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Abstract

The ability to control the size, shape, and material of a surface
has reinvigorated the field of surface-enhanced Raman spectroscopy
(SERS). Because excitation of the localized surface plasmon reso-
nance of a nanostructured surface or nanoparticle lies at the heart of
SERS, the ability to reliably control the surface characteristics has
taken SERS from an interesting surface phenomenon to a rapidly de-
veloping analytical tool. This article first explains many fundamental
features of SERS and then describes the use of nanosphere lithog-
raphy for the fabrication of highly reproducible and robust SERS
substrates. In particular, we review metal film over nanosphere sur-
faces as excellent candidates for several experiments that were once
impossible with more primitive SERS substrates (e.g., metal island
films). The article also describes progress in applying SERS to the de-
tection of chemical warfare agents and several biological molecules.
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1. INTRODUCTION

It has been 30 years since it was recognized that the Raman spectra of submonolayer
coverages of molecules could be acquired on electrochemically roughened coinage
metal surfaces (1, 2). Since then, the field of surface-enhanced Raman spectroscopy
(SERS) has grown dramatically, demonstrating its power as an analytical tool for the
sensitive and selective detection of molecules adsorbed on noble metal nanostructures.
Over 5000 research articles, 100 review articles, and several books on SERS have
appeared in the literature. Such a large research database provides ample testimony
of the impact of SERS on both fundamental and applied studies in fields as diverse
as chemistry, physics, materials science, surface science, nanoscience, and the life
sciences (3-16).

Understanding the mechanisms of SERS has been a struggle since the early days
of its inception, when the primary goal was merely explaining the 10°-fold intensity
enhancement of the normal Raman scattering cross-section. At the time, the enhance-
ment factor, EFsgrs = 10°, could be understood as the product of two contributions:
(@) an electromagnetic enhancement mechanism and (b)) a chemical enhancement
mechanism. These two mechanisms arise because the intensity of Raman scattering
is directly proportional to the square of the induced dipole moment, 4, which,
in turn, is the product of the Raman polarizability, «, and the magnitude of the in-
cident electromagnetic field, E. As a consequence of exciting the localized surface
plasmon resonance (LSPR) of a nanostructured or nanoparticle metal surface, the
local electromagnetic field is enhanced by a factor of 10, for example. Because Ra-
man scattering approximately scales as E*, the electromagnetic enhancement factor
is of order 10*. Researchers viewed the chemical enhancement factor of 107 as arising
from the excitation of adsorbate localized electronic resonances or metal-to-adsorbate
charge-transfer resonances (e.g., resonance Raman scattering). It is also worthwhile
to note that surface-enhanced resonance Raman scattering with combined SERS and
resonance Raman scattering enhancement factors in the 10°~10'° range was possible
at the time.

Despite this enhancement, which made SERS orders of magnitude more sensi-
tive than normal Raman spectroscopy, the full power of SERS unfortunately was
not utilized until this past decade. Early systems suffered immensely from irrepro-
ducibility owing to ill-defined substrates fabricated by electrochemical roughening.
Recent advances in nanofabrication and the 1997 discovery of single-molecule SERS
(31, 32), the ultimate limit of detection, have caused an explosion of new research
and the extension of SERS from an interesting physical phenomenon to a robust
and effective analytical technique. In addition, surface preparation and modification
techniques (26-28, 77) have also allowed for analyte selectivity. As such, investiga-
tors have applied SERS to many analytical systems in recent years, including anthrax
detection (29, 77), chemical warfare-stimulant detection (17), in vitro (6, 30, 79)
and in vivo (78) glucose sensing, environmental monitoring (18), the monitoring of
heterogeneous catalytic reactions (19), and explosive-agent detection (20). The need
for new SERS-based sensing, detecting, and monitoring platforms has also driven
new instrumental techniques such as the integration of SERS active substrates into
fiber-optic assemblies (18).
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This review first describes the SERS electromagnetic mechanism (EM) from a
practical standpoint, not dwelling on lengthy equations and derivations, by taking a
simple spherical model to extract the analytical features of the EM such as wavelength
dependence, distance dependence, and overall enhancement factor. Then, we give an
overview of modern nanofabrication techniques for SERS active surfaces. Finally,
we conclude with examples of the analytical applications of SERS performed by our
research group.

2. FUNDAMENTALS OF THE SURFACE-ENHANCED RAMAN
SPECTROSCOPY ELECTROMAGNETIC MECHANISM

When an electromagnetic wave interacts with a metal surface, the fields at the surface
are different than those observed in the far field. If the surface is rough, the wave
may excite localized surface plasmons on the surface, resulting in amplification of
the electromagnetic fields near the surface. If one assumes that there is enhancement
of the intensity of the incident and scattered fields (albeit at different wavelengths),
then the possibility of a large enhancement of Raman scattering intensity arises. This
notion is commonly known as the EM of SERS and has served as an important model
in the understanding of SERS since its discovery in the 1970s (1, 2, 21). Although
this mechanism has been the topic of multiple reviews (5, 22-25) and is reasonably
well understood, the reinvigorated interest in SERS due to better-defined substrates
(26-28), its application to sensing (29, 30), and the observation of single-molecule
surface-enhanced resonance Raman scattering (31, 32) has driven a new wave of ex-
periments designed to lay a stronger foundation and provide deeper insight into the
EM. These experiments include testing the wavelength dependence of SERS (33, 34)
and the distance dependence of SERS (35, 36) and making theoretical calculations
to link the small, arbitrarily shaped noble-metal nanoparticle electromagnetic en-
hancement to observed SERS enhancement factors (37, 38). We begin our treatment
of the EM with the origin of electromagnetic enhancement on the nanoscale, the
LSPR.

2.1. The Localized Surface Plasmon Resonance

The LSPR occurs when the collective oscillation of valence electrons in a coinage
metal nanoparticle is in resonance with the frequency of incident light (Figure 1).
Understanding features in the characteristic extinction spectrum (absorption plus
scattering) can be complex owing to the effects of the dielectric environment, size, and
shape on the full width at half-maximum and spectral location. As such, more detailed
explanations are available elsewhere, and we concentrate only on features of the LSPR
that are directly applicable to the SERS EM (39). Here we consider a quasistatic
approach using a spherical nanoparticle of radius #, irradiated by z polarized light of
wavelength A, in the long wavelength limit (#/A < 0.1). This leads to the assumption
that the electric field around the nanoparticle is uniform (Figure 1), which allows
Maxwell’s equations to be replaced by the Laplace equation of electrostatics (25).
Although this approach is useful for predicting the properties of the SERS EM,
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Figure 1

(@) Hlustration of the localized surface plasmon resonance effect. (#) Extinction efficiency (ratio
of cross section to effective area) of a spherical silver nanoparticle of 35-nm radius in vacuum
|E|? contours for a wavelength corresponding to the plasmon extinction maximum. Peak

2
B2 = 85.

it should not be used as a quantitative treatment as the LSPR extinction of small
spherical particles lies in the ultraviolet and is damped by interband transitions and
other excitations (12, 40). The resulting analytical solution for the magnitude of the
electromagnetic field outside the particle, E,,,, is given by

z 3
mqum@:Eﬁ—a&[g—7§@ﬁfw+w@] M

where x, y, and z are the usual Cartesian coordinates; 7 is the radial distance;
%, ¥, and Z are the Cartesian unit vectors; and « is the metal polarizability expressed
as

o= g @
where « is the radius of the sphere and g is defined as

Ein — Eout

- (sin + 280u;) . (3)

8
Here ¢, is the dielectric constant of the metal nanoparticle, and &,,, is the
dielectric constant of the external environment. The magnitude of the enhancement
is wavelength dependent, owing to the strong wavelength dependence of the
real portion of the metal nanoparticle dielectric constant. As such, the maximum
enhancement occurs when the denominator of g approaches zero (¢;, & —2¢,u).
Examining Equation 1, we also can see that the field enhancement decays with 73,
implying the existence of a finite sensing volume around the nanoparticle. (We
discuss these implications in later sections.)
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According to Mie theory, the extinction spectrum, E (1), of an arbitrarily shaped
nanoparticle is given by

EQ) =

2472 Nae)l;  (
4 asm[ g (L) ] @

Aln(10) [ (e, W) + xgow)’ + & (W)

where ¢, and ¢; are the real and imaginary components of the metal dielectric function
&in, respectively (41, 42). Again, the real portion of the metal dielectric constant
is wavelength dependent. This equation is also generalized from the small sphere
solution by replacing the factor of 2 that appears with &,,, in Equation 3 with x, where
x is the shape factor thataccounts for deviation from spherical particle geometries into
higher aspect ratio structures. This assumption is made because Mie theory cannot
be solved analytically for structures other than spheroids. Because x amplifies &,,,,
the shape factor is generalized as the sensitivity of the LSPR extinction spectrum to
the dielectric environment. The value of x is 2 for the case of a sphere, but it can take
on values as large as 20 (43). The dielectric resonance condition (g, & —x&,,,) is met
in the visible region of the spectrum for nanoparticles of high aspect ratio (large )
comprising coinage metals such as silver and gold. Therefore, it is trivial to perform
SERS on pre-existing Raman spectroscopic instrumentation without modification
when using these substrates.

Because one can only solve the extinction spectrum analytically for spheres and
spheroids, it must be approximated for all other geometries (28, 43). Researchers
have developed numerical methods that represent the nanoparticle target with N
finite polarizable elements commonly referred to as dipoles. These coupled dipoles
interact with the applied field, and by applying the Claussius-Mossotti polarizabilities
with some radiative reaction correction (44, 45), one can calculate the extinction and
scattering spectra of the target. These methods include the discrete dipole approx-
imation and the finite-difference time domain methods (37, 45, 46), and calculated
results typically match well with experiment.

2.2. E* Enhancement

In Raman spectroscopy, the scattered intensity is linear with the incident field inten-
sity, E3 (47). Because this field intensity is magnified at the nanoparticle surface, the
Raman intensity is therefore related to the absolute square of E,,, evaluated at the
surface of the nanoparticle (» = #). Manipulating Equations 1-3, this is given for a
small metal sphere by

|Eoul” = EZ[I1 — gI* + 3cos’ 6(2Re(g) + IgI)]. ©)

where 6 is the angle between the incident field vector and the vector to the position
of the molecule on the surface. The peak enhancement occurs when 6 is 0° or 180°,
corresponding to the molecule being on the axis of light propagation, and in cases in
which g is large, the maximum enhancement approaches [Eoy|* = 4E] |g|*. Figure 2
shows the field intensity as a function of position for a spherical particle. The ratio of
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Figure 2

(@) Surface-enhanced Raman spectra of pyridine adsorbed to silver film over nanosphere
samples treated with various thicknesses of alumina (0.0 nm, 1.6 nm, 3.2 nm, and 4.8 nm).
ex = 532 nm, P = 1.0 mW, and acquisition time = 300 s. (b) Plot of surface-enhanced
Raman spectroscopy intensity as a function of alumina thickness for the 1594 cm~! band
(circles). The dashed curved line is a fit of this data to Equation 8 (35). Reproduced with
permission from the Royal Society of Chemistry.

the maximum to minimum intensity on a metal sphere is 4, and the radially averaged
intensity is [Eoul? = 2EL gl

In Raman scattering, the applied field induces an oscillating dipole in the molecule
on the surface. This dipole then radiates, and there is a small probability that the ra-
diated light is Stokes shifted by the vibrational frequency of the molecule. Although
Equation 5 gives a general expression for the enhancement of the incident field, the
emission of radiation from the dipole may be enhanced. The treatment for the en-
hanced emission intensity is more complex and has received proper treatment by
Kerker and colleagues (48, 49), but a first-order approximation is to use an expres-
sion similar to Equation 5, except evaluated at the Raman Stokes-shifted frequency.
Therefore, in this approximation, we can write the following expression:

|Eoucl?[E,, | ,
= W =4g*lg'%, (6)

EF
where the primed symbols refer to the field evaluated at the scattered frequency. We
define this expression as the theoretical SERS EM enhancement factor (EF), and if
the Stokes shift is small, both g and g’ are at approximately the same wavelength, and
the EF scales as g*. In the literature, this is commonly referred to as E* enhancement
or the fourth power of field enhancement at the nanoparticle surface. Although this
expression was derived using certain approximations, it is identical to that of Kerker’s
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more rigorous approach. Assuming |g| is approximately 10 for a small sphere in this
model, then the magnitude of the SERS EM enhancement is 10* to 10°, and |g]|
can be much larger in higher-order silver nanostructures in which the EM EFs can
approach 10° (34).

Although this theoretical treatment of SERS is useful in determining the origin of
the often-stated E* enhancement approximation, in practical use, it is often simpler
to experimentally measure the EF analytically than to predict it theoretically. The
EF for a SERS system can be described by

= [ISERS/Mmf] ) (7)
[INrs/ Nuo]

which, evaluated at a single excitation wavelength, describes the average Ra-
man enhancement and accounts for the enhancement of both the incident excitation
and the resulting Stokes-shifted Raman fields, where Isggs is the surface-enhanced
Raman intensity, N,y is the number of molecules bound to the enhancing metallic
substrate, Ings is the normal Raman intensity, and N, is the number of molecules in
the excitation volume (34, 50). Practically, for a given molecule, one must measure
Isprs and Ings independently and be careful when evaluating spot size and probe
volume to determine the EF analytically. McFarland et al. (34) give a detailed
approach for measuring SERS EFs.

2.3. Distance Dependence

The SERS distance dependence is critical both mechanistically and practically. The
EM predicts that SERS does not require the adsorbate to be in direct contact
with the surface but within a certain sensing volume. From a practical perspective,
there are certain experiments, such as those involving surface-immobilized biolog-
ical molecules (51), in which direct contact between the adsorbate of interest and
the surface is not possible because the surface is modified with a capture layer for
specificity or biocompatibility. Because the field enhancement around a small metal
sphere decays with 7~3, using the E* approximation, the overall distance dependence
should scale with ~!2. Taking into account the increased surface area scaling with 7
as one considers shells of molecules at an increased distance from the nanoparticle,
one should experimentally observe the #~1° distance dependence:

—10
a—+r
Jos = (1) ®

where Igpgs is the intensity of the Raman mode, # is the average size of the

field-enhancing features on the surface, and 7 is the distance from the surface to the
adsorbate (36).

The ideal distance-dependence experiment is one in which the thickness of the
spacer layer could be easily varied in thickness from a few angstroms to tens of
nanometers. Furthermore, the spacers would be conformal to handle roughened
and nanostructured surfaces, pinhole free, and chemically uniform. Atomic layer
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deposition (ALD) is such a spacer fabrication method that produces highly uniform

Atomic layer deposition
(ALD): self-limiting
growth process performed
by alternating dosing and
saturation of precursors

FON: film over nanosphere

subnanometer-thickness resolution.
We have deposited Al,O; multilayers onto Ag film over nanosphere (AgFON)

and controlled thin films (52). Precursor gases are alternately pulsed through a re-
actor and purged away, resulting in a self-limiting growth process that constructs
one film layer at a time. A specific number of layers of Al; O3 can be deposited with

surfaces to probe the distance dependence of SERS. Figure 32 shows the SER spectra

for pyridine adsorbed on AgFON surfaces coated with four different thicknesses
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(@) Surface-enhanced Raman excitation spectra with Si as intensity standard. Localized surface
plasmon resonance (LSPR) Amay = 690 nm, profile fit maximum at Aey max = 662 nm.
(b-d) Effect of Stokes Raman shift. () Profile of the 1575 cm™! vibrational mode of
benzenethiol. Distance between LSPR A,y and excitation profile fit line Aex may = 734 cm™ L.
Enhancement factor (EF) = 1.8 x 107. (¢) 1081 cm™! vibrational mode, shift = 569 cm™!,
and EF = 2.8 x 107. (d) 1009 cm~! vibrational mode, shift = 488 cm™!, and EF = 2.7 x

10°. Reproduced with permission from Reference 34. Copyright 2005, American Chemical

Society.
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of ALD-deposited Al,Os. Figure 35 shows a plot of the relative intensity of the
1594 cm™! band as a function of A, O; thickness. Fitting the experimental data to
Equation 8 leads to the average size of the enhancing particle, # = 12.0 nm. The
term dyy defines the surface-to-molecule distance required to decrease the SERS
intensity by a factor of ten. The data presented in this work clearly show that SERS is
along-range effect with a dj value for this particular surface nanostructure of 2.8 nm.
This value was derived assuming that a complete monolayer was formed with each
ALD cycle. Quartz crystal microbalance measurements have shown that the average
thickness of the ALD sequence is 1.1 A and consequently a complete layer of alumina
is not formed with each cycle when repeated layers are formed. The mechanism for
the formation of alumina on silver is still debated, but assuming that the quartz crystal
microbalance measurements accurately model the first few layers of ALD deposition
on silver, the measured value of djy could be as low as 1 nm.

2.4. Surface-Enhanced Raman Spectroscopy Wavelength Dependence

The E* enhancement approximation predicts that the best spectral location of the
LSPR for maximum EM enhancement is coincident with the laser excitation wave-
length. This would lead to maximum enhancement of the incident field intensity at
the nanoparticle surface. In practice, this is not the case. According to the theoretical
treatment presented in Section 2.2, itis necessary to achieve electromagnetic enhance-
ment of both the incident field and the radiated field, which, for Raman scattering,
is at a different wavelength. When the vibrational energy spacing corresponds to
the fingerprint region (500-1500 cm™!), the small Stokes-shift approximation breaks
down and, consequently, so does the E* approximation. Although experiments were
proposed at the inception of SERS to measure this effect, studies performed were
inconclusive owing to limitations in instrumentation and poor definition of the SERS
substrates (53-55). The ideal experiment is to have a continuously tunable excitation
and detection scheme over the bandwidth of a well-defined LSPR.

A recently completed systematic study (34) investigated the optimum excitation
wavelength as a function of the spectral position of the maximum LSPR extinction.
"This was made possible by recent advances in nanofabrication and better tunability in
both the SERS excitation and detection. Figure 34 shows a characteristic wavelength
scanned excitation profile of the 1081 cm™! peak from benzenethiol. The excitation
profile shows the highest SERS EF occurs when the excitation wavelength is higher
in energy than the spectral maximum of the LSPR extinction spectrum. A Gaussian
fit was made to the profile and distance in energy of the maximum of the excitation
profile, and the LSPR extinction spectrum is 613 cm™!, which is on the order of half
the vibrational energy, 1081 cm~!. To generalize the magnitude of the profile shift,
the experiment was repeated for three vibrational modes in benzenethiol: 1009 cm™!,
1081 cm™!,and 1575 cm ™! (Figure 3b-d). As the vibrational energy increases, so does
the difference in energy of the maximum of the excitation profile and the maximum of
the LSPR extinction spectrum. For all three modes, the magnitude of the separation
was approximately half, which agrees with the EM as it predicts that the enhancement
of both the incident and scattered fields is important to maximize the SERS EF. The
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enhancement of both fields occurs optimally when the frequencies of the incident
and scattered fields straddle the LSPR extinction spectrum.

The experiment was also performed on multiple silver nanoparticle sizes and
shapes with extinction spectra at various locations in the visible region of the elec-
tromagnetic spectrum. The data measured in the experiment are available elsewhere
(34), but in all cases, the magnitude of the energy separation between the excitation
profile maximum and the LSPR extinction maximum is roughly half. Consequently,
to achieve maximum EM enhancement, one should either prepare the sample such
that the LSPR extinction is in the proper location for fixed laser frequency apparatuses
or set the wavelength to a higher frequency than the LSPR extinction in tunable sys-
tems. In the wavelength-scanned experiment, the relevant LSPR extinction spectrum
is the one observed after adsorption of the analyte as the LSPR extinction spectrum is
sensitive to the dielectric environment. These experiments illustrate the importance
of optimizing the plasmon and excitation wavelengths to achieve maximum SERS
enhancements.

3. EXPERIMENTAL DETAILS

3.1. Instrumentation

Figure 4 gives a schematic representation of two instrumental approaches to the
measurement of SER spectra. The first approach (Figure 44) is that of the macro-
Raman configuration. In this setup, a laser is focused on the SERS substrate at a
glancing angle, while the Raman light is collected by a large collection lens. The
light is then focused through the entrance slit of a spectrometer and detected using a
liquid-nitrogen-cooled charged-coupled device camera. The instrumental approach
shown in Figure 44 is typically used for experiments requiring low spatial resolution
and high raw SERS intensity.

For experiments that require higher spatial resolution, the micro-Raman configu-
ration is used (Figure 4b). Laser light is both focused and collected through the same
high numerical-aperture objective, after which the scattered light is passed through
a notch filter for the removal of Rayleigh-scattered light. Finally the light is focused
and directed to a spectrometer and detector. In experiments scanning SER spectra
over many different wavelengths, the schematic shown in Figure 4c¢ is used. This
setup employs the use of a series of flipper mirrors for the quick switching between
lasers to access nearly the entire visible and near-infrared range of the spectrum.

3.2. Nanofabrication

In the early stages of SERS, most substrates were made using randomly deposited
metal films or electrochemically roughened electrodes (5). For example, a thin layer
of gold or silver, typically between 5 and 10 nm, was vapor deposited onto a slide,
resulting in a collection of thin island films capable of supporting surface plasmons.
Although a small amount of tunability is possible through the modification of film
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Annual Review of Analytical Chemistry 2008.1:601-626. Downloaded from www.annualreviews.org
by Fordham University on 12/16/11. For personal use only

NikonTE300

Nanopositioning stage

GWU Ti : sapphire Millenia X
240-500 nm 700-1000 nm 532 nm

FL NF

Triple
spectrometer

Beam-splitter

Microscope
objective

[l .

<«——— Sample

Figure 4

Schematic diagram of typical instrumentation used for surface-enhanced Raman spectroscopy
experiments. (#) Macro-Raman configuration used when 100-pm-to-millimeter spatial
resolution is sufficient. () Micro-Raman setup, which uses a microscope objective for
illumination and collection, increasing the spatial resolution of the instrument. (¢) Schematic
diagram of the experimental setup as laid out on the laser table. The setup allows for easy
tunability over the visible wavelengths, using a combination of lasers while maintaining
alignment on the sample. The triple spectrograph analyzes Raman scattering excited at
wavelengths throughout the visible spectrum. Abbreviations: CCD, charge-coupled device;
CL, collection lens; FL, focusing lens; NF, notch filter.

thickness and solvent annealing, variations and a lack of information regarding the
SERS active sites prevented a quantitative application of SERS (56, 57).

The past decade has seen significant advances in both the understanding and appli-
cations of SERS. One contributing factor in this reinvigoration has been the advances
in nanofabrication. The ability to control the shape and orientation of nanoparticles
on a surface has reduced many of the complex variables related to SERS and has
greatly enhanced our understanding of this phenomenon. A particular nanofabrica-
tion method used to great effect in our laboratory is nanosphere lithography (NSL)
(58). This method is both cost effective and relatively easy to implement. The pro-
cess involves drop coating polymer nanospheres on a substrate and then allowing the
nanospheres to self-assemble into a close-packed hexagonal array. This array is then
used as a mask for the creation of several different SERS active substrates (Figure 5).
To fabricate periodic nanotriangle arrays, one deposits metal (15-100 nm) directly
through the gaps in the nanosphere mask, and upon removal of the mask, a periodic
array of nanoscale metal is left. A relatively thick layer of a plasmonic metal (~200 nm)
can be deposited directly onto the nanosphere mask. Such metal FON surfaces have
an extremely high density of SERS active sites. These FON surfaces are particularly
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Schematic representation of the nanosphere lithography process for fabricating metal film
over nanosphere and periodic particle arrays of metal nanotriangles.

robust and can withstand large environmental perturbations, as discussed below. Fi-
nally, the nanosphere layer can be used as an etch mask. Reactive ion etching through
the mask creates small wells, into which metal can be deposited (59).

3.3. Optimized Surface-Enhanced Raman Spectroscopy Surfaces

The fundamental requirement for SERS is a substrate that supports a surface plas-
mon resonance. The search for the optimal SERS substrate is an ongoing endeavor,
with many such surfaces being reported in the literature (60-65). A full review of
all the current SERS substrates would be impractical, but we briefly mention that
nanopatterning techniques have greatly expanded the list of possible surfaces and
have uncovered many of the characteristics required for maximum signal enhance-
ment.

With such a large volume of SERS substrates reported, a systematic method for
evaluating the surface’s SERS characteristics is needed. In essence, the goal is to
have the largest amount of SERS active sites combined with the greatest EM EF for
each site. To illustrate this simple, but many times forgotten, requirement for SERS
surfaces, we compare the EFs and density of SERS active sites on three surfaces.

For a proper comparison to be carried out, we must define an expression that
accounts for all the many different variables on a SERS substrate. The following
equation contains all the factors that dictate the intensity of a SERS signal:

do (ws)

I (ws) = NAQWPL(COL)‘C“(CULY1 Q(ws) T, IHEF, )
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where N is the molecule surface density, A4 is the excitation area, I (ws) is the SERS

do(s) 4o
i

the Raman scattering cross section, Py, (wp) is the radiant flux at excitation frequency,

¢ (wy) is the energy of the incident photon, Q (ws) is the quantum efficiency of the

detector, 7, is the transmission efficiency of the spectrometer, 7 is the transmission

intensity at Stokes frequency ws, €2 is the solid angle of photon collection,

efficiency of the collection optics, and EF is the enhancement factor.

We can further simplify the above multiplicative expression by conveniently com-
bining several of the known and approximated constants into a single constant, leaving
the following:

I (ws) =54 % 10°(em™ x torr™! x s7%) x P; x fep X AX 8§ xa; x EF,  (10)

where it has been assumed that Q@ = 1 sr; % =100 . p (w1)) =20 W

em™2; Q(ws) = 0.93; T, = 0.75; Ty = 0.86; and finally a sticking probability (S)),
an estimate of fraction of SERS active sites (2;), and exposure time (f.,) at partial
pressure (P;) have been added to approximate the number of molecules in the probe
area (A).

With a simple expression that includes all the relevant factors that dictate SERS
intensity, it is now possible to compare the theoretical limits of detection for SERS
active surfaces. In the case of the AgFON, the EF has been measured to be 107 (66),
whereas the fraction of molecules residing in SERS active sites is essentially unity. Us-
ing Equation 9, assuming a 1-s exposure time and an illuminated area of 10~* cm?, the
calculated SERS intensity is 4 x 10° counts s~ ppb~!. With regard to the triangular
nanoparticle array fabricated with NSL (Figure 5), larger EFs have been reported
and are typically on the order of 10* (25). Contrary to the FON, there are much
fewer active sites on the NSL fabricated surface, and if the fraction of molecules re-
siding on SERS active sites within the illuminated area is assumed to be 0.07, then the
SERS intensity is calculated to be 3 x 10° counts s~! ppb~!, slightly smaller than the
AgFON surface. To further illustrate the importance of EFs as well as SERS active
sites, we examine the theoretical SERS intensity of a substrate drop coated with col-
loidal silver aggregate. These randomly prepared aggregates provide extremely large
EFs of 10'* and have been found to be responsible for single-molecule SERS (31, 32).
Given that the SERS enhancement relies on the uncontrolled orientation of the silver
colloids and the random binding of the analyte molecules to one of the SERS hot spots,
the fraction of molecules within the illuminated area is quite small. If the estimated
fraction is 1071, the SERS intensity turns out to be 4 x 10? counts s~! ppb~!, much
less than either the FON or NSL fabricated triangle array. The above comparison
illustrates the importance of including the density of SERS active sites on a substrate
as well as the EF when considering the optimal substrate for a given application.

4. FUNCTIONALIZED SURFACES AND APPLICATIONS

4.1. Surface-Enhanced Raman Spectroscopy Sensing

SERS has great potential for chemical and biological sensing applications because
it is selective and sensitive and gives little interference from water. Owing to the
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distance dependence of SERS, an important criterion for these sensors is that the
analyte of interest must be within a few nanometers of the nanostructured surface.
This can be achieved by either drop coating the analyte directly on bare-metal FONs
or using various surface functionalization techniques to bring the analyte closer to
the noble-metal structure.

Although some substances can be detected on bare FONSs, these substrates are not
stable owing to oxidation of the metal surface (67, 68). In addition, some important
analytes, such as glucose, have low affinity toward the bare metal surface. Further-
more, bare FON substrates do not have any mechanism for isolating the compound of
interest from interferents. To overcome these limitations, investigators have used sev-
eral methods to functionalize SERS substrates. SERS detection is usually facilitated
by the use of various coatings ranging from simple alkanethiolates to complex macro-
cyclic molecules (69). These molecules are anchored to the noble-metal surface by a
thiolate group and form self-assembled monolayers (SAMs). The SAM can separate
the analyte of interest from interfering analytes and bring it closer to the nanostruc-
tured surface, analogous to the use of a stationary phase in high-performance liquid
chromatography. Although SAMs have been useful for many applications, thermal
desorption (70, 71) and photooxidation (72-74) can result in defects in the coatings
and thermodynamically unstable substrates (75).

ALD oftfers an alternative technique for forming functionalized SERS substrates
that can overcome many of the limitations of SAMs (35). Highly controlled thin films
are produced by a self-limiting growth process. ALD broadens the scope of SERS
sensors by offering new functionalities to the SERS substrates. One such substrate is
alumina-functionalized AgFON substrates. Alumina is commonly used as a stationary
phase in chromatography and has a predictable affinity based on polarity. Quartz
crystal microbalance measurements have demonstrated a uniform growth rate of ~1 A
per deposition cycle (52). Because the SERS signal is highly distance dependent, this
subnanometer thickness is highly advantageous for preserving the sensitivity of SERS.
In addition, alumina is extremely stable against oxidation and high temperatures and
can significantly increase the lifetime of SERS substrates (76, 77). Research is also
underway to coat substrates with other ALD materials, such as titania, introducing
even more functionalities for SERS sensing.

An example of a SERS-based sensor functionalized with a SAM is the in vivo
glucose sensor. AgFON substrates are modified with a mixed SAM consisting of de-
canethiol (D'T) and mercaptohexanol (MH) (30). D'T/MH has dual hydrophobic and
hydrophilic properties, making it ideal for in vivo glucose detection. To successfully
monitor glucose fluctuations throughout the day, an in vivo glucose sensor must be
reversible and stable, have a quick temporal response, and be able to detect physiologi-
cally relevant glucose concentrations accurately. We demonstrated the reversibility of
the DT/MH AgFON sensor by alternatively exposing the sensor to 0- and 100-mM
aqueous glucose solutions (pH ~ 7) (30). Figure 64 shows the SERS spectra of a
DT/MH-functionalized AgFON in phosphate-buffered saline. Figure 64,c shows
the difference spectra demonstrating reversible partitioning and departitioning. In
addition, we demonstrated 10-day stability and a temporal response of <30 s (30).
Quantitative detection has also been demonstrated in vitro as well as in vivo using
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Figure 6

Glucose reversibility and partial least-squares leave-one-out analysis. Glucose pulsing
sequence on the self-assembled monolayer-modified Ag film over nanosphere (AgFON)
surface for reversibility experiments. (#) Surface-enhanced Raman spectra of the decanethiol/
mercaptohexanal (D'T/MH)-functionalized AgFON in 0-mM phosphate buffered saline
solution. Aey = 532 nm, Plygey = 10 mW, # = 20 min, and pH ~ 7. (b) Difference spectra
showing partitioning of glucose. (¢) Difference spectra showing departitioning of glucose. The
red diamond marks the imperfect subtraction of the narrow band at 1053 cm™! due to nitrate,
resulting in a sharp peak in the difference spectra. Asterisks denote analog-to-digital units
(mW~! min~1). (d) Calibration (blue dianonds) and validation (red circles ) plot using a single
substrate and a single spot on a D'T/MH-functionalized AgFON. Calibration plot was
constructed using 21 data points, and validation plot was constructed using five data points
taken over a range of glucose concentrations (10-450 mg dI~!) in vivo (rat). RMSEC =

7.46 mg dI~! (0.41 mM) and RMSEP = 53.42 mg dI~! (2.97 mM) with four loading vectors.
hex = 785 nm, Plyger = 50 mW, and ¢ = 2 min. Figure reproduced with permission from
Reference 78. Copyright 2006, American Chemical Society.

partial least-squares chemometric analysis (30, 78). Figure 6d depicts the in vivo
calibration and validation models of a D'T/MH-functionalized AgFON substrate im-
planted in a rat. Finally, we have extended the scope of the DT/MH-functionalized
AgFON sensor for multi-analyte detection. The experiment was conducted by
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Sequential glucose and lactate pulsing. (#) Step changes of glucose (G) and lactate (L)
concentrations (0-100 mM) introduced into the sensor. () Mean difference spectrum (average
of difference between steps 2 and 1, and 6 and 5) demonstrating partitioning of glucose.

(¢) Mean difference spectrum (average of difference between steps 4 and 3, and 8 and 7)
demonstrating partitioning of lactate. (¢) Representative difference spectrum of consecutive
rinsing steps (3 and 1) demonstrating departitioning of glucose. PBS, phosphate buffered
saline; a.d.u., analog-to-digital units. Aey = 532 nm, P = 13 mW, and #,¢q = 10 min. Figure
reproduced with permission from Reference 79. Copyright 2007, American Chemical Society.

alternately injecting 100-mM glucose and 100-mM lactate solutions into the flow
cell and rinsing the surface with phosphate-buffered saline between each step. The
results indicate that both analytes partition and departition successfully from the
DT/MH-functionalized SAM (Figure 7) (79).
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A SERS-based sensor using alumina-functionalized AgFON substrates has also
been fabricated to quantitatively detect an anthrax biomarker, calcium dipicolinate
(CaDPA). In this case, CaDPA was initially sensed on bare AgFON substrates and
then optimized using alumina. CaDPA (a carboxylic acid) was extracted from Bacillus
subtilis, a harmless analog of B. anthracis, by sonicating in dilute nitric acid and drop
coating on bare AgFON substrates. The average intensity of the 1020 cm™! peak
was used to construct the adsorption isotherm and determine the limit of detection
of CaDPA. Researchers found a limit of detection of 2600 spores and a temporal
stability of 3-10 days for the bare AgFON substrates (29). The use of an alumina
capture layer produced by ALD significantly increased the sensitivity and stability
of the anthrax sensor. Alumina imparts a new functionality to AgFON substrates
because of its high affinity for carboxylic acids. Researchers have demonstrated that
two cycles of alumina increase the limit of detection t01400 spores (77). The alumina
layer also improves the temporal stability of the substrate to at least 9 months by
preventing oxidation of the AgFON surface (77).

4.2. Transition-Metal Surface-Enhanced Raman Spectroscopy

Although investigators have demonstrated SERS using several different transition
metals (80-82), the vast majority of work has relied on the coinage metals: Cu, Ag, and
Au. Such metals support plasmons in the visible region and are resistant to corrosion.
Although resistance to degradation might be a desirable characteristic in the simple
identification of molecular adsorbates to the surface, it is a definite drawback when
trying to apply SERS to the monitoring of heterogeneous catalytic processes.

In an effort to apply SERS to more diverse systems and to possibly use the tech-
nique to track a catalytic reaction, several groups have turned to thin overlayers of
various transition metals on top of plasmonic metal surfaces or nanoparticles (9, 82,
83). The idea is to retain the surface plasmon of the coinage metal while changing
the reactivity of the surface. This technique has been dubbed borrowed SERS, as
the catalytically active metal film is thin enough to borrow the EM enhancement of
the underlying plasmonic metal. The technique faces many challenges. For one, to
avoid the dampening of the plasmon of the underlying metal, one must ensure that
the catalytically active overlayer is sufficiently thin. Conversely, the layer must be
thick enough to ensure full coverage and minimize any pinholes. Such pinhole-free
overlayers will minimize any SERS signal arising from the analyte binding directly to
the SERS active metal, instead of the catalytically active metal. Recently, reports on
SERS using pure transition metals, such as palladium and platinum, have appeared
in the literature (9, 80, 82). These surfaces generally have relatively weak EFs, on the
order of 1000, and owe much of that enhancement to the lightning-rod effect (80).
With the application of many recent nanofabrication techniques, a refinement in the
understanding of transition-metal SERS and borrowed SERS is likely to arise.

4.3. Metal Film over Nanosphere: Universal Surface-Enhanced
Raman Spectroscopy Substrate

As it is now well known, the EF of a particular SERS active surface results primarily
from the nanostructures on it. A SERS substrate must possess the structures necessary
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to support either SPRs or LSPRs. Although it is now possible to engineer surfaces of
many different structures, many early SERS substrates (vapor-deposited metal island
films and electrochemically roughened surfaces) were plagued with irreproducible
EFs. The most common limitation of these early substrates was the so-called irre-
versible loss phenomenon. Specifically, the nanostructures on the surfaces were only
metastable, and once a large-enough perturbation was applied to the surface, the
nanostructuring was lost, along with the SERS activity. As a result, SERS has been
systematically ignored as a detection solution for many applications.

In our laboratory we have demonstrated that, with the proper substrate, SERS
can indeed be used in many applications that were once thought impossible. One ex-
ample application is the coupling of SERS to temperature-programmed desorption
in ultrahigh-vacuum environments (84). It was once thought that SERS would be
practically useless for a temperature-programmed-desorption substrate because once
the temperature was ramped to high-enough levels, the nanostructures would anneal
and SERS activity would be irreversibly lost. However, a relatively recent publication
demonstrated that an Ag film deposited over silica nanospheres (AgFON) could be
used to create high EF SERS substrates (see Figure 5) that were ultrahigh-vacuum
compatible. These AgFON surfaces were reproducible, stable, and predictable over
large temperature ranges. For a demonstration of the utility of AgFON surfaces in
ultrahigh-vacuum, temperature-programmed-desorption studies, benzene, pyridine,
and Cg were deposited and then thermally desorbed for several cycles while moni-
toring their SERS intensity. Figure 8 presents the SERS intensity of the 992 cm™!
band of benzene as a representative spectrum. As seen in Figure 84, after an initial
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Figure 8

Stability of Ag film over nanosphere (AgFON) toward replicate adsorption-desorption cycles
of benzene and pyridine. (#) Surface-enhanced Raman spectroscopy (SERS) intensity of the
992 em~! peak of benzene. Fach cycle consists of adsorption of benzene at Ty¢ = 110 K
and thermal desorption at 300 K with = 4 Ks~!. SERS spectra were taken with 18 mW of
hex = 514.5 nm for 60 s. () Replicate SERS spectra in the 900-1100 cm™! region of pyridine
on the AgFON surface collected using 8 mW of Aex = 632.8 nm for 60 s. (¢) The
corresponding temperature-programmed-desorption spectra of pyridine desorbing from the
AgFONat p = 4 Ks~!.
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decline, the SERS intensity remains virtually constant over 13 cycles ranging from
110 K to 300 K. Figure 85 shows the corresponding SER spectra after a typical cycle.
The experiments clearly demonstrate the possibility of using AgFON-based SERS
substrates in experiments requiring large temperature ranges, as the surface displayed
both temporal stability and reproducibility.

The AgFON was not only resistant to large temperature perturbations (as dis-
cussed above), but it resisted electrochemical perturbations as well (26, 51, 85). Us-
ing typical electrochemically roughened SERS electrodes for electrochemically based
SERS experiments has proven to be difficult, due mainly to irreproducibility problems
and an irreversible loss of the SERS activity of the surface as potentials and electrolyte
concentrations reach extreme levels. Similar to the large temperature changes dis-
cussed above, these large potential and electrolyte changes presumably perturb the
metastable nanostructure of the SERS electrode, causing an irreversible loss of the
nanostructures that support the surface plasmons. As a result, most electrochemi-
cal SERS experiments, using traditional metal oxidation-reduction cycle (MORC)
roughened electrodes, were limited to relatively modest potential ranges. SERS elec-
trodes based on the metal FON do not show the same signal losses at large potentials
measured using MORC electrodes (26). Figure 9 shows a representation of the differ-
ence between the metal FON and the MORC-based electrodes. The AgFON surface
(Figure 9a) clearly shows that SERS intensity is retained as the potential ranges from
extremely negative (-1200 mV) back to more positive, whereas the AgORC-based
electrode has its SERS intensity decrease dramatically at negative potentials, never
to return.

With the difficulties using MORC and metal island films as SERS substrates, it
might be tempting to turn to metal colloids as an alternative. This would allow the
investigation of many biomolecular systems that denature on bare Ag or Au surfaces
(86, 87). Although metal colloids support surface plasmons and therefore should be
viable SERS substrates, they still have many difficulties with regard to reproducibil-
ity and stability to changing environmental conditions. For example, when using
silver or gold colloids, changes in the solution ionic strength, pH, electrolyte, com-
position, and target molecule concentration can cause uncontrollable aggregation
of the colloid. Again, owing to its stability over wide temperature, potential, and
concentration ranges, the AgFON can be used for the SERS investigation of many
biologically important molecules. Given the tendency of large biomolecules to dena-
ture over bare Ag or Au surfaces, the functionalization of the AgFON surface with
an alkanethiol-based SAM is often required. The SAM effectively separates the bare
metal from the biomolecule of interest, thus preventing its breakdown. This method
has been demonstrated recently by functionalizing an AgFON with carboxylic acid—
terminated alkanethiolates and investigating the distance and orientation dependence
of electron transfer in cytochrome ¢ (51). The important practical significance of the
work demonstrated the possibility of SERS spectroelectrochemistry experiments over
a wide range of ionic strength, pH, electrolyte, and redox potentials. The stability
of the functionalized AgFON enables the SERS studies of adsorbed biomolecules as
a function of these important biophysical variables, which have not been previously
accessible.
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Surface-enhanced Raman spectroscopy (SERS) detected cyclic voltammograms. SERS
intensity of the 1008 cm™! band of pyridine (ring breathing mode) versus potential. (#) Ag film
over nanosphere (AgFON) electrode and (c) in situ Ag oxidation-reduction cycle (AgORC)
electrode (25 mC cm™2). Laser excitation was 632.8 nm at 4 mW, 0.1-s dwell time, 50-mM
pyridine in 0.1-mM KCI. The onset of H; evolution from () AgFON and (d) AgORC
electrodes is indicated by the increase in current between —1.1 and —1.2 V.

The development of these AgFON-based SERS experiments is important for one
practical reason: They demonstrate that the irreversible loss phenomenon, previously
thought to be universal to all SERS active substrates, is in fact particular to the SERS
substrate under investigation. The primary cause for the irreducible loss of SERS
activity of metal island films and MORC-type surfaces can be traced to the alteration
of the metastable nanostructures responsible for the surface plasmons. The AgFON
SERS substrate, conversely, is reproducible, stable, cost effective, and robust enough
to remain SERS active over large temperature, potential, and concentration ranges.
Given these results, we believe that many of the applications thought to be impractical
for SERS-based detection can now be considered.
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