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Abstract

Surface-enhanced Raman scattering (SERS) is a powerful technique for de-
tection and characterization because of its extremely high sensitivity and the
rich structural information that it can offer. However, most SERS substrates
are composed of Au, Ag, or Cu, and a lack of substrate generality has greatly
limited the breadth of the use of SERS. Recently, we have devised a method
by which SERS can be obtained from virtually any surface. Au nanoparticles
are coated with ultrathin silica shells. The Au core provides Raman signal
enhancement; the silica shell prevents the core from coming into direct con-
tact with probe/analyte molecules or the surface over which these particles
are spread (i.e., prevents the contamination of the chemical system under
study). In the present review, we expand upon previous discussion of the en-
hancement mechanism; procedures for the synthesis and characterization of
our nanoparticles; and applications in surface chemistry, electrochemistry,
and inspection.
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SERS: surface-
enhanced Raman
scattering

LSPs: localized
surface plasmons

Single crystal: a
fragment of material
wherein the
constituent atoms have
only one repeating
spatial arrangement
(unit cell); a single
crystal typically has
well-defined and
atomically flat faces

Enhancement factor
(EF): the number of
times that the intensity
of Raman scattering
from a molecule is
increased because of
the molecule’s
proximity to a
nanostructured
free-electron (or
free-electron-like)
metal

SHINERS: shell-
isolated
nanoparticle-enhanced
Raman spectroscopy

1. INTRODUCTION

1.1. Ordinary Raman Scattering and Surface-Enhanced Raman Scattering

In Raman spectroscopy (1–3), energy transfer occurs while a molecule scatters a photon. The out-
going photon may have less (Stokes shifted) or more (anti-Stokes shifted) energy than the incident
photon, and this difference corresponds to a change in the molecule’s vibrational state. Energy
transfer from the photon to the molecule is more probable statistically, and the spectroscopy of
Stokes-shifted light is usually employed.

The advantage that Raman spectroscopy offers over fluorescence, which is a much more com-
monly used technique in analytical chemistry, lies in the rich structural information that the former
method can provide. Probe/analyte molecules cannot be characterized or even identified directly
by fluorescence, and fluorescent tags or markers are normally combined with analyte receptors
in sensing applications. The greatest disadvantage associated with Raman spectroscopy is its lack
of sensitivity. A typical Raman scattering cross section is 10−29 cm2, whereas a typical fluores-
cence cross section is 10−19 cm2 (4). However, surface enhancement can significantly increase the
intensity of Raman scattering from a molecule (4).

Surface-enhanced Raman scattering (SERS) may occur if the molecule is located in close
proximity to a nanostructured free-electron metal such as Au, Ag, or Cu (4–22). When light
of an appropriate wavelength is incident on a nanostructured material of this type, collective
oscillations in electron density occur (23–27). These oscillations are known as surface plasmons
(SPs): either localized surface plasmons (LSPs) or propagating surface plasmons. Such oscillations
lead to narrow regions of enhanced electromagnetic field strength that decay exponentially with
distance from the surface (25–27). The average Raman enhancement (from regions of greater
field strength as well as from regions of weaker field strength) may be as high as six orders of
magnitude for the group IB metals Au, Ag, and Cu (14–16, 28). SERS may also be obtained from
the nanostructured free-electron-like metals Pt, Ru, Rh, Pd, Fe, Co, and Ni in group VIIIB (29,
30), and they yield average enhancements ranging from one to three orders of magnitude (31).

The possibility of using SERS in analytical chemistry is very attractive, as SERS can provide
rich structural information with a sensitivity that is comparable to that of fluorescence. Ultralow
detection limits, down to the single-molecule regime (32–37), are possible with SERS. There
are two significant drawbacks to the commonplace application of SERS in analytical chemistry,
however: a lack of substrate/molecule generality and a lack of measurement reproducibility.

The first limitation, a lack of generality, is intrinsic to the SERS phenomenon. As explained
above, SERS substrates must be nanostructured (they are morphology-specific), and they must
be composed of a free-electron metal or a free-electron-like metal (they are materials-specific) to
support SP modes. The effect is limited to approximately ten elements and, even then, cannot be
used to study the atomically flat single crystals that are of interest to the surface science community.
Furthermore, certain probe/analyte molecules may be incompatible with certain SERS substrates
with regard to sensitivity in single- or even several-molecule studies (probe/analyte specificity) if
their cross sections are too small to yield a strong signal given the maximum possible enhancement
factor (EF) offered by the substrate. We address and overcome this first limitation, the lack
of substrate/molecule generality, with shell-isolated nanoparticle-enhanced Raman spectroscopy
(SHINERS) (38, 39). Here, nanoparticles (NPs) with a Au core and a dielectric shell are spread
over any surface (e.g., single crystals and foodstuffs, both of which the present work discusses).
The Au core provides a large Raman signal enhancement, and the dielectric shell prevents the
core from interacting with (i.e., contaminating) the system under study.

The second limitation stems from an inability to manage hot spots, where most of the signal is
generated. The precision of a SERS measurement is typically ∼15–20% relative standard deviation
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SHIN: shell-isolated
nanoparticle

(40, 41), but this has been reduced to a few percent for applications in analytical chemistry (18,
41). The continued development of nanofabrication techniques is essential for improving SERS-
measurement reproducibility; however, progress in this area is insufficient for a complete solution
because the coinage metals (i.e., Au, Ag, and Cu) have such low cohesive energies (42). When a
coinage metal SERS substrate is heated during irradiation, surface atoms move about with more
kinetic energy, and SERS intensity decreases as the nanostructure deteriorates. The approach
that we take in SHINERS may offer a solution to this problem as well: A shell or coating can
hold surface atoms in place and prevent the degradation of precisely fabricated coinage metal
nanostructures.

In the subsections that follow, we introduce our SHINERS NPs within the broader context of
core-shell NPs (Section 1.2) and then discuss the advantages of our SHINERS method over other
Raman signal–enhancing methods (Section 1.3). We examine the mechanism of enhancement in
Section 2 and provide a detailed description of the synthesis and characterization of our SHINERS
NPs in Section 3. In Sections 4, 5, and 6, we review some exemplary applications in surface science,
electrochemistry, and inspection. We return to the question of generality in Section 7.1, and we
look to the future of this exciting new technique in Section 7.2.

1.2. Core-Shell Nanoparticles and Shell-Isolated Nanoparticle-Enhanced
Raman Spectroscopy

In Figure 1 we categorize some of the different NP types used for SERS. Only spheres are shown,
but other shapes such as rods (43) and cubes (44) are possible as well. First, we distinguish between
bare NPs and core-shell NPs. We then divide core-shell NPs into those with an ultrathin shell
(< approximately 5 nm) and those with a thicker shell. NPs with a thick shell of silica normally
contain markers, magnets, and/or other machinery used to perform a particular function or a
particular set of functions (45–58). Here, the shell is used to hold the various components of the
NP together and to protect the overall structure from physical and chemical damage. A thicker
shell can encompass larger components, and pinhole-free synthesis is easier. NPs with a core of
silica and a thick shell of Au or Ag are of interest because the SP resonance wavelength can be tuned
by adjusting the core’s diameter and the shell’s thickness (59–62). We note that micrometer-sized
silica particles have also been coated with Au or Ag and used for SERS (63, 64). Ultrathin-shell
NPs may be used to obtain SERS from a molecule on the surface of a weakly enhancing or
nonenhancing material. Here, first the material is deposited on a coinage metal NP, and then the
probe/analyte molecule is added as an additional layer. Enhanced field strength extends from the
core’s surface to the shell’s surface, and the shell in effect borrows SERS activity from the core. It
is critical that the shell be ultrathin because this long-range effect becomes exponentially weaker
with distance from the enhancing surface (i.e., the core’s surface). We have used this strategy to
obtain SERS from a variety of adsorbates on transition metal (TM) surfaces (31).

Our Au@silica SHINERS NPs expand on the borrowed SERS strategy just described, again
taking advantage of the long-range electromagnetic field enhancement effect. However, the role
played by the shell, the location of the probe/analyte molecule, and the way in which the NPs
are used differ substantially in SHINERS compared with a Au@TM experiment. In SHINERS,
the probe/analyte molecule is located on a bulk sample of the weakly enhancing or nonenhancing
material, and shell-isolated nanoparticles (SHINs) are spread on top to generate the SERS sig-
nal. The isolating shell, which is made of an inert dielectric material, helps to maintain spectral
integrity by preventing direct contact between the core and the system under study. In other
words, the core may be considered a contaminant and the shell keeps the core from interacting
chemically or electrically with any components of the system under study, thereby minimizing the
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NPs for SERS

Bare NPs Core-shell NPs

Ultrathin shell
(< approximately 5 nm)

Thicker shell

Au@TM
borrowed

SERS

Au@silica
SHINERS

Surface
chemistry

Electro-
chemistry

Inspection
applications

NPs with markers,
magnets and/or
other machinery

Silica@Au
nanoshells

Figure 1
Core-shell nanoparticles (NPs) and shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS).
Abbreviations: SERS, surface-enhanced Raman scattering; TM, transition metal.

risk of interference. Then the weakly enhancing or nonenhancing materials that can be examined
by SERS are not limited to those that can be coated onto a coinage metal NP in the form of
an ultrathin shell. As we indicate in Figure 1, applications may be found in surface chemistry,
electrochemistry, and inspection. We note that much interest has also been expressed in the use
of coinage metal@coinage metal and coinage metal@polymer core-shell NPs for SERS (65–69).

1.3. The Advantages of Our Shell-Isolated Nanoparticle-Enhanced Raman
Spectroscopy Method over Other Methods

To obtain a strong SERS signal with ease, a nanostructured substrate of Au, Ag, or Cu is required
(Section 1.1). Various strategies have been developed to expand the SERS application to other
materials. Some of these strategies include placing a nanostructured coinage metal in direct contact
with the weakly enhancing or nonenhancing material by electrochemical deposition or thermal
vapor deposition (Figure 2a,b), adding a shell of the material to a coinage metal NP by some wet
chemical method (Figure 2c), and exciting SPs at a sharp coinage metal tip that is then brought
very close to the material (Figure 2d).

The electrochemical deposition and thermal vapor deposition techniques can be used to place
randomly roughened coinage metal surfaces in contact with weakly enhancing or nonenhancing
materials. In the former method, a rough coinage metal surface is created by oxidation-reduction
cycling (ORC). Metal atoms are converted to ions during the oxidation half-cycle, and they
enter the aqueous electrolyte solution. Metal atoms are then reformed from their ions during
the reduction half-cycle, and they are deposited back onto the electrode surface. Once a rough
coinage metal surface has been prepared, a thin film of some weakly enhancing or nonenhancing
metal is added by electrochemical deposition. Alternatively, a coinage metal island film can be
placed in contact with a weakly enhancing or nonenhancing material by thermal vapor deposition.
During formation of the coinage metal film, adatom mobility competes with metal crystalliza-
tion to yield islands having sizes and morphologies that are dependent on the precise conditions
used.
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Figure 2
Different strategies for expanding the surface-enhanced Raman scattering application from coinage metals
( yellow) to weakly enhancing or nonenhancing materials ( gray). (a) Oxidation-reduction cycle roughening of
a coinage metal is followed by electrochemical deposition of the material. (b) A coinage metal island film is
deposited on top of the material. (c) An ultrathin shell of the material is added to a coinage metal
nanoparticle (NP). (d ) A sharp coinage metal tip is brought near the material. (e) An ultrathin shell of some
inert dielectric (blue) is added to a coinage metal NP, and the NPs are then spread on top of the material.
( f ) The material in panel e is a single crystal of a coinage metal, and strongly enhanced electromagnetic
fields emanate from the NP-to-substrate gaps in addition to the NP-to-NP gaps. Enhanced electric field
strength is denoted by the red fog (theory-based depictions are provided in Section 2). Red arrows show the
direction of incidence for the laser, and black arrows show the direction of polarization for the laser. Some of
the incident laser light approaches at an angle in panels a–c, e, and f when a microscope objective with a large
numerical aperture is employed.

ORC-roughened surfaces and island films were popular SERS substrates in the mid to late
1970s, 1980s, and 1990s, with some applications sought in analytical chemistry (70–73). These
substrates are still used today (74, 75), but interest has shifted to other SERS substrates dur-
ing the past ten years or so, especially to NPs. First, the maximum possible enhancement is
much greater for NPs (28) than for surfaces such as island films (76). Second, enhancement from
ORC-roughened surfaces and island films may be fairly reproducible when the laser spot is a
few millimeters in diameter and an averaging effect is achieved, but that reproducibility decreases
when a Raman microscope is employed and the laser spot is reduced to a few micrometers. NPs,
in contrast, possess smaller-scale structural inconsistencies when they are used in solution or
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TERS: tip-enhanced
Raman spectroscopy

tethered to a solid substrate in a uniformly packed monolayer, and sufficient averaging can occur
in a micrometer-scale laser spot. Third, NP preparation does not require any special equipment.
Lin et al. (77) provide further discussion of these two SERS substrates and further comparison
with NPs.

In some cases, an ultrathin shell of the weakly enhancing or nonenhancing material can be
deposited onto a coinage metal NP (31, 78). This method has provided enough Raman signal
enhancement for us to observe SERS from interfacial water on group VIIIB TMs (31, 79, 80).
These TMs are SERS-active, but their activity is too weak, and the Raman scattering cross section
of water too small, to allow this particular experiment to be done without assistance from an
underlying coinage metal. Average EFs of up to five orders of magnitude may be obtained from
coinage metal@TM NPs (31), but field strength is attenuated exponentially with increasing shell
thickness, so the shell must be thin enough to permit the enhancement required for a given
experiment. In contrast, the shell must be free from pinholes, and uniformity of the shell is easier
to achieve as the shell becomes thicker. Furthermore, the shell must be thick enough to possess
bulk properties if conclusions about the bulk are to be drawn. Thus, a delicate balance between
SERS intensity versus shell uniformity and shell properties must be attained before high-quality,
meaningful data can be acquired, and the time-consuming process of shell thickness optimization
must be carried out for each new system studied (i.e., for each new shell material). A further
problem commonly encountered when one is working with NPs is unwanted aggregation (e.g.,
during centrifuge-based cleaning).

Tip-enhanced Raman spectroscopy (TERS) combines scanning probe microscopy with Raman
spectroscopy by placing a Au tip or a Ag tip close to the surface of interest and then illuminating
the tip with light to generate LSPs at the apex (31, 81–86). Hence, field may be concentrated in
the vicinity of a weakly enhancing or nonenhancing material, and SERS may be obtained from
molecules located there. We have used this method to probe single crystals of Au and Pt (31,
87–90), which are atomically flat and therefore do not support the SP modes that are required
for SERS when the tip is absent. When a TM is added to a coinage metal NP by some wet
chemical technique, the TM shell is polycrystalline; thus, the ability to probe single crystals is
a distinct advantage of TERS over the coinage metal@TM borrowed SERS strategy shown in
Figure 2c. Note that the spatial resolution offered by TERS (∼10 nm at present) is important
for the study of single molecules and molecular electronics devices, and is considered one of
the greatest advantages of this technique. A number of drawbacks are associated with TERS,
however. As is the case when ORC-roughened surfaces or island films are used to generate the
enhancement, special equipment is required. In this case, the TERS setup is very expensive and
quite sophisticated. Theoretically, the TERS EF may be as large as ten orders of magnitude
(31), but the TERS signal is collected from a very small area of the sample so the absolute in-
tensity of light detected is quite weak. When the tip-to-substrate distance becomes very small,
probe/analyte molecules may jump from the sample (e.g., a single crystal of Au or Pt) to the
tip (polycrystalline Au or Ag) and lead to undesirable peaks in the TERS spectrum. If the tip is
submersed in solution for electrochemical or biological measurements, solution components may
stick to the tip and again cause undesirable peaks in the TERS spectrum. Furthermore, problems
associated with the air-water interface (such as additional scattering and distortion of the optical
path) arise when the tip is submersed in solution, and such problems lead to a decrease in sig-
nal intensity. Schmid et al. (91) address the challenges encountered when performing TERS in
situ.

All the shortcomings described above may be circumvented, at least to a large extent, by use of
our SHINERS technique (Figure 2e, f ). In the following paragraphs, we describe progress with
respect to sensitivity and reproducibility, spectral accuracy, and convenience.
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We first discuss improvements to sensitivity and reproducibility. Enhancement from our
SHINERS NPs is comparable to that obtained from ORC-roughened surfaces and island films,
and coinage metal@TM NPs. With respect to TERS, each SHINERS NP can scatter light as
a tip, so the equivalent of ∼1,000 tips may be excited at the same time when SHINs having a
55-nm core fill a 2-μm laser spot. Because the absolute intensity of light detected is much greater
for SHINERS than it is for TERS, additional scattering and distortion of the optical path at the
air-water interface during in situ experiments do not matter as much. The price we pay for in-
creasing sensitivity in this way, however, is a loss of the TERS spatial resolution. SHINERS NPs
can be used in solution or tethered to a solid substrate in a uniformly packed monolayer (by at-
taching a trimethoxysilane-based linker to the glass shell), thereby increasing SERS-measurement
reproducibility.

The second advantage of our SHINERS technique is improved spectral accuracy. When a
TM shell is added to a coinage metal NP, the shell must be thick enough that electronic and
morphological changes induced by contact with the coinage metal core, and associated with the
nanoscale quantity of material present, become insignificant. If the shell is not sufficiently thick,
inferences about the bulk must be made from the perturbed nanostructure—a dubious approach at
best. When SHINERS NPs are spread over a TM surface, however, the unperturbed bulk material
is probed (single crystals as well as polycrystalline samples can be investigated by SHINERS, and
this advantage exists for both). In TERS, signal from the probe/analyte molecule on the tip can
result in peaks that mislead spectral interpretation (because such peaks are irrelevant to the system
of interest) and/or peaks that interfere with spectral interpretation (because such peaks overlap
with peaks that arise from the system of interest). When our SHINERS method is employed,
the probe/analyte molecule cannot come into direct contact with the enhancing surface, and this
problem is alleviated. SHINERS NPs may also be spread over a surface to be submersed in aqueous
solution for electrochemical or biological measurements without components of that environment
adsorbing directly on the enhancing surface.

The third advantage of our SHINERS technique is convenience. Our SHINs can be prepared
quickly and easily by wet chemical techniques, and no special equipment is required. When coinage
metal@TM NPs are used, shell thickness must be optimized for each new system studied; but when
SHINERS is employed, shell thickness need only be optimized for a few different shell materials
before some SHIN will be compatible with any given system. Finally, the shell inhibits untimely
NP aggregation.

2. ELECTRIC FIELD DISTRIBUTION AND ENHANCEMENT

The finite-difference time-domain (FDTD) method is a numerical one that can be used to de-
termine how electromagnetic waves interact with objects, based on their material properties, by
solving Maxwell’s equations (92). To understand electric field distribution and enhancement about
our SHINs, we modeled a 2 × 2 array of SHINERS NPs on a perfectly smooth Au surface and
calculated the surrounding field strength by FDTD (Figure 3).

Regions of enhanced field strength exist in the SHIN-to-SHIN gaps as well as in the SHIN-
to-substrate gaps. However, field distribution and enhancement in the plane formed by the latter
are more important because of the way our SHINs are used. If the shell is pinhole free and the
probe is not adsorbed on the shell, a substrate-probe-SHIN sandwich configuration is created
with the probe located primarily in this plane. Therefore, nearly all of the Raman signal comes
from the probe on the surface of interest.

The calculations show that a maximum electric field enhancement of 140 and 85 times may be
achieved for 55-nm Au@2 nm of silica and 55-nm Au@4 nm of silica, respectively. The associated
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Figure 3
(a) Side view showing a 2 × 2 array of 55-nm Au@4-nm silica shell-isolated nanoparticles (SHINs) on a
perfectly smooth Au surface. Finite-difference time-domain simulations were run with the incident light
approaching vertically from the top. (b) Top view showing electric field (E-field) distribution contours in the
plane between our SHINs and the smooth Au substrate, where probe molecules would lie during a typical
SHIN-enhanced Raman spectroscopy experiment. Polarization of the 633-nm incident light is as indicated.

Raman scattering EFs are 4 × 108 and 5 × 107, respectively. The calculations also show that
these maximum values depend on the interparticle distance, but not critically. If the 2 × 2 array
is replaced by a single 55-nm Au@4 nm of silica SHIN, field enhancement drops from 85 to
55 times, and the Raman EF drops from 5 × 107 to 9 × 106. This is to say that the field
enhancement and the Raman EF are still large in the single-particle case, and in practice, our
SHINs do not need to be packed in a dense array to generate a strong signal.

The intensity of Raman scattering from a molecule located between two signal-enhancing par-
ticles decreases dramatically as the distance between them increases, plasmon coupling decreases,
and a transition is made to the isolated-particle case (15, 16). The situation for a molecule be-
tween a particle and a surface is expected to be similar, and therefore SHINERS intensity from
a probe located in the SHIN-to-substrate boundary plane should decrease rapidly with increas-
ing shell thickness. To test for this, we spread 55-nm Au@2-nm silica, 55-nm Au@4-nm silica,
55-nm Au@6-nm silica, 55-nm Au@8-nm silica, 55-nm Au@10-nm silica, and 55-nm Au@20-nm
silica SHINs over a smooth Au surface and used pyridine as the probe. The resulting spec-
tra are presented in Figure 4a, where it may be seen that, as expected, intensity decreases as
the shell thickness increases. To show the nature of the relationship more clearly, we plot the
area of the 1,013 cm−1 peak against shell thickness in Figure 4b. Integrated intensities were
normalized by the 2-nm shell thickness integrated intensity, and error bars denote 20% of the
result.

The field strength information that we obtained by FDTD may be correlated with these
experimentally obtained Raman intensities because in a first approximation, SERS intensity scales
with the fourth power of electric field strength (15, 16). Panels c and d of Figure 4 allow field
distribution and enhancement in the SHIN-to-substrate boundary plane for 2-nm and 8-nm silica
shells to be compared visually. The maximum field intensity is greater for the 2-nm shell than
the 8-nm shell. Because the distribution of field strength is not uniform, we integrated over the
whole area. The resulting average field strength values were also normalized using the 2-nm shell
thickness value and plotted in Figure 4b. The trend in the experimental SHINERS intensity and
the trend in the electric field strength at the SHIN-to-substrate boundary match well, indicating
that SHINERS NPs operate according to our proposed mechanism.
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Figure 4
The dependence of shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) intensity on shell
thickness. (a) SHINERS spectra were acquired for pyridine on a smooth Au surface. The silica shell
thickness is given for each spectrum. (b) Experimental SHINERS intensities, normalized using data for the
2-nm shell, are plotted against shell thickness (blue squares). The error bars denote 20% of each value.
Theoretical intensity results obtained by the finite-difference time-domain (FDTD) method, normalized
using data for the 2-nm shell, are overlaid for comparison (red circles). (c,d ) Top view of electric field (E-field)
distribution, as calculated by FDTD, in the plane between our shell-isolated nanoparticles and a smooth Au
surface. These images are similar to the image in Figure 3b except that these are for (c) 2-nm and
(d ) 8-nm silica instead of for 4-nm silica.

3. EXPERIMENTAL PROCEDURES

3.1. Synthesis and Purification of Our Shell-Isolated Nanoparticles

Figure 5 provides a schematic overview of the procedure we use to create our SHINs. All the
following reactions and cleaning procedures are carried out using 18.2 M� cm−1 ultrapure water.

The Au core is prepared according to Frens’s (93) method. First, 200 ml of 0.29-mM (0.010-
wt%) chloroauric acid are brought to a boil in a round-bottom flask. Then, to obtain Au NPs with
a 55-nm diameter, 1.4 ml of 39-mM (1.0-wt%) trisodium citrate are added quickly to the boiling
solution. Smaller-sized NPs may be obtained by increasing the concentration of trisodium citrate,
and larger-sized NPs may be obtained by decreasing this concentration. The mixture is refluxed
with stirring for 40 min and is then allowed to cool to room temperature.

Au@silica SHINs are prepared by placing 30 ml of the Au NP solution into a round-
bottom flask, adding 0.4 ml of 1-mM (3-aminopropyl)trimethoxysilane, and stirring for 15 min
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Add trisodium citrate
to boiling solution

Sample

Clean and concentrate
by centrifuging; spread

HAuCl4

Au nanoparticles

Shell-isolated
nanoparticles (SHINs)

Add (3-aminopropyl)
trimethoxysilane and then

sodium silicate at room
temperature; heat to 90˚C

Figure 5
Schematic illustration of our shell-isolated nanoparticle (SHIN) synthesis.

at room temperature. A 27% solution of sodium silicate, purchased from Sigma-Aldrich R©

(http://www.sigmaaldrich.com), is diluted to 0.54% and adjusted to pH = 9.5–11.0 using
hydrochloric acid. Subsequently, 3.2 ml of the diluted and acidified sodium silicate solution are
added to the reaction mixture, and the mixture is stirred for 3 more min at room temperature.
The solution is then heated to 90◦C and stirred for a period of time that depends on the desired
silica shell thickness: 20 min, 1 h, 2 h, 4 h, 8 h, or 20 h to coat the Au core with a thickness of
approximately 2 nm, 4 nm, 6 nm, 8 nm, 10 nm, or 20 nm, respectively. This elevated temperature
is an important modification to the coating procedure used by Liz-Marzán et al. (94) because
otherwise, growing a shell 2–4 nm thick takes 24 h. The round-bottom flask is then cooled in
an ice bath with stirring, which slows the reaction dramatically. Some of the resulting solution is
placed into test tubes and centrifuged at 5,000 rpm for 15 min. The supernatant is removed, the
concentrated SHINs at the bottom of each test tube are diluted, and the SHINs are centrifuged
again. The supernatant is removed a second time and clean, concentrated SHINs are obtained
from the bottoms of the test tubes.

3.2. Characterization of Our Shell-Isolated Nanoparticles

Two shell characteristics are important if our SHINs are to be used as an effective general tool for
the acquisition of reliable SERS data: The shell must be ultrathin, and it should be pinhole free.
In this section, we describe our procedures for testing shell thickness and continuity.

SHINs with different silica shell thicknesses may be prepared by altering the shell formation
heating time (Section 3.1). To confirm the shell thickness, we use high-resolution transmission
electron microscopy. Some typical images are provided in Figure 6.

To test the silica shell for a lack of pinholes, 10 μl of the clean, concentrated SHIN solution
are placed on a silicon wafer and dried under vacuum. Next, 20 μl of 10-mM pyridine solution are
added, and a quartz coverslip is placed on top. Pyridine is adsorbed on Au, but it is not strongly
adsorbed on silica or silicon; thus, a SHINERS signal is obtained when pinholes are present in
the shell but not when pinholes are absent. We recommend that the unknown sample be run
with negative and positive controls for comparison. Figure 7 shows the spectrum obtained from
a perforated 1-nm shell, which may be used as a negative control, and the lack of signal from a
well-formed 4-nm shell, which may be used as a positive control.
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5 nm

a

b

Figure 6
(a) High-resolution transmission electron microscopy (HR-TEM) images of Au@silica nanoparticles (NPs)
with different silica shell thicknesses. (b) HR-TEM images of a Au@silica NP with a 2-nm shell.

4. SURFACE CHEMISTRY

4.1. Thiocyanate on Au(100) and Au(111)

Single-crystal surfaces cannot normally be examined by SERS because they are smooth and there-
fore do not support SP modes. Examination of smooth surfaces may be carried out, however, if
NPs are spread on top and used to enhance the intensity of the incident (and Raman-scattered)

1,009

950 1,000 1,050 1,100

Raman shift (cm–1)

a

b

Si

Si

Figure 7
Surface-enhanced Raman scattering test for a lack of pinholes in the shell. These shell-isolated
nanoparticle-enhanced Raman spectra were obtained using 55-nm Au@1-nm silica nanoparticles (NPs) (with
pinholes, a) and 55-nm Au@4-nm silica NPs (without pinholes, b) on silicon wafers in 10-mM pyridine.
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Au(100)

Raman shift (cm–1)

Figure 8
Comparison of shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) with Fourier
transform infrared spectroscopy (FTIR) for thiocyanate (SCN−) on Au(100) and Au(111). The
counterelectrode was Pt, the potential was held at 0.0 V versus a saturated calomel electrode, and the
solution employed was 0.1 M in NaClO4 and 0.01 M in NaSCN. The excitation wavelength was 633 nm.

light. In this situation, it is important that the probe molecule be adsorbed on the single crystal but
not on the NPs, which may be polycrystalline or even composed of a different metal. Otherwise,
signal from the probe on the NPs may interfere with or mislead interpretation of the spectrum of
the probe on the single crystal. Our SHINs, which have a protective glass coating, are therefore
perfectly suited for the study of single crystals by SERS.

We have carried out such experiments using thiocyanate (SCN−), which is not adsorbed on
glass, to probe Au(100) and Au(111) electrode surfaces. SHINERS spectra obtained at 0.0 V
relative to a saturated calomel electrode (SCE) are presented in the top portion of Figure 8.
The signals obtained from SCN− on Au(100) and Au(111) are quite different. In the low–wave
number region, peaks are seen for Au(100) at 234 and 302 cm−1 with a height ratio of 5:1. These
bands have been assigned to Au-S stretching of S-bound SCN− and to Au-N stretching of N-
bound SCN−, respectively (95–97). The height ratio of these two bands is reduced to 2.5:1 in
the spectrum of SCN− on Au(111), indicating that a greater fraction of SCN− is bound to Au by
the N atom. Spectral features in the high–wave number region confirm this interpretation. Here,
a strong sharp peak is seen for Au(100) at 2,119 cm−1. This peak has been assigned to the C-N
stretching mode of S-bound SCN− (95–97). For Au(111), the peak is weaker and broader. Figure 1
in Reference 95 and figure 4 in Reference 96 show that the peak becomes weaker and broader as
the orientation of SCN− changes, with the N-bound fraction increasing and the S-bound fraction
decreasing.

We obtained similar results in the high–wave number region by unenhanced Fourier transform
infrared (FTIR) spectroscopy: A strong sharp peak was observed at 2,119 cm−1 for Au(100), and
it appeared weaker and broader for Au(111). These data are presented in the bottom portion of
Figure 8. The low–wave number region is inaccessible by IR spectroscopy under electrochemical
conditions, and the information that SHINERS can provide about the bonding of molecules
to single crystals via this spectral region is one of the advantages of our technique. Another
advantage lies in the fact that when IR and Raman data are acquired for the same spectral region,
the information is in general complementary rather than identical (1–3), so the acquisition of both
kinds of data is beneficial for a full understanding of surface structures and processes.
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Au NPs

Au@silica NPs (× 3)

2,060

2,125
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1,900 2,000 2,100 2,200

Raman shift (cm–1)

νC-O(Pt)

νC-O(Au)

Figure 9
Surface-enhanced Raman scattering spectra of carbon monoxide (CO) on Pt(111) obtained using bare Au
nanoparticles (NPs) (top) and our shell-isolated nanoparticles (bottom) as the Raman signal–enhancing
substrate. The counterelectrode was Pt, the potential was held at 0.0 V versus a saturated calomel electrode,
and the solution employed was 0.1 M in HClO4 and saturated with CO gas. The excitation wavelength was
633 nm.

Hydrogen evolution:
when sufficiently
negative potentials are
reached during an
electrochemical
experiment, aqueous
solvent is converted to
hydrogen gas at the
surface of the working
electrode:
2H2O + 2e−

→ H2 + 2OH−

4.2. Carbon Monoxide on Pt(111)

The method described in Section 4.1 may be extended to metal surfaces other than Au, as well as
to semiconductor surfaces. Then if bare Au NPs are spread on top of the single crystal and used
to obtain SERS from a probe, at least two different problems can result. First, adsorption of the
probe on the Au may lead to additional peaks. Second, electrical contact between the bare Au NPs
and the single crystal may lead to a charge transfer that can perturb the electronic structure of the
surface under study and cause shifting of the probe’s vibrational bands (98).

These problems are illustrated by carbon monoxide (CO) on Pt(111) in Figure 9. When bare
Au NPs are spread over Pt(111) and the SERS spectrum of adsorbed CO is acquired at 0.0 V versus
SCE, two peaks are observed: one at 2,060 cm−1 that is due to C-O(Pt) stretching (99) and one at
2,125 cm−1 that is due to C-O(Au) stretching (99). The band at 2,125 cm−1 is undesirable because
it is irrelevant to CO adsorption on a Pt surface. Moreover, this band overlaps with the C-O(Pt)
peak and thus complicates the procedure required for its integration. Electrical contact between
these two metals results in charge transfer from Au to Pt, both in the bulk [the work functions for
polycrystalline Au and Pt(111) are 5.1 and 5.7 eV, respectively (100)] and at the nanoscale (101).
Because the Pt surface has more negative charge, we see a shift in the position of the C-O(Pt)
band from 2,072 cm−1 to 2,060 cm−1 (Figure 9). In SHINERS, chemical and electrical isolation
of the Au core is achieved via the silica shell. Hence, both of these problems are resolved and the
true spectrum of CO on Pt(111) can be obtained (Figure 9).

5. ELECTROCHEMISTRY: HYDROGEN ON Rh(111)

Hydrogen evolution is a common problem in electrochemical systems when the applied potential
is sufficiently negative for the reductive dissociation of water to occur (102). We have used both
the borrowed SERS approach (Figure 2c) and SHINERS (Figure 2e) to examine hydrogen
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Figure 10
(a) Surface-enhanced Raman scattering spectra of hydrogen on Au@Rh/smooth Rh and (b) shell-isolated
nanoparticle-enhanced Raman spectra of hydrogen on Rh(111). The solution employed was 0.1 M in
NaClO4, a Pt wire served as the counterelectrode, and the potentials given are relative to a saturated calomel
electrode. The excitation wavelength was 633 nm.

adsorption on Rh. In the former of these two methods, 55-nm Au NPs were coated chemically
with 1–2 nm of Rh, and then the Au@Rh NPs were spread over a smooth Rh electrode. Rh is
polycrystalline when it is deposited on a Au NP by wet chemical techniques, and a polycrystalline
electrode was also used. In the SHINERS approach, 55-nm Au@1–2-nm silica SHINs were spread
over a Rh(111) electrode. The Raman scattering cross section of hydrogen is extremely small, and
to obtain a stronger signal, it may be desirable to use a 1-nm silica shell with pinholes instead of
a 2-nm silica shell without pinholes. Pinholes do not present a problem for the present system
because hydrogen is not strongly adsorbed on Au, and a shell with some very small holes can still
prevent electrical contact between the SHIN Au core and the Rh(111) surface.

The resulting spectra are shown in Figure 10. The potential was stepped in the negative
direction, and hydrogen evolution began to take place at approximately −1.0 V. A shift in the
position of the Rh-H stretching peak with applied potential (an electrochemical Stark effect)
occurred for both systems. Furthermore, this peak is much narrower for the single crystal than
for polycrystalline Rh. Each facet of a polycrystalline sample of an element may yield a slightly
different position for a given adsorbate vibrational band, and if these facet-induced differences
are not resolved, a single broad peak is observed. If one facet dominates the sample, however, the
simplified spectrum appears as a narrower peak. This relationship between crystal structure and
bandwidth has previously been discussed by our group (103).

A single crystal is a type of model system, and single crystals are used quite frequently in surface
science. The results presented here (as well as those presented in Section 4) demonstrate that our
SHINERS method can allow for the detection of thin probe/analyte films on these atomically flat
surfaces by Raman spectroscopy, even under electrochemical conditions.

6. INSPECTION

SHINERS NPs may be applied to virtually any surface for the quick and easy identification of
analytes. Potential applications lie in drug and explosives screening, environmental protection,
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Figure 11
(a) The ordinary Raman spectra of clean and contaminated orange skins are given by curves i and ii,
respectively. The shell-isolated nanoparticle-enhanced Raman spectrum of a contaminated orange skin is
given by curve iii. The excitation wavelength was 785 nm, the laser power on the sample was 30 mW, and
the acquisition time was 30 s. (b) A photograph of the experiment, which was conducted using a DeltaNu
Inspector RamanTM spectrometer.

and food safety inspection. In order to demonstrate this we used a portable Raman spectrometer,
and our SHINs, to detect a pesticide residue on an orange skin.

Our portable Raman spectrometer offers a 785-nm excitation source, but this wavelength does
not match the ∼600-nm SP resonance wavelength of our standard 55-nm spherical Au@silica
SHINs (38). So to shift the SP resonance toward the laser wavelength, 20-nm by 60-nm Au
nanorods were prepared according to Nikoobakht and El-Sayed (104) and used as the core. The
resulting SHINs displayed an SP resonance at ∼770 nm.

Figure 11a shows the ordinary Raman spectrum obtained from an orange peel before exposure
to parathion pesticide. The bands at 1,165 and 1,526 cm−1 are due to carotenoids (105) that occur
naturally in citrus fruit. A solution of parathion in ethanol (0.1–1 mM) was then sprayed onto
the orange peel and allowed to dry. The ordinary Raman spectrum was again collected, and this
spectrum is shown in Figure 11a. Due to the low sensitivity of normal Raman spectroscopy, the
parathion residue was not detected. SHIN rods were then applied, and the SHINERS spectrum
was recorded. Parathion bands may be seen at 1,109 and 1,340 cm−1 (106) in Figure 11a.

7. CONCLUDING DISCUSSION AND OUTLOOK

7.1. Concluding Discussion

In Table 1 we group currently available Raman signal–enhancing structures into three broad
categories: random nanostructures, ordered nanostructures, and complex nanostructures that are
composed of more than one type of material. For each category, including three subdivisions of
the last category, morphological generality, materials generality, and probe/analyte generality are
rated on a five-point scale as poor, fair, good, very good, or excellent.

Work on SERS began in the mid 1970s, and during the next 25 years or so, ORC-roughened
surfaces, island films, and surfaces covered with disordered NP aggregates dominated the litera-
ture. All these substrates possessed random features over which limited control could be exercised,
so morphological generality is described as poor. Because they were composed of Au, Ag, or Cu,
materials generality is also given as poor. The EFs obtained were high enough that a wide variety
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Table 1 Enhancement strategies and their generality

Time frame Example(s)
Morphological

generality
Materials
generality

Probe/analyte
generality

Random
nanostructures

Mid 1970s to
2000s

ORC-generated,
island films, NP
aggregates

Poor Poor Very good

Ordered
nanostructures

1990s to
present

Tethered NPs,
EBL-fabricated,
FIB-milled

Good Fair Excellent

More complex
(multicomponent)
nanostructures

Mid 1990s to
present

Core-shell NPs,
coated
nanostructures

Good Good Very good

2000s to
present

TERS Excellent Excellent Good

Present SHINERS Excellent Excellent Very good

Morphological generality, materials generality, and probe/analyte generality are rated on a five-point scale as poor, fair, good, very good, or excellent.
Abbreviations: ORC, oxidation-reduction cycling; NP, nanoparticle; EBL, electron beam lithography; FIB, focused ion beam; TERS, tip-enhanced
Raman spectroscopy; SHINERS, shell-isolated nanoparticle-enhanced Raman spectroscopy.

of probe/analyte molecules could be detected easily, and we call probe/analyte generality very
good.

Ordered nanostructures revitalized SERS research and may be considered the second
generation of SERS substrates. Examples include NPs tethered to a solid surface in a uniformly
packed monolayer, substrates fabricated by electron beam lithography, and substrates prepared
by focused ion beam milling. Here, control over the substrate’s morphology at the nanoscale
may be considered very good; but at the atomic level the morphology is only good as the surfaces
are not structurally well-defined [except for some nanocubes with the (111) facet]. This control
has led to greater EFs and to greater reproducibility. Greater EFs mean that weakly enhancing
materials such as the group VIIIB TMs can be used with more success. In practice, however,
most of these second-generation substrates are still composed of Au, Ag, or Cu, and materials
generality is only slightly improved over that of the first-generation substrates. Greater EFs
also mean improved probe/analyte generality when coinage metals are employed—molecules
with lower Raman scattering cross sections can be, and are being, used in connection with these
substrates.

The more complex nanostructures category is further divided into three subcategories. These
include core-shell NPs and coated (ordered) nanostructures, TERS, and SHINERS.

As explained above in Sections 1.2 and 1.3, some weakly enhancing or nonenhancing material
may be coated onto a coinage metal nanostructure as an ultrathin shell to obtain strong SERS
from a molecule on the surface, thus improving materials generality. Most procedures deposit
coatings that follow the morphology of the underlying ordered nanostructure in a fairly uniform
way, so morphological generality is described as good here, as it was for the uncoated ordered
nanostructure. Field strength at the coating’s surface is weaker than field strength at the surface
of the underlying coinage metal, so EFs are lower here than they were for the uncoated ordered
nanostructure and probe/analyte generality is reduced from excellent for the uncoated ordered
nanostructure to very good.

The TERS method was a conceptual breakthrough in that the signal amplifier was separated
from the probed surface for the first time, and TERS may be used to examine a surface of any
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morphology and any material. The EF may be large, but the signal originates from a very small
region of the sample so the absolute intensity of light detected is still weak. Therefore, only
probe/analyte molecules with large Raman scattering cross sections are appropriate for use with
TERS.

Our SHINERS technique is in one sense an extension of the core-shell and coatings strategy
already described. The reason for the shell and the way in which the NPs are used differ significantly
in SHINERS, however, and a considerable step forward in generality is the result. The material
of interest is no longer added to the SERS-active coinage metal; rather, an isolating shell is added
and the structure is then spread onto a surface of any morphology and any material. So in another
sense, SHINERS is an extension of what was accomplished for the first time with TERS: The
signal amplifier is again separated from the probed surface. With the advent of SHINERS, SERS
may be obtained from surfaces with the unlikely morphology of an atomically flat single crystal
(Sections 4 and 5) and the unlikely material of an orange skin (Section 6). The EFs achieved
with SHINERS are comparable to those achieved with core-shell NPs and coated (ordered)
nanostructures, so the probe/analyte molecule generality is also comparable.

7.2. Outlook

With the advent of SHINERS, we expect a growing emphasis on the direct detection and iden-
tification of analytes by SERS. Here, SHINERS could be used to examine the surface of the
skin, cells and tissues after biopsy, or surface chemistry as part of an industrial quality-control
procedure. In addition to the direct detection and identification of analytes, we anticipate the
in-depth characterization of probe-surface interactions for a wide variety of weakly enhancing and
nonenhancing surfaces through detailed examination of their SHINERS spectra. Examples could
include the probing of surface processes associated with catalysis and corrosion.

We also expect new structures to emerge. The SHIN surface could be modified with a
trimethoxysilane-based linker, and then a biological receptor could be added or the SHINs could
be attached to a solid substrate in a uniformly packed monolayer. Any incompatibilities that may
exist between certain chemical systems and the currently available shells, which include silica and
alumina (38), will vanish as we learn how new materials can be deposited to form a shell that is
ultrathin and ideally pinhole free. Meanwhile, the shell-isolating concept may be applied to nano-
structures other than NPs. As explained above in Section 1.1, this idea could be used to reduce
the mobility of coinage metal atoms and therefore inhibit SERS-substrate deterioration. Finally,
our SHINs could be used for other surface-enhanced spectroscopies such as fluorescence, infrared
absorption, and nonlinear optical spectroscopies.
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