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This paper presents results showing that the design of substrates used for

surface-enhanced Raman spectroscopy (SERS) can impact the apparent

enhancement factors (EFs) obtained due to optical interference effects

that are distinct from SERS, providing additional enhancement of the

Raman intensity. Thus, a combination of SERS and a substrate designed

to maximize interference-based enhancement is demonstrated to give

additional Raman intensity above that observed for SERS alone. The

system explored is 4-nitroazobenzene (NAB) and biphenyl (BP) chemi-

sorbed on a nanostructured silver film obtained by vacuum deposition of

Ag on thermally oxidized silicon wafers. The enhancing silver layer is

partially transparent, enabling a standing wave to form as a result of the

combination of the incident light and light reflected from the underlying

Si substrate (i.e., light that passes through the Ag and the intervening

dielectric layer of SiOx). The Raman intensity is measured as a function of

the thickness of the thermal oxide layer in the range from ;150 to ;400

nm, and despite a lack of morphological variation in the silver films, there

is a strong dependence of the Raman intensity on the oxide thickness. The

Raman signal for the optimal SiOx interlayer thickness is 38 times higher

than the intensity obtained when the Ag particles are deposited directly

onto Si (with native oxide). To account for the trends observed in the

Raman intensity versus thickness data, calculations of the relative mean

square electric field (MSEF) at the surface of the SiOx are carried out.

These calculations are also used to further optimize the experimental

setup.

Index Headings: Raman spectroscopy; Surface-enhanced Raman spectros-

copy; SERS; Silver island films; Interference.

INTRODUCTION

A primary goal in the field of molecular electronics is
utilization of the diverse electronic properties of molecules in
order to realize improved and/or new functionality.1–5 An
important consequence of these quests is the need to
demonstrate molecular behavior in a device, including the
ability to separate contact effects from molecular processes.4 A
key to meeting this demand is a set of analytical tools that can
provide information about molecular structure in a real device.4

To this end, several techniques have been developed to
investigate the spectroscopic properties of buried molecular
layers.6–10 Our group has demonstrated the use of Raman

spectroscopy to correlate changes in the chemical structure of
molecules in a junction to variations in electronic behavior.11,12

However, this method is not generally applicable to most
systems due to the low inherent sensitivity of Raman scattering
and requires significant resonance enhancement to obtain
sufficient sensitivity to monitor a thin (,5 nm) molecular layer
sandwiched between a flat carbon surface and a partially
transparent top contact. In order to build a more flexible
toolbox of spectroscopic techniques for in situ characterization
of buried interfaces without resonance Raman active mole-
cules, we have been assessing the possibility of using surface-
enhanced Raman spectroscopy (SERS).13

It is well known that extraordinarily strong enhancement of
Raman scattering can be obtained when the molecule under
study is located near the surface of a plasmonic moiety.14–18

The characteristics of the surface plasmon (e.g., strength and
excitation wavelength) are strongly correlated to the shape,
size, and state of aggregation of the nanostructured surface.
Many laboratories have investigated relationships between
substrate characteristics, surface plasmon resonance (SPR), and
SERS enhancement factors (EFs), as summarized in recent
review articles.16–20 These previous studies have demonstrated
that to obtain an optimal EF, the wavelength of plasmon
excitation should be tuned to both the electric field of the
incident light and to that of the Stokes-shifted Raman scattered
light. The design and fabrication of a variety of nanomaterials
with large EFs have been recently reviewed.19

The main contribution to SERS originates from electromag-
netic enhancement.15 In this mechanism, incident light excites
free electrons in the nanostructured metal into a collective
oscillation (i.e., the electrons oscillate in resonance with the
incident field), and the electric field around the nanostructure
(upon which the molecule of interest resides) is amplified. A
similar mechanism operates for the scattered radiation that can
lead to further enhancement of the Raman intensity. Maximum
SERS enhancement is achieved when the SPR maximum lies
between the wavelengths of the excitation laser and the
scattered radiation, since both are enhanced by the SPR.
Because of these factors, tuning of the SPR by engineering
metal nanostructures to maximize SERS EFs at a desired
Raman excitation wavelength has become an important quest
in developing analytical applications for SERS.19,20 Most of
the work in this area has been directed toward the optimization
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of SERS substrates by controlling the architecture of the
nanostructures.21 The most common variables employed to
optimize and study SERS EFs are the size, spacing, shape, and
dielectric environment of the nanoscopic features.14,15,17,19–21

The support materials are typically designed to provide an
appropriate template for the SERS substrate or to provide a
different dielectric environment.15

In this paper, we prepare SERS substrates by electron beam
evaporation of silver metal onto thermally oxidized Si. This
procedure results in silver island films22,23 that have modest
SERS EFs (;105 for adsorbed nitroazobenzene, or NAB),
providing sufficiently large Raman signals such that high
quality spectra can be obtained for non-resonance-enhanced
chemisorbed molecules (e.g., biphenyl, or BP). Interestingly,
however, the apparent EF also strongly depends on the
thickness of an insulating oxide layer interposed between the
Si substrate and the nanoscopic silver film. We interpret the
relationship between the oxide thickness and the measured
SERS EFs by considering the spatial distribution of the
standing electric field produced from the propagation of light
through the different phases of the support. The results indicate
that by controlling the thickness of the oxide layer, the silver
film morphology remains constant while the apparent SERS EF
is modulated through optical interference effects. The results in
this work are consistent with previous literature on interference
enhanced Raman spectroscopy carried out using different
systems, although these reports are few and scattered.24–27

EXPERIMENTAL

Disperse orange (90% technical grade, Sigma-Aldrich) was
recrystallized twice from acetonitrile/water. The nitroazoben-
zene diazonium reagent was prepared as the tetrafluoroborate
salt, as reported in detail elsewhere.28,29 It has been shown by
our group13,30 and others31 that diazonium reagents adsorb
spontaneously to metals such as silver and copper. In this work,
we employ silver substrates to enhance the Raman signal for
nitroazobenzene (NAB) and we optimize the preparation
conditions of the silver films deposited at thermally oxidized
Si wafers in order to obtain reproducible and large EFs.13

Silicon wafers were thermally oxidized by flowing water-
saturated nitrogen gas (thermostated at 96 8C) over silicon
wafers in a 1000 8C furnace for 25 min. SiOx of varying
thickness are obtained along the direction of flow of the water/
N2 gas mixture. After oxidation, the wafers were diced into 1.4
cm 3 1.8 cm chips. The silicon oxide layer thicknesses were
determined by variable angle spectroscopic ellipsometry (J. A.
Woollam Co., Inc.). This technique enables the thickness to be
determined with better than 1 nm precision for films in the
range of thicknesses studied (.100 nm) and therefore we have
used three significant figures throughout the text. The Si/SiOx

chips were cleaned by successive sonication in acetone (HPLC,
Fisher), 18 MX water (Millipore), and isopropanol (HPLC,
Fisher) for 10 min each followed by drying in a directed stream
of nitrogen.

Silver was deposited by electron beam evaporation at ;10�6

Torr. The silver mass deposition rate and total thickness was
varied by controlling the electron beam current (at 7.5 kV) and
monitored with a quartz crystal microbalance. Atomic force
microscopy (AFM, VEECO Digital Instruments 3100) was
used in tapping mode to measure the surface roughness of the
silver nanostructures. To prepare smooth silver films, a 100 nm
layer of silver was deposited over a 4 nm chromium adhesion

layer on the SiOx surface. Silver films were modified with
NAB by immersing the silver substrates in a 0.5 mM
nitroazobenzene diazonium salt solution in acetonitrile for 1 s
immediately after silver deposition, rinsing with neat acetoni-
trile, and drying in a stream of nitrogen. Based on a recent
report,32 this preparation procedure results in the impingement
of ;4 monolayer equivalents of NAB onto the surface of the
substrate. A measure of the uncertainty in impingement can be
made by considering that for a 0.5 mM concentration,
immersion times between 0.5 and 1.5 s give calculated
impingement values of 3 to 5 monolayer equivalents.32 Thus,
this procedure should provide molecular layers of NAB with
approximately constant surface concentrations from sample to
sample.

Raman spectra were collected in back-scattering geometry
with a custom Raman spectrometer,33 equipped with a 50 mm
f/1.8 Nikon camera collection lens, 2000 grooves/mm
holographic reflection grating, and an Andor back-thinned
charge-coupled device (CCD) detector cooled to �80 8C.
Excitation utilized p-polarized light incident at 498 relative to
the substrate normal (unless otherwise indicated) using an
Argon ion laser at 514.5 nm (Coherent Innova 308). Raman
scattered light was collected normal to the sample surface. The
incident laser was focused with an 8.6 cm lens to a spot size of
17.2 lm diameter at the sample. The laser power at the sample
was 180 lW (19 W cm�2). The integration time is typically 0.2
s. A depolarizer (CVI Melles Griot) and holographic notch
filter (Kaiser Optical System, Inc.) were positioned at the
entrance slit of the spectrometer. EFs were determined as
described below from the relative intensities of the Raman
signal at 1140 cm�1 (phenyl-azo stretch) for NAB.

RESULTS AND DISCUSSION

Raman spectra and mode assignments for NAB in
solution,34 and of NAB covalently bonded to silver,13

pyrolyzed photoresist film (PPF),12,13,35 glassy carbon,34 and
other surfaces30 have been reported previously. In order to
extend our studies on the potential of SERS to follow structural
changes in ensemble molecular electronics devices,13 we began
to design and optimize SERS substrates. This strategy utilizes
determinations of the SERS EF, given by15

SERS EF ¼ Isurf

Isoln

Nsoln

Nsurf
ð1Þ

where Isurf and Isoln are the experimentally measured Raman
peak intensities (e mW�1 s�1) for SERS and for the same
molecular species in solution, respectively, and Nsoln and Nsurf

are the number of molecules probed in solution and at the silver
surface, respectively. In order to determine Nsoln, the overlap
between the laser excitation source and the collection volume
of the spectrometer was estimated geometrically. Based on the
8.6 cm focal length lens and the 0.1 cm path length of the cell
utilized, this collection volume is approximately 1.4 3 10�9 L.
Thus, Nsoln is 4.7 3 1012 molecules for a concentration of 5.7
mM NAB (this concentration was used in experiments as
described below). Nsurf is given by the number of NAB
molecules in the spot size (17.2 lm radius) of the laser. Nsurf

can be estimated by considering the surface concentration of
NAB (C0, mol cm�2) such that

Nsurf ¼ C0NaA ð2Þ
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where Na is Avogadro’s number and A is 9.3 3 10�6 cm2 (the
laser spot area). The coverage of a monolayer of NAB
molecules is ;1 3 10�9 mol cm�2.36 Using this as an estimate
of C0, Nsurf is 5.6 3 109 molecules of NAB (assuming one full
monolayer). Although we have not attempted to measure the
exact coverage of NAB, the impingement of NAB is kept fixed
for all samples.

An extinction spectrum of NAB in solution is shown in Fig.
1A. The location of the 514 nm laser line utilized for excitation
is indicated in the figure, showing that a significant pre-
resonant enhancement is expected for NAB.12,37 The Raman
spectra of 5.7 mM NAB in DMSO solution and adsorbed at a
nanostructured Ag island surface on Si/SiOx are shown in Figs.
1B and 1C, respectively. The main features of these spectra are
similar to those reported earlier.12,13,34,35 By comparing spectra
similar to those shown in Fig. 1 and employing Eq. 1, the
SERS EF can be calculated in order to make various
comparisons. However, for NAB, we have factored out
contributions to the Raman signal due to molecular resonance.
The potential utility of SERS for monitoring structural changes
in ‘‘live’’ molecular electronic junctions containing a molecule

that is not resonance enhanced is illustrated in Fig. 2. The
extinction spectrum of biphenyl (BP) in solution is shown in
Fig. 2A, with a vertical line indicating the excitation
wavelength in Raman experiments. The position of the
extinction band for BP relative to the 514 nm line shows that
no resonant or pre-resonant enhancement is expected for BP.
The solution-phase Raman spectrum for BP is shown in Fig.
2B. When BP is chemisorbed onto a flat Ag surface (100 nm
Ag on 3 nm Cr), as shown in Fig. 2C, none of the bands for the
molecule are detected above the noise. However, Fig. 2D
shows that sufficient sensitivity is realized when using a silver
island film on SiOx to observe a Raman spectrum for BP.

Comparison of the SERS EF as a function of various
experimental parameters was used as a guide in the design of
the substrates in order to refine the system and obtain a
reproducible and reliable response. To begin, we varied the
total (nominal mass) film thickness (t) and deposition rate (r).
Figure 3 shows a plot of the SERS EF as function of t (Fig. 3A)
and r (Fig. 3B). As shown, the Raman intensity increases as t
increases from 1 to 9 nm (Fig. 3A), and then falls off for
thicker films. Thus, a total film thickness of 9 nm, as judged

FIG. 1. (A) Extinction spectrum of NAB in solution, showing that pre-resonance enhancement is expected for 514 nm excitation. (B) Normal Raman spectrum of
NAB in dimethyl sulfoxide. (C) SERS spectrum of NAB adsorbed at vacuum deposited silver supported on a thermally oxidized silicon wafer (Si/SiOx).

FIG. 2. (A) Extinction spectrum of BP in solution, showing that no resonance or pre-resonance enhancement is expected. (B) Normal Raman spectrum of 0.49 M
BP in CH2Cl2 solution. (C) Raman spectrum of NAB adsorbed at a flat Ag sample (100 nm Ag on 3 nm Cr) showing only noise. (D) SERS spectrum of BP
chemisorbed on an Ag island film on Si/SiOx, showing that a thin molecular layer on a solid support can be detected through the increase in Raman intensity due to
SERS.
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using a QCM monitor inside the evaporation chamber during
deposition, was utilized as the optimal value (AFM character-
izations of sample morphology reported in the supplementary
information show a thickness of the Ag film between 5 and 12
nm results when the mass thickness is 9 nm). Figure 3B, on the
other hand, shows that a progressively larger EF is obtained as
r decreases. This effect was studied previously,38 where it was
shown that the morphology of the Ag film changes with
deposition rate due to nucleation and growth dynamics.
However, in order to balance signal enhancement and sample
throughput, a value of 0.02 nm s�1 was chosen. This procedure
is straightforward, reproducible (,5% relative standard
deviation (RSD) for three spots on a single sample and 22%
RSD for four independent samples), and yields substrates with
moderately high values for the EF (.105).

Although the results shown in Fig. 2 demonstrate that the Ag
island film substrates can be used to increase signal intensities
into a range useful for characterizing molecules that are not
resonance enhanced, during our initial optimizations of the
substrate, the thickness of the underlying thermal oxide layer
upon which the silver is deposited was found to modulate the
value of the EF obtained, prompting a thorough evaluation of
the effect. The variation in EF with SiOx thickness was much
larger than the sample-to-sample variability for a given
thickness. A systematic study was initiated in which several
samples were prepared with progressively thicker SiOx layers,
and Ag island films and NAB depositions were carried out in
an identical fashion before determining the SERS EF obtained
for each oxide layer thickness.

Figure 4 illustrates the effect of the thermal oxide layer
thickness on the apparent EFs for NAB at a series of Ag island

films where the underlying substrate is Si. In Fig. 4A, an overlay
of the Raman spectra for several thicknesses of thermal oxide
show that the Raman intensity changes dramatically with SiOx

thickness. Figure 4B draws out these differences by plotting the
measured EF versus SiOx thickness. For samples deposited
directly on Si (with native oxide), the observed EF of 1.5(6 0.2)
3 104 is at the lowest value observed for any of the SERS
substrates. For samples that have a thermal oxide layer, the
measured EF increases as a function of thickness until reaching
a peak of 5.5(6 0.8) 3 106 at an oxide thickness value of ;290
nm, and then decreases. For these experiments, the silver film
was prepared under identical conditions and the modification of
the surface with NAB was carried out in exactly the same
manner (see the Experimental section). These experimental
protocols reduce the possibility that the concentration of NAB
on the surface of the silver film changes with oxide thickness.
Moreover, the experimental error in the measured Raman
intensities obtained for several samples prepared in an identical
way is negligible compared to the changes in intensity that result
when only the oxide layer thickness is altered. For example, for
a series of four samples, each with a 258 nm SiOx thickness, the
measured EF is 2.7(6 0.6) 3 106 (the reported error is the
standard deviation, with N¼4). Thus, the variation from sample
to sample spans a factor of 1.5 (at worst), while the changes in
the measured EF as a function of SiOx thickness span nearly a
factor of 40 (from 1.47 3 105 to 5.53 3 106).

Several mechanisms underlying the dependence of EF on
SiOx thickness can be considered, including variations in the

FIG. 3. (A) Effect of silver mass thickness (t) on SERS EFs calculated from
the intensity of the 1140 cm�1 band (SiOx thickness¼ 271 nm and r¼ 0.02 6
.01 nm s�1). (B) Effect of the deposition rate (r) on the SERS EFs (SiOx

thickness¼ 230 nm and t¼ 9 nm). The SERS EFs have standard deviations of
;15% for different samples (three independent samples) prepared with the
same t and r values with ,5% variation from spot-to-spot on the same sample
(three spots). Lines are intended as a guide to the eye.

FIG. 4. Effect of silicon oxide (SiOx) layer thickness on Raman intensity. (A)
Raw Raman spectra for NAB chemisorbed at Ag island films deposited on a
series of samples with different SiOx thicknesses. (B) Corresponding calculated
SERS EFs as a function of SiOx thickness. Note that Raman spectra for SERS
EF calculations were background subtracted. All silver films were prepared
under identical conditions (r¼ 0.02 6 0.01 nm s�1 and t ¼ 9 6 0.1 nm).
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morphology of the silver film for different SiOx thicknesses,
electronic coupling of the SPR of the silver film to the
underlying Si substrate as modulated by the intervening SiOx

layer, and optical interference effects. Of these mechanisms,
the first two involve variation of the SPR of the silver film,
while optical interference patterns do not require any changes
in the SPR in order to modulate the Raman intensity.

The morphology of silver films was assessed using scanning
electron microscopy (SEM) and AFM for samples that varied
only in SiOx thickness. These results are presented in the
supporting Supplemental Material (Figs. S-1 and S-2)� and are
summarized in Table I. Table I lists the surface coverage,
particle distribution, and diameter obtained from analysis of
Fig. S-2 (see Supplemental Material) using image analysis
software. The surface coverage is given by the average pixel
gray scale values, while the particle distribution was obtained
by manually counting the number of particles and dividing by
the image area. Finally, the characteristic diameter of the
particles was determined as an average by using the surface
coverage factor and assuming a spherical shape for the
particles. No trends in particle size or density were observed
with variation of SiOx thickness, with a mean particle size of
44 6 2.4 nm for the entire thickness range considered.
Importantly, no significant changes in Ag particle morphology
were observed by either AFM or SEM with variation of SiOx

thickness, indicating that changes in morphology are not
responsible for the modulation of the SERS EFs. These results
leave electronic coupling and optical interference effects as the
possible mechanisms, and electronic coupling is considered
first.

Since the SERS substrates consisted of silver island films
deposited onto a layer of SiOx on a conducting Si layer (;0.1
X�1 cm�1), electronic interactions between the silver film and
the Si surface may be possible. Recent studies have shown that
interparticle plasmon coupling can give rise to pronounced
shifts in the SPR wavelength with respect to that observed for
an isolated particle.17,39,40 These investigations have shown
that the coupling strength decays with the inverse cube of the
separation distance between the plasmonic centers. Moreover,
the SPR wavelength shift decay length is ;0.2 times the
particle diameter. For our samples, the largest particle diameter
is ;45 nm, giving a decay length of ;9 nm. This indicates that
the oxide thicknesses used in this study (smallest¼174 nm) are
too large for significant electronic coupling between the silver

film SPR and the Si subsurface. This conclusion is reinforced
by the observed increase of the ultraviolet–visible (UV-Vis)
extinction maxima to longer wavelength as the SiOx increases
in thickness, contrary to the expectation for a coupling-induced
effect (see Figs. S-3 to S-5 in the Supplemental Material).
Finally, theories for the case of interactions between the surface
plasmon resonances of a spherical particle and a planar metallic
surface have been considered in detail.16 For a system that
considers a metal nanoparticle at some distance from a planar
metal surface, the value of the electric field enhancement falls
off rapidly as the separation distance between them increases.
In fact, for separation distances approaching the radius of the
particle, the value of the electric field intensity is only slightly
higher than that for an isolated particle. A second coupling
effect related to changes in the dielectric constant of the
surrounding medium is also possible.16,18 However, because
the identity of the spacer layer (SiOx) is constant, no significant
change in the dielectric constant of the support with SiOx

thickness is expected.
After ruling out changes in the sample morphology and

electronic coupling with oxide thickness, we return to an
analysis of Fig. 4. Given the well-documented standing electric
field profile that results when light is reflected from a
conductive surface,41–44 we have examined how this mecha-
nism could lead to interference modulated Raman intensities.
There are only a few reports that have considered interference
effects in Raman spectroscopy.24–27 Only one of these reports25

combined SERS and interference enhancement by using a
dielectric layer of SiOx on a reflective material (Ag) to obtain
enhancement from both. In that study, the dielectric layer
thickness was varied between 0 and 150 nm, and an
interference enhancement of ;6 was realized for 514.5/488
nm excitation or ;30 for 647.1 nm excitation. For our case, we
analyzed the possibility that interference enhancement was
responsible for the trends in Fig. 4 by carrying out calculations
of the relative mean square electric field profiles at the air–SiOx

interface (at the location of the silver island film). These
calculations utilized optical constants for the materials
determined using variable angle spectroscopic ellipsometry or
taken from the literature.45 Using these values, optical
absorbance and transmission spectra were simulated using
FilmStar (www.ftgsoftware.com) software, and mean square
electric field profiles were generated for a multilayered
structure using theory for classical wave mechanics.

The results of the UV-Vis experiments (see Supplemental
Material) indicate that the transmittance of a 9 nm silver film
on quartz or glass is at least 30% at 514 nm, indicating that a
significant portion of the incident light is transmitted to the
underlying materials. As a consequence, a significant portion of
the light incident on the Ag island surface will reach the
underlying Si and be reflected from that surface back toward
the SiOx–Ag interface. The combination of incident and
reflected light produces a spatially distributed standing electric
field pattern. The characteristics of the standing wave are
determined by the optical properties of the materials involved,
the wavelength of the incident light, the incidence angle, and
the thicknesses of the various phases.

Using FORTRAN programming, we have calculated mean
square electric field (MSEF) profiles in a three-phase stratified
medium consisting of Si, SiOx, and air for 514.5 nm light. The
algorithms are based on classical descriptions of light wave
mechanics rooted in the plane traveling wave solutions to

TABLE I. Summary of results from threshold analysis of SEM images
for silver island films deposited onto various substrates.

SiOx

thickness (nm)
Surface

coverage (%)
Particle distribution

(particles lm�2)
Characteristic
diameter (nm)

0 (B-doped) 74.4 484 44
0 (no doping) 75.3 563 41
176 74 462 45
186 74.1 482 44
258 73.7 475 44
347 71.4 493 43
383 76.8 412 49

Average 74.2 482 44
Standard deviation 1.64 45 2.4
RSD (%) 2.2 9.3 5.5

� Supplemental Material is available on-line in the electronic version of the
Journal (http://www.s-a-s.org).
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Maxwell’s equations and have been described in detail
elsewhere.46 The values of the MSEF calculated in this way
represent the electric field intensity at any point within the
stratified sample or above the SiOx surface (no silver film was
included in the calculation), with the thickness of the SiOx

layer varied in order to match the experimental values. Finally,
the theoretically predicted MSEF values were calculated in
three directions, denoted x, y, and z. The z component is along
the surface normal, while the x and y axes both lie in the plane
of the surface with the x direction coincident with the plane of
incidence. Thus, p-polarized light has z and x components,
while s-polarized light has only a y component.

Figure 5 shows an overlay of several MSEFx versus distance
profiles for selected values of SiOx thickness (0, 186, and 291
nm). In this plot, a distance value of 0 nm represents the air–
SiOx interface, which is the location of the silver film in SERS
experiments, while negative distance extends into the region
above the sample (air) and positive distance begins propagating
through the SiOx toward the underlying Si (or directly into the
Si for 0 nm SiOx thickness). The dashed line represents the
interface at which the silver film is located. Thus, the value of
the MSEF at this line is an important parameter due to the well-
known dependence of the SERS intensity (ISERS) on the
magnitude of the electric field, as given by the proportionality

ISERS } jEðkexÞj2jEðkscÞj2 ð3Þ

where E(kex) is the electric field at the excitation wavelength,
and E(ksc) is the electric field at the wavelength of the scattered
light. It is therefore apparent that the increase in the magnitude
of the electric field resulting from the combination of the
incident and reflected waves will have a large impact on the
overall apparent SERS EFs that are measured. The results in
Fig. 5 indicate that optical interference effects resulting from an
interposing layer of insulating material can have a significant
impact on the observed Raman intensity.

Figure 6 presents a summary of the calculated relative MSEF
values (x direction, right ordinate, open circles) at the surface
of SiOx (where the nanostructured silver film is located)
calculated for a series of SiOx thickness values that matched

those used in the experiments. Superimposed onto this plot are
values for the SERS EFs (left ordinate, solid circles).
Importantly, the trends observed for the relative MSEF values
as a function of oxide layer thickness correlate strongly with
the SERS EF data. Moreover, the correlation holds for the
MSEF oriented in both directions along the long axis of the
silver nanostructure (x and y directions, see Supplemental
Material). These results indicate that the additional intensity of
the electric field resulting from optical interference effects can
significantly increase the apparent SERS EF.

Figure 7 summarizes the processes important in determining
the Raman intensity on the stratified samples used in this work.
First, the partially transparent Ag film allows light to be
reflected from the underlying Si. The incoming waves then
combine with the reflected waves to create a standing wave in
the electric field that can act to increase or decrease the
intensity of the Raman scattering. This interference-modulated
effect is distinct from SERS arising from excitation of the SPR
of the nanostructured Ag film from incident light only, which
remains constant as the SiOx thickness changes. However, the
increase in the electric field due to interference can act to
further excite the SPR of the silver films and subsequently lead
to further increases in Raman intensity. Simply by changing the

FIG. 5. Mean square electric field values in the x-direction for selected values
of SiOx thickness. Data calculated for a Si–SiOx–air sample, where a distance
value of 0 nm indicates the SiOx–air interface that represents the location of the
Ag film, negative distance values represent distance above the SiOx–air
interface, and positive distance values are distance into the substrate (Si or
SiOx). The thickness of the SiOx layer is given next to each curve.

FIG. 6. Comparison of experimentally determined SERS EFs (solid circles)
and the calculated relative mean square electric field values (open circles) at the
SiOx–Ag interface in the x direction as a function of SiOx thickness. The
stratified sample used in the calculation is Si–SiOx–air.

FIG. 7. Illustration of the interference effect that leads to increased Raman
intensity over that obtained only for the SERS effect due to incident light. If the
properties (e.g., thickness, refractive index) of the various phases are
appropriate, extra intensity in the electric field is obtained through constructive
interference between incident light and reflection from the underlying layer
(reflection 2); this enhancement acts to further excite the SPR of the SERS-
active silver island film, increasing the observed Raman intensity. The shading
in the transparent layer represents the intensity of the standing wave electric
field: as shown, it is highest at the location of the silver particles. Not to scale.
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thickness of the inert, intervening SiOx layer, the Raman
intensity can be optimized for more enhancement than can be
achieved through SERS alone. In Fig. 7, the case for
constructive interference at the location of the silver film is
shown. Thus, the shading in the transparent layer represents the
intensity of the standing wave electric field, where it is highest
at the location of the silver particles (with chemisorbed
molecules).

A series of calculations were carried out in order to optimize
the Raman intensity gains obtained through interference. As
described in the Supplemental Material, the orientation of the
electric field, the underlying reflector, and the angle of
incidence were all considered. Based on the predictions of
the calculations, experiments were carried out to serve as
preliminary tests. For example, theoretical calculations predict
that the interference pattern produces a much lower electric
field at a near-glancing angle of incidence (708) compared to
the 458 angle used in the bulk of experiments; a corresponding
reduction in the intensity of the Raman signal is expected. A
second test of the theoretical predictions concerns the
orientation of the electric field: s-polarized light (containing
only the y component of the MSEF) yields a higher
interference modulated electric field when using an Ag reflector
than does p-polarized light (x and z components) and therefore
should also yield a higher Raman signal intensity. More detail
regarding these findings can be found in the Supplemental
Material (Figs. S-6 to S-10); experimental validation of these
predictions is presented below.

Figure 8 shows two overlays of SERS spectra for NAB
adsorbed at a silver island film deposited onto a 237 nm
evaporated SiOx film on an Ag reflector (100 nm). Figure 8A
shows that 458 yields a more intense Raman signal, as
predicted by theory (see discussion above and the Supplemen-

tal Material). Figure 8B confirms that when using a silver layer
as an underlying reflector, the signal intensity obtained for s-
polarized excitation is slightly higher than that obtained using
p-polarized excitation. Although it might be expected that due
to the superior reflectivity of Ag relative to Si the overall signal
might be larger when using Ag as a reflector, we have only
observed a very small increase in signal. This may be due to
changes in the morphology of the Ag islands, since they are
deposited onto electron beam evaporated SiOx films rather than
on thermally oxidized wafers. AFM images of the e-beamed
SiOx layer show a much higher roughness factor (;3 nm rms
roughness compared to ;0.5 nm for thermally oxidized SiOx

as measured using AFM). Due to the difference in sample
morphologies, we cannot make any comparisons between the
two types of samples. The results in Fig. 8B do, however,
support the theoretical predication that the polarization of the
incident light has a greater effect (detectable) with the more
reflective substrate surface (Ag). Collectively, the results in
Fig. 8 qualitatively demonstrate that interference modulation of
the electric field intensity can be used to ‘‘tweak’’ the overall
Raman signal intensity and that these changes can be
qualitatively predicted by theory. We note that this analysis
only takes into account interference-modulated electric field
intensities; more complex changes in other parameters that may
impact the observed SERS intensity are not considered.

CONCLUSION

This paper has demonstrated optical interference effects on
the intensity of Raman signals obtained for molecules adsorbed
at silver island films supported on thermally oxidized silicon
wafers. As a result of light propagating through partially
transparent, stratified phases, the electric field can be tuned
simply by changing the thickness of an intervening layer that
does not directly contribute to the SERS enhancement. The
intensity of the electric field, independent of the enhancement
obtained through surface plasmon effects, can be tuned by
locating the SERS-active particles at a position of constructive
interference between the incident and reflected light (see Fig.
7). The choice of materials must allow propagation of light
through the SERS-active medium and through a transparent
interlayer to an underlying reflector. In our case, the Raman
signal for the optimal SiOx interlayer thickness on Si is 38
times higher than the intensity obtained when the Ag particles
are deposited directly onto a native oxide Si surface. The
combination of SERS and interference enhancement, as shown
in this paper, can therefore be utilized as an additional
optimization strategy in order to provide higher signal
intensities that may not be possible through changes in sample
morphology or other methods that rely upon changes in the
SPR. Further optimization of interference effects can either
focus on utilizing different materials that have suitable optical
properties or on changes in the experimental setup used to
collect Raman spectra, as demonstrated briefly in this work.
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SiOx (237 nm) on a reflective Ag substrate (100 nm). (A) Comparison of 458
and 708 angles of incidence, showing that 458 results in higher signal intensity,
consistent with the predictions of theory. (B) Comparison of s- and p-polarized
excitation (458 angle of incidence) showing that additional signal is obtained
for s-polarized light, consistent with the predictions of the calculations. See text
and Supplementary Material for more detail.
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SUPPLEMENTAL MATERIAL

The Supplemental Material mentioned in the text, including
Figs. S-1 through S-10, is available on-line in the electronic
version of the journal (http://www.s-a-s.org).
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