surfactants. However, several cycles of centrifugation will
lead to the aggregation or even precipitation of nanoparticles,
and eventually lead to a decrease of the SERS signal. For a
conductive SERS substrate, the electrochemical method can
be used for cleaning. For instance, by application of a very
negative potential, the surface adsorbate can be desorbed from
the surface, resulting in a clean surface. To avoid the
readsorption of impurities on the surface when the potential
is moved to a positive value, it is recommended to perform the
cleaning in a flow cell [105]. The simplest way is to clean the
substrate in a vacuum with plasma or ultraviolet-light-
generated ozone to decompose the organic impurities [106,
107]. This method is especially suitable for nonmetallic
surfaces, such as a semiconductor or ITO, but is not suitable
for a metal surface owing to the oxidation of the metal
surface, especially Ag substrate, which will lead to an order
of magnitude decrease (depending on the amount of
contaminants and the exposure time). However, the cleaned
substrate will be contaminated again when it is transferred
from the vacuum to the ambient air [108]. The surface can
also be cleaned using competitive chemical adsorption. The
main concept is to replace the surface contaminants with a
stronger adsorbate having less interference with the SERS
measurement of the target molecule. For instance, CN™ was
used to chemically remove layers of Ag to obtain a clean and
fresh surface [109, 110]. Alkanethiols were also used to
remove carbonaceous-species on SERS substrates [107].
Since the SERS signal of alkanethiols is weak and the bands
of CN" are away from the major bands of organic molecules,
the treated substrates can be directly used for SERS
detection. If the signal of the target molecules is also weak,
then the preadsorbed species can be removed by exposing
them to ozone, which results in a decrease in the
enhancement owing to the oxidation. Chloride ion was also
used to remove the contaminants on a SERS-active Ag
mirror. But it was not stated how to remove the specifically
adsorbed chloride ion from the surface for better interaction
of the target molecules with the surface or to eliminate the
interference of CI” with the adsorption of target molecules
[111]. Recently, we developed a method to use iodide, an ion
with a strong adsorption on Au and Ag, to remove the
surface contaminants. The adsorbed iodide was then electro-
chemically oxidized to form the weakly adsorbed 105" that
can be easily cleaned by rinsing to obtain a clean substrate
(Fig. 8a). As can be seen from Fig. 8b and c, the background
existing in the uncleaned surface is obviously suppressed
after cleaning. As the oxidation potential of Au is very close
to that of I' , the oxidation of I" will lead to the partial
dissolution of Au, which will result in a decrease of signal by
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Fig. 8 a The cleaning process.
b, ¢ Time-dependent SERS sig-
nals of pyridine obtained at the
same point of the substrate b
before any treatment and

¢ after treatment with iodide
followed by electrochemical
oxidation. (Redrawn with
permission from [112],
copyright American Chemical
Society)
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50% [112]. Substrate cleaning is the prerequisite to the SERS
detection of the weakly adsorbed molecules and unknown
sample. How to develop a simple and effective cleaning
method while retaining the SERS activity is vitally important
for wide application of SERS.

An approach to reliable SERS measurement
by the defocusing method

A common experience of a SERS experimentalist with a
micro Raman system is that the SERS signal will keep
changing with time with the extended illumination under a
laser power on the order of milliwatts, which is considered a
very low laser power in the conventional Raman measure-
ment. The main reason is due to the use of a microscope
objective with a large numerical aperture (NA), through which
the size of the laser spot on the sample becomes much smaller
than that in the conventional macro Raman system [113].
With the same laser power on the sample, the laser power
density of a confocal Raman microscope is typically about 3
orders of magnitude higher than that in the conventional
Raman instruments. Such a power density may not be a
problem for the study of nonabsorbing or very stable
molecules or crystals; however, it will be a disaster for some
organic molecules or biomolecules [114, 115]. Common
strategies to reduce this effect are to lower the laser power or
to use a movable sample [2, 18, 116].

Moving the sample requires a specially designed stable
moving stage and will sometimes disturb the systems to be
studied; therefore, the most frequently used method is to
reduce the laser power. As we know, the Raman intensity is
linearly proportional to the laser power; therefore, a
decrease in the laser power will also lead to a proportional
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decrease of the Raman intensity [2]. More recently, there
has been increasing use of the line focusing method to
expand the point focus to a line focus to match the slit. This
method can significantly decrease the laser power density
but retains a high signal collection efficiency [2]. Its
application is still limited by the optical design in that not
all instruments can be installed with a line focusing lens.
However, in the normal micro Raman system, if we
slightly move the sample off focus, the laser power density
will be reduced significantly owing to the rapid expansion of
the laser spot size under an objective with a high NA. On the
other hand, the collection efficiency is mainly determined by
the confocal properties of a specific micro Raman system.
Normalizing the laser power density with that under the ideal
focus condition, we obtain a different laser power density for
ax50 (NA 0.55) objective, shown by the x-axis in Fig. 9. By
using Si(111) as the sample, we experimentally obtained the
Raman intensity of the 520.6-cm™ peak of Si under different
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Fig. 9 The dependence of normalized Raman intensity on the laser
power density obtained by the defocusing method (/eff) and by
lowering the laser power (right)
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off-focus conditions, and the result is shown by the left axis
in Fig. 9 on a quasi-log scale. For comparison, the linear
relation of the signal intensity with laser power is also shown
(Fig. 9, right axis). From this figure, we can easily find that
at the same laser power density of 1% of the original power
density, the signal intensity retains over 80% of the original
signal intensity with the defocusing method (by about 5 wm
away from the focal plane), but the signal intensity decreases
linearly to 1% on lowering the laser power. By defocusing
about 25 um away from the laser focal plane, one reduces
the laser power density at the sample to about 0.043% of the
ideal focus case; however, the Raman signal obtained still
remains about 13% of the maximum signal. This result is
extremely meaningful for those systems with a very weak
Raman signal. Figure 10 demonstrates the striking effect of
the defocusing method. The sample is a monolayer
oligonucleotide-modified SERS-active Au surface. It can be
seen from the figure that when the focus is about 20 pum
away from the sample surface, the spectra are very stable and
clean. However, at a distance of about 10 pm, the Raman
intensity increases slightly, but the spectral features change
with time and the Raman spectra also become slightly
complicated. The situation becomes even worse when the
sample surface is brought into the best focus. The spectra
become noisy with a notable carbon background at around
1,600 cm™ and those bands related to oligonucleotide
disappear. It is quite obvious that the oligonucleotides have
already decomposed under this high laser power density. It
should be pointed out that all the spectra were obtained using
the same acquisition time. We can easily conclude that a
better focus did not always help improve the signal intensity
or the signal-to-noise ratio because of the decomposition of
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Fig. 10 The dependence of the surface-enhanced Raman spectra of an
oligonucleotide-modified SERS-active Au surface on the defocusing
distance of the sample to the ideal focal plane. The size of the confocal
hole is 800 pm and the objective is ax50 long working distance
objective with a numerical aperture of 0.55. The laser power on the
sample is 5 mW. All the spectra were obtained with 1-s acquisition
time. The time delay in each set of spectra was roughly 1 s

the surface species, which produces the Raman and
fluorescence signals giving the noisy background. The
background deteriorates the Raman signal. This example
convincingly proves that by using only the defocusing
method, one can effectively lower the power density of
the laser while collecting much stronger Raman signals than
by lower power methods only. Apparently, a high NA
objective will have a much more obvious effect and a large
confocal hole size will improve the throughput and the
Raman signal.

Evaluation of enhancement effect of SERS—calculation
of surface enhancement factor

As mentioned already, different preparation methods will
produce SERS substrates with unique advantages in a
special application. The surface enhancement factor is an
important indicator of the SERS activity of the substrate.
With the application of SERS in single-molecule detection
and in analytical sciences, different types of surface
enhancement factors have been proposed, for example,
single-molecule surface enhancement factor, analytical
surface enhancement factor, and averaged surface enhance-
ment factor (ASEF) [117]. The first of these is only related
to the enhancement of a single molecule sitting at the
special sites, such as a hot spot. Therefore, the enhancement
is determined by the morphology of the substrates, the
position of the probe molecule at the hot spot, the
orientation of the molecules, as well as the polarization of
the laser. It reflects the optical properties of the special
surface site, which can be correlated with the theoretical
result. The analytical surface enhancement factor is related
to the SERS enhancement of analytes of known concentra-
tion. In this case, the signal intensity is the major concern
and all the analytes are supposed to contribute to the final
SERS signal. It neglects the fact that SERS is a kind of
surface-sensitive phenomenon: only those molecules that
are adsorbed at the surface feel the highest enhancement,
and the enhancement decays exponentially with the
increase of the distance to the surface. Therefore, it cannot
reflect the real enhancement effect of the substrate.
Apparently, these two kinds of enhancement factors reflect
a special kind of enhancement effect and have no general
applicability. Therefore, the ASEF that can really reflect the
global enhancement of the substrate is more important
[118-121]. The ASEF can be calculated by taking the ratio
of the SERS signal contributed by a surface-adsorbed
molecule to the normal Raman signal contributed by a
molecule in solution or in the bulk:

I surf / N, surf

ASEF — st/ Zsurf
Tvuic /Noulk

(1)
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where I, and I, denote the integrated intensities for the
strongest band of the surface and solution species,
respectively, and Ngyr and Ny represent the numbers of
the corresponding surface and solution molecules effectively
excited by the laser beam, respectively. In fact, there
have been some erroneous calculations of the ASEF by
overlooking some important values that need special
consideration. There are two typical problems: (1) a
resonance-enhanced molecule was used to calculate the
ASEF; (2) the number of molecules in the laser spot was
erroneously estimated, especially Ny . Therefore, we found
it is still necessary to emphasize again how to reasonably
estimate the enhancement factor and how to reasonably
design the experiment to correctly obtain the experimental
data for calculation of the enhancement effect.

In Eq. 1, Iy and Iy, can be directly obtained by
integrating over the Raman spectra obtained. But for a
molecule with a resonance Raman effect, the absorption
spectrum may change after its adsorption on the surface
owing to a change in the dielectric environment and the
redistribution of electrons. It may lead to the move-in or
move-out of the resonance wavelength, and may thus result
in the overestimation or underestimation of the enhance-
ment effect, respectively. To exclude such an obvious
influence of the surface-bonding effect, it is better to use
a nonresonance molecule as the probe molecule. Ny, can
be calculated from the known surface area (4) by taking
into account the surface roughness (R) in the illuminating
spot and the surface area (o) occupied by a molecule by
assuming a full monolayer adsorption:

RA
Noys = —. (2)
o

Ifthe coverage of the molecule is less than a monolayer, the
ASEF will be underestimated. Ng,r can be estimated more
accurately by limiting the number of molecules to be slightly
less than the number in monolayer during adsorption.

In the estimation of the ASEF, the greatest discrepancy
occurs in the estimation of Ny, owing to the special
configuration of a confocal Raman microscope. The
calculation methods for different types of systems, such as
pure liquid, solution, pure transparent solid, and powder,
will be different. Here we introduce the method developed
by our group for the confocal Raman system to calculate
Npuik- When a laser beam is focused by an objective into the
solution, a laser beam waist will be formed (Fig. 11a). In
principle, all molecules within the illuminated volume of
the solution can generate a Raman signal. The molecules in
the focal plane contribute the most to the overall intensity
and the contribution decreases dramatically from the
molecules in the plane with increasing distance (z) to the
ideal focal plane (z=0) (Fig. 11b). To estimate the number
of molecules contributing to the total signal of solution
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species, we proposed a method that involves immersing a
single-crystal Si wafer in a solution in the cell with exactly
the same setup as that used in surface Raman measurement.
Then, the integrated intensity of the strongest band for Si at
520.6 cm ' was measured while the Si wafer was moved
through the illuminated volume, and the values obtained
were plotted against z (Fig. 11b, solid line). This plot is
considered to be the confocal depth profile under the real
measuring condition. Experimentally, the solution spectrum
is collected from the illuminated volume of the solution and
is the sum of the signals from all the illuminated planes of
the solution, just like the surface of a moving Si wafer,
giving the same profile as that of the modeled Si wafer. It
can be seen that the contribution to Ny, from molecules
outside the region |z|>75 um is negligible. Now, assume an
ultrathin layer of solution with a thickness of 4 and volume
hA in the vicinity of the ideally focused plane, in which all
the molecules have the same contribution to the overall
signal as that in the ideal focal plane; the overall signal can
be obtained by integrating the signal over the intensity
profile. Thus, the thickness / can be calculated by

b ffooc I(z)dz’

Im ax

(3)

The h value (in micrometers) depends on the pinhole
size and the objective lens of the Raman microscope. It
should be especially emphasized that the /# value can be
significantly different in the cases with and without a quartz
window and a solution layer. Therefore, in the experiment,
the optical configuration for detecting SERS and normal
Raman signals should be exactly the same, including the
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Fig. 11 a Waist profile of a laser beam in a solution and b the
corresponding confocal depth (z) and intensity (/) profile of a moving
Si wafer in an aqueous solution, simulating the collection volume of a
solution spectrum. (Reprinted with permission from [36], copyright
Springer)
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window and the same thickness of the solution layer, if it is
an electrochemical in situ measurement. However, if the
surface Raman measurement is done in air, no window or
solution layer is necessary. Now, the effective number of
molecules contributing to the Raman signal will be

Noulk = AhcNy, (4)

where ¢ is the concentration of adsorbate in solution and Ny

is the Avogadro constant. With Eqs. 2 and 4, Eq. | can be

rearranged as

ASEF = M. (5)
TouiR

The ASEF can be obtained after substituting all the
known data and constants into Eq. 5. The roughness factor
R can be estimated by calculating the surface area using a
simple sphere model for monolayer-dispersed nanopar-
ticles. However, for multilayer nanoparticles or massive
electrode surfaces, it is better to use electrochemical
methods, such as differential capacitance or cyclic-
voltammetric methods to estimate R. ¢ is generally obtained
from the literature from previous studies and can also be
estimated from known atom sizes and bond distances. The
latter may often lead to an underestimation of o and the
ASEF value [12, 13, 43—48]. The advantage of using this
method is that the value is not directly related to the area of
the laser spot, as the area can be removed by taking the
ratio, eliminating possible error. If the solution can be
confined to a very thin layer with known thickness of less
than 10 wm, we can still use Eq. 5. But the calculation
becomes simple by substituting the / value with the known
thickness of the solution layer.

A second method to calculate Ny is to confine the pure
liquid of the probe molecules into a thin layer film, or by
spin-coating the saturated solution of solid probe molecules
on a smooth substrate to form a thin film of known
thickness, 4. Then, N, can be easily calculated by

Ah
Noulk = #NA, (6)

where /4 is the thickness of the film or liquid layer, p is the
density of the pure sample, and m is the molecular weight
of the probe molecule.

By substituting Egs. 2 and 6 into Eq. 1, one can obtain
the ASEF as

[surfhpNA

ASEF = .
TpuiRm

(7)

It is advised to make the thickness less than 10 um for a
transparent liquid sample to avoid the overestimation of the
numbers. For the solid sample, the film thickness can be
prepared to less than 1 um to avoid the interference due to

the absorption of the solid sample. The film thickness can
be calibrated by optical methods or by scanning electron
microscopy. It is recommended that a SERS laboratory
prepare such a type of standard sample to be used as a
reference standard for calculating the surface enhancement
factor. Only when there is an accepted method to be used
by different groups can the surface enhancement effects of
different substrates be compared.

Conclusion

Different methods have been introduced to fabricate SERS
substrates, including EC-ORC, vacuum deposition meth-
ods, well-dispersed nanoparticle sols, nanoparticle aggre-
gate film surfaces, and well-ordered substrates. The
advantages and disadvantages of different substrates in
terms of application have been analyzed and proper
fabrication methods should be selected for a special
purpose of SERS. The well-dispersed nanoparticles show
a weak but a homogenous enhancement. The spectral
reproducibility of the nanoparticle aggregates or an elec-
trochemically fabricated substrate is bad but very strong
enhancement can be achieved by controlling the experi-
mental conditions. Highly ordered substrates show excel-
lent surface uniformity, but with a lower enhancement
effect than nanoparticle aggregates. In short, each method
has its advantages and weaknesses. Therefore, one should
choose the right method to obtain a SERS-active substrate
for a specific application. Well-dispersed nanoparticles and
well-ordered substrates can be used for quantitative
analysis. The nanoparticle aggregates can be effectively
used for qualitative analysis with extremely high sensitivity.

Different methods to obtain clean SERS substrates have
been analyzed and a method of iodide adsorption to repel
the surface contaminants followed by the electrochemical
oxidation method of iodide has been proposed. The method
has been demonstrated to be useful for SERS detection of
weak adsorbates and for trace analysis.

A defocusing method was proposed to effectively eliminate
the laser-induced photodecomposition of surface adsorbate at
the high laser power density of a micro Raman system. A 20-
pum deviation of the laser focus from the sample surface can
effectively eliminate the decomposition evidenced by the
spectra free of carbonaceous background. Whether the
substrate should be cleaned and how to clean it really depends
on the systems to be measured. It is a great challenge to obtain
a clean substrate with high enhancement, good uniformity,
high reproducibility, and high stability.

Some existing problems in calculating the surface
enhancement factor were discussed and a method to calculate
the ASEF was introduced to allow the SERS activities of
substrates prepared by different methods to be compared.

@ Springer



1744

X.-M. Lin et al.

It is believed that the rapid development of nanoscience
and nanotechnology will accelerate the process toward this
goal, which will eventually allow a complete understanding
of the SERS effect and a wide application of SERS in
analytical science and biomedical sciences.
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