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1. Introduction

Detection and identification of a trace quantity of molecules in
a monolayer adsorbed on the surface of a substrate or mole-
cules attached to the tip of an electrode are critical to the de-
velopment of emerging functional devices such as molecular
electronic devices.[1–4] In situ characterization[5, 6] of the devices
can provide information on the function of the molecules and
allows establishment of a structure–function relationship, con-
sequently leading to the rational design of molecular electron-
ic devices. Raman spectroscopy is a powerful noninvasive ana-
lytical tool for chemistry and biology because it provides fin-
gerprint information of the molecules in the form of sharp vi-
brational bands of the functional groups. However, normal
nonresonant Raman has ultralow sensitivity, that is, 1014 times
less sensitive than fluorescence[7] and hence is not sensitive
enough to detect a monolayer of molecules on surfaces. Sur-
face enhanced Raman scattering (SERS) from molecules in
close proximity to a metal nanostructure have been extensively
investigated[8, 9] to overcome this deficiency and now single-
molecule detection has been achieved.[10, 11]

SERS effect arises predominantly from the inordinate amplifi-
cation of electromagnetic field at or near the surface of a
noble metal nanostructure due to the excitation of localized
surface plasmon resonance (LSPR) by the incident electric
field.[12–14] Maximum SERS enhancement for a given nanostruc-
ture can be achieved when both the incident and the Raman
scattered electric fields are maximally enhanced.[15, 16] Hence,
tuning the LSPR frequency to overlap the Raman excitation
and emission frequencies is a core issue in SERS research. It is
important to note that analyte–metal charge-transfer forma-
tion can lead to a Raman signal enhancement from the reso-

nance Raman effect in a mechanism that is often termed as
the chemical mechanism of SERS.[17, 18]

The excitation of the LSPR of noble metal nanoparticles re-
sults in intense UV/Vis extinction due to absorption and scat-
tering of the incident light and leads to a spectrum not pres-
ent in the bulk metal. The wavelength of the LSPR extinction
maximum (LSPR lmax) is determined by the dielectric properties
of the metal nanoparticles, their size and shape, interparticle
interactions, and the dielectric constant of the surrounding
medium. An intuitive approach to understanding the plasmon
resonance of a complex nanostructure is plasmon hybridiza-
tion, where, the plasmon resonance of a nanostructure with
complex geometry can be constructed from the interactions or
mixing of the plasmon resonances of simple primary struc-
tures.[19, 20] Tuning of the LSPR lmax is often achieved by chang-
ing the nanoparticle shape and size. For spherical nanoparti-
cles, relatively small shifts of the LSPR lmax can be achieved by
changing the size of the nanoparticle.[21, 22] However, for shapes
other than the sphere, the particle size has a strong effect on
the LSPR lmax.

[23, 24] For example, changing the size of triangular
shaped nanoparticles allows the LSPR lmax to be tuned from
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the visible to mid infrared.[23, 24] Core–shell structures[23, 25] and
nanoparticles with different shapes such as rods,[26] stars,[27]

cubes,[28] rings,[29] and so on, have been prepared to tune the
plasmon resonance.

Silver island film (AgIF) obtained by vapor deposition of Ag
on a multilayer substrate, consisting of a spacer dielectric layer
with a bottom reflecting layer, has been demonstrated to mod-
ulate the color and SERS EF (surface enhanced Raman scatter-
ing enhancement factor) when the spacer layer thickness is
varied.[30–34] We[35] and others[32–34] have attributed the modula-
tion of the SERS EF by the spacer thickness of the multilayer
substrate as due to interference effects. However, these studies
did not address several important issues, such as, the nature
and correlation of the color of the substrate with the SERS EF.
Recently, there has been renewed interest in systems com-
posed of metal nanostructure-continuous metal film structures
separated by a spacer dielectric gap, because they serve as
models for metal–insulator–metal sub-wavelength wave-
guides,[36–38] for understanding the plasmon resonance fre-
quencies arising from LSPR–surface plasmon polariton (SPP) in-
teractions,[39–42] and as a robust and easy to fabricate SERS sub-
strates with high signal amplification. Substrates with this con-
figuration have been theoretically predicted to have SERS
EF[43–45] as high as 1011. Herein, it is demonstrated that multilay-
er substrate tunes the plasmon resonances of AgIF and conse-
quently modulates the SERS EF. A significant finding which has
potential applications in SERS development is that, the multi-
layer substrate used as an active support for plasmonic nano-
structure provides additional 10 fold or more enhancement of
the SERS EF compared to the same nanostructure supported
on an unlayered substrate.

2. Results and Discussion

Figure 1 ashows an absorption spectrum obtained in transmis-
sion mode for a 6 nm AgIF on a glass slide. The spectrum is
broad with a maximum at 475 nm and spans the entire visible
range due to contributions from the excitations of multiple
plasmon resonances of Ag nanoparticles of different shapes,
sizes, orientations, and interparticle separations. The extinction
spectra obtained in the reflectance mode for a multilayer sub-
strate, Ag(100)/SiO2(38), before (Figure 1 b) and after (Fig-

ure 1 c) deposition of 6 nm AgIF is also shown in Figure 1. The
highly reflective substrate develops intense color upon the
deposition of 6 nm AgIF, indicating excitation of the LSPR of
the AgIF. In addition, the peak extinction intensity is ~5 times
more than that of 6 nm AgIF on glass.

As shown in Scheme 1, the color of the multilayer substrate
with the 6 nm AgIF is strongly modulated by the spacer SiO2

thickness. When the spacer SiO2 thickness is varied in the

range 18–390 nm while the reflecting Ag(100) and Ag(6) layers
are kept constant, the extinction spectrum varies significantly,
as shown in Figure 2. In the 18–46 nm SiO2 thickness range,
the extinction spectrum has an intense peak in the visible
region and shifts to a longer wavelength with increasing SiO2

thickness (Figure 2 a). Similar spectra with an intense visible
peak that red shifts with increasing SiO2 thickness were ob-
served for the SiO2 thickness range 230–390 nm (Figure 2 b). In
contrast, the extinction spectrum changes dramatically with
SiO2 thickness between 60 and 218 nm (Figure 2 c) and in the
129–153 nm spacer thickness region the extinction spectrum

Figure 1. Absorption spectrum [log(Io/I)] of 6 nm AgIF on glass (a). Trans-
versed electric (TE) polarized extinction [log(Ro/R)] spectra of a Ag(100)/
SiO2(38) substrate, which has 38 nm SiO2 layer thickness, before (b) and after
(c) deposition of 6 nm AgIF.

Scheme 1. Schematics of composite multilayer substrate consisting of a
silver nanostructure on thin-film dielectric or specifically the spacer SiO2

layer. The reflecting layer is an optically thick 100 nm silver layer deposited
on a 0.5 mm thick silicon wafer with thermal oxide acting as the rigid sup-
port. The incident light undergoes multiple internal reflections within the di-
electric layer. Note that for quartz, the critical angle and Fresnel coefficient
(glass–air) are 40.28 and 0.11 respectively for TE polarized 514.5 nm light. In-
creased reflectivity due to the deposition of AgIF on multilayer substrate is
expected to facilitate multiple internal reflections.

Figure 2. TE polarized extinction spectra of Ag(100)/SiO2(xx)/Ag(6) multilayer
substrates with three SiO2 thickness ranges: a) 18–46 nm SiO2, b) 230–
389 nm SiO2, and c) the intermediate 60–218 nm SiO2 thickness. The number
adjacent to the extinction spectrum corresponds to SiO2 thickness in nm.
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has no peak in the visible region. In order to understand the
nature and origin of the extinction spectra we have recorded
the extinction spectrum of each substrate before depositing
6 nm AgIF. As shown in Figure 1 b, the extinction spectrum
due to Ag(100)/SiO2(38) without AgIF is weak and has no peak
in the visible region. However, in the 230–390 nm region the
spectrum has a weak peak which shifts with SiO2 thickness as
shown in Figure S1 a–c (Supporting Information). The extinc-
tion spectra of the multilayer substrates without AgIF are blue
shifted, 1 to 2 orders of magnitude less intense, and are
strongly correlated to the spectra with AgIF. These results indi-
cate that interference effect in the spacer layer of the multilay-
er substrate modulates the extinction spectrum of AgIF.[35]

Important questions studied here include how the extinction
spectrum of the multilayer substrate relates to the LSPR of
AgIF and whether the multilayer substrate tunes the LSPR
wavelength of AgIF. This question can be addressed according
to the electromagnetic mechanism[12–16] of SERS by the correla-
tion between extinction and the SERS EF. The electromagnetic
mechanism of SERS predicts that the SERS EF should correlate
with the observed extinction if it is due to the excitation of
LSPR, since both are mediated by the LSPR.[12–16] To investigate
such a correlation, we determined the SERS EFs of 4-nitroazo-
benzene (NAB) chemisorbed on AgIF-multilayer substrate sys-
tems as shown in Figures 1and 2.

The Raman spectrum of 0.014 m NAB in dimethylsulfoxide
solution and the SERS spectrum of a monolayer of 4-nitroazo-
benzene (NAB) chemisorbed on the surface of AgIF-multilayer
substrate system is presented in Figure 3. The details of the

NAB Raman band assignments can be found in an earlier
report.[6] The SERS EFs of NAB adsorbed on AgIF surface of the
multilayer substrates were determined as described earlier.[35]

Briefly, the Raman peak intensity of 1141 cm�1 band of NAB in
solution (Isoln) and of NAB on the AgIF surface of the multilayer
substrates (Isurf) were experimentally measured at 514.5 nm ex-
citation. The SERS EFs are calculated from the number of mole-
cules probed by the Raman excitation laser in solution (Nsoln)
and on the AgIF surface (Nsurf) of the multilayer substrate using
Equation (1):

SERS EF ¼ Isurf

Isoln
� Nsoln

Nsurf

ð1Þ

The electromagnetic contribution to the SERS enhancement
at or near the metal nanostructure is related to the incident
excitation and the amplified local electric fields due to the ex-
citation of LSPR as in Equation (2):

SERS EF ¼ ElocalðvexÞ
EinðvexÞ
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where, Elocal(nex) and Elocal(nRam) are the local electric fields at the
excitation and Raman frequencies at or near the metallic nano-
structure due to the excitation of LSPR, and Ein(nex) and Ein(nRam)
are the corresponding electric fields in the absence of the
metal nanostructure. This equation shows that the SERS EF is a
measure of the local field enhancement at or near the surface
of the nanostructure and occurs as a result of the excitation of
LSPR. The extinction spectrum represents the LSPR frequencies
of the nanostructure. The relationship between the extinction
and SERS EF has been experimentally demonstrated by van
Duyne et al.[15, 16] from the correlation between extinction spec-
tra and wavelength scanned surface-enhanced Raman excita-
tion profiles of a number of nanostructures fabricated by nano-
sphere lithography. They showed that the SERS EF is maxi-
mized when the incident and the Stokes shifted Raman scat-
tered light are equally enhanced and this occurs when the ex-
tinction maximum is located midway between the incident
and the Raman scattered frequencies that is, at (nex + nRam)/2.
Thus, the SERS EF can be correlated with the extinctions at
both the excitation and the Raman scattered frequencies, and
the extinction at (nex + nRam)/2 should track the SERS EF excita-
tion profile.

The SERS EFs were determined by exciting with transverse
electric (TE) polarized 514.5 nm laser as a function of SiO2

spacer thickness of the multilayer substrate, Ag(100)/
SiO2(variable)/Ag(6), while maintaining the AgIF film thickness
constant at 6 nm. Note that the plot of SERS EF versus AgIF
thickness for the multilayer substrate with constant spacer
thickness has a maximum at ~6 nm AgIF thickness (see Figur-
es 5 b and 6 b), hence 6 nm AgIF is used in all subsequent stud-
ies. The plot of SERS EF versus SiO2 thickness presented in Fig-
ure 4 a shows two peaks and a valley, a trend that can be ex-
pected from interference effect in stratified layers. The two
peaks have similar SERS EF of ~1.1 � 107 and occur at ~38 and
~240 nm spacer SiO2 thicknesses. The valley or minimum be-
tween the two maxima is located at ~150 nm spacer SiO2

thickness and has dramatically lower SERS EF of 4.8 � 104.
These results indicate that multilayer substrates can have a
dramatic effect on the SERS EF, with the spacer thickness mod-
ulating the SERS EF by a factor of ~230.

To correlate extinction and SERS EF, in a manner akin to plas-
mon sampled surface-enhanced Raman excitation profiles,[46]

the extinction at 530 nm, corresponding to the midpoint be-
tween Raman excitation (514.5 nm) and scattered wavelengths
(546.8 nm), is plotted versus the spacer SiO2 thickness as dis-
played in Figure 4 b. It is interesting to see that the extinction
profile tracks the SERS EF profile over the entire spacer range
studied, with the peaks and valleys occurring at similar spacer

Figure 3. Raman spectra of NAB a) in DMSO solution and b) on a AgIF multi-
layer composite substrate.
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thicknesses. Similar extinction profile plots were obtained for
both 514.5 and 546.8 nm. The maxima in the SERS EF occur in
the spacer SiO2 thickness regions 25–46 nm and 230–260 nm,
where the extinction spectra have intense visible extinction
and the minimum occurs in the spacer thickness region, 120–
170 nm, where the extinction of the visible light is very weak.

In order to determine whether the SERS EF and extinction
correlation holds for excitations other than 514.5 nm, the SERS
EFs (of 1141 cm�1 band of NAB) of the multilayer substrates
which has 6 nm AgIF are determined as a function of SiO2

thickness with 647.1 nm excitation. As shown in Figure S2
(Supporting Information), a plot of SERS EF versus SiO2 thick-
ness with 647.1 nm excitation shows maxima at ~45 and
~307 nm SiO2 thicknesses with SERS EFs of 2.1 � 107 and 3.4 �
107 respectively, and a minimum SERS EF of 1.1 � 104 at
~200 nm SiO2. The spacer thickness modulates SERS EF by
~3,000. The plot of extinction at 672 nm [corresponding to
(nex + nRam)/2] versus SiO2 thickness shows peaks at ~45 and
~307 nm and a minimum at ~200 nm confirming that SERS EF
and extinction correlation is valid for 647.1 nm excitation. Fur-
thermore, the SERS EF of Ag(100)/SiO2(307)/Ag(6) substrate for
647.1 nm excitation is ~30 times larger than that observed for
the same 6 nm AgIF on glass.

To investigate how AgIF affects the extinction spectra and
SERS EFs of multilayer substrates, the thickness of AgIF is
varied while keeping the spacer SiO2 thickness constant. Fig-
ure 5 a shows that a small change in the AgIF thickness at a
constant spacer SiO2 thickness has dramatic effect on the ex-
tinction spectrum. For example, changing AgIF thickness from
3 nm to 6 nm shifts the extinction maximum from 502 nm to
556 nm and in addition, the two spectra have very different
lineshapes. The 6 nm thick AgIF has two distinct peaks com-
pared to a single resolved peak for 3 nm AgIF. Increasing AgIF
thickness beyond 6 nm leads to decrease in visible extinction,
indicating that the SERS EF should decrease at larger AgIF
thickness. Figure 5 b shows the plot of SERS EF versus AgIF

thickness determined by excitation with TE polarized 514.5 nm
laser. The plot has a peak at 6 nm AgIF thickness (the reason
why 6 nm AgIF is used for the study) with a SERS EF of ~1.1 �
107 and decreases by more than two orders of magnitude to
9.4 � 104 at 18 nm. The extinction AgIF thickness profile, that is,
the plot of the extinction at 530 nm versus AgIF thickness,
tracks the SERS EF thickness profile (Figure 5 b) further indicat-
ing that the multilayer substrates modulate plasmons via the
interference effect, and the plasmons in turn modulate the
SERS EF. Increasing AgIF thickness corresponds to changing
the morphology of AgIF and is clearly different from changing
the spacer thickness.

An important question in the development of highly active
SERS substrate is whether the multilayer substrate improves
the SERS EF of the nanostructure compared to that of the
same nanostructure on unlayered substrates such as glass. To
answer this question, we examine the plasmon extinction
spectra and SERS EFs of AgIF on a glass slide. As shown in Fig-
ure 6 a, the plasmon resonance extinction spectra of different
thicknesses of AgIF on glass recorded in the transmission
mode varies strongly with AgIF thickness. The spectrum red-
shifts, broadens, and the absorbance increases as the AgIF
thickness increases from 3 to 9 nm. Further increase in thick-
ness leads to increased broadening of the absorption spectrum
with no peaks in the visible region. The broadening of the ex-
tinction spectrum with AgIF thickness can be understood as
due to the combined effects of the increase in particle size,
changes in particle shape due to coalescence of neighboring
particles, and increase in interparticle coupling as the particles
get closer. At thickness above 12 nm the particles begin to
form an extended network of conducting particles or a contin-
uous film.[47] The SERS EF versus AgIF thickness plot (Figure 6 b)
obtained on 514.5 nm excitation with glass as the substrate
has a plateau value of ~1.1 � 106 at AgIF thickness region
6–9 nm and drastically decreases to 9.4 � 104 at 18 nm. This

Figure 4. SERS EF vs SiO2 thickness plot obtained with TE polarized 514.5 nm
excitation a) for multilayer substrates having the same 6 nm AgIF thickness.
Plot of extinction at 530 nm versus SiO2 thickness (b) of multilayer substrates
as in (a) ; 530 nm corresponds to the midpoint, (nex + nRam)/2, between
Raman excitation (514.5 nm) and scattered wavelengths (546.8 nm).

Figure 5. a) TE polarized extinction spectra of multilayer substrates, Ag(100)/
SiO2(250)/AgIF(xx), having the same 250 nm SiO2 thickness but different
thicknesses of AgIF. The number adjacent to the extinction spectrum corre-
sponds to AgIF thickness in nanometers. b) SERS EF versus AgIF thickness
(*) obtained by TE polarized 514.5 nm excitation, and extinction at 530 nm
versus AgIF thickness (&) plots of the same substrates as in (a).
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shows that the SERS EF of AgIF on glass is an order of magni-
tude less than that of the corresponding AgIF on multilayer
substrate which has the optimum spacer thickness. In the case
of AgIF on glass substrate, a good extinction and SERS EF cor-
relation was observed for AgIF thickness up to 9 nm. However,
at higher thicknesses a significant deviation between extinc-
tion and SERS EF is observed, indicating the formation of non-
SERS active nanostructures. A more detailed discussion on the
possible reasons for the deviation can be found in Figure S3
(Supporting Information).

The SERS EFs from multilayer substrates at certain spacer
SiO2 thicknesses are an order of magnitude or more than that
of highest SERS EF obtained from the unlayered glass sub-
strates. The ratio of the SERS EF, multilayer substrate to glass,
increases with decrease in Raman excitation frequency. For
514.5 nm excitation the ratio is ~10, and it increases to ~30
for 647.1 nm excitation. Since interference effect modulates
the SERS EF of the multilayer substrate, there are maxima and
minima in the SERS EF as the spacer SiO2 thickness is varied.
For example, with 514.5 nm excitation, maxima occur at 38
and 240 nm SiO2 thicknesses with almost identical SERS EF of
1.1 � 107. A minimum occurs at 150 nm SiO2 thickness with
SERS EF of 4.8 � 104, and at this SiO2 thickness the SERS EF of
the multilayer substrate is ~20 times smaller than that of the
unlayered glass substrate. Hence implementation of the multi-
layer substrate to benefit the enhanced SERS EF requires in-
formed choice of the spacer thickness of the multilayer sub-
strate and the Raman excitation frequency.

Tuning of the extinction spectra in multilayer substrates can
have contributions from two effects: the interference effect
and/or LSPR and SPP coupling. Coupling between LSPR and
SPP propagating on the surface of a reflecting noble-metal
layer is a near-field effect and is effective only at short distan-
ces.[31, 39–42, 48] The coupling strength between LSPR and SPP de-
creases exponentially with the separation distance and be-
comes negligible at a distance of a few particle diameter.
Hence, the extinction spectrum due to LSPR–SPP coupling red-

shifts with decreasing distance which is contrary to the effect
observed in the systems studied here. Leveque and Martin[40, 41]

showed that LSPR and SPP coupling is negligible at distances
larger than 50 nm. In addition, gap plasmons are not expected
to be important in the multilayer substrates studied here be-
cause of the large spacer thickness and the small size of the
nanostructure.[36–38, 49, 50] Conclusive evidences that LSPR and
SPP coupling is negligible at large spacer thickness is demon-
strated by the fact that both the extinction spectra and SERS
EFs are virtually unaffected when the reflecting Ag mirror of
the multilayer substrate, Ag/SiO2/AgIF, is replaced by Al, Al/
SiO2/AgIF, which is plasmon inactive in the visible region[51, 52]

as shown in Figure S4 (Supporting Information). This indicates
that interference effect is the predominant contributor to the
tuning of the extinction by multilayer substrates studied here.

As shown in Figure 2 a and the Supporting Information (Fig-
ure S1), a strong correlation is observed between the extinc-
tion spectra of the multilayer substrates with and without AgIF
indicating that interference effects modulate the spectra. This
raises relevant questions on the role of AgIF in the spectral
modulation. Is AgIF acting as a benign reflector that enhances
the interference effect? Or does it act as an active component
and the observed spectral modulation is due to the excitation
of LSPR? An unambiguous answer to these questions is pre-
vented by the broad extinction spectrum (Figure 1) of 6 nm
AgIF on glass that spans the entire visible range. Therefore,
polythiophene with relatively sharp absorption spectrum (with
two unresolved peaks at 555 and 596 nm in the visible region)
was used to determine how interference effects due to the
multilayer substrate modulates the spectrum.

When a thin-film of polythiophene (~25 nm) is spin-coated
on multilayer substrates which have different spacer thickness-
es as in Figures 1and 2, tuning of the extinction intensity and
spectrum of polythiophene is observed. It is important to note
that the spectral tuning is confined within the absorption
spectrum of polythiophene indicating that the function of the
multilayer substrate is to tune the allowed vibronic transitions
of polythiophene (details to appear in a separate communica-
tion). In addition, a strong correlation between extinction (at
excitation wavelength) and Raman intensity is observed as in
the case of AgIF on multilayer substrates. In the case of molec-
ular resonances, when the excitation wavelength is resonant
with a strongly allowed electronic excited state, the Raman
scattering is dominated by Albrecht A-term. Under these con-
ditions, both absorption and resonance Raman cross sections
depend on the same excited state parameters and the strong
correlation that exist between them is now well estab-
lished.[53–55] It is important to note that polythiophene on mul-
tilayer substrate, with optimum spacer thickness to enhance
the Raman signal, provides additional >10-fold Raman intensi-
ty enhancement compared to that on the glass substrate as in
the case of AgIF.

There are fundamental differences between AgIF and poly-
thiophene thin-films. The polythiophene extinction spectrum
arises from electronic transitions between discrete energy
levels of the molecule. On the other hand, the spectrum of
AgIF is due to collective oscillation of free electrons called plas-

Figure 6. Absorption spectra of glass slides which have different thicknesses
of AgIF recorded in transmission mode (a). Plots of SERS EF versus AgIF
thickness (*) obtained by TE polarized 514.5 nm excitation, and extinction
at 530 nm versus AgIF thickness (&) (b) of the same samples as in (a). The
number adjacent to the absorption spectrum in (a) corresponds to AgIF
thickness in nm.
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mons in the AgIF whose resonance frequency depends on the
shape, size, particle spacing and relative orientations, and the
dielectric environment. Another difference between molecular
and plasmonic resonances is that the magnitude of polariza-
tion on plasmon excitation is much larger than the excitation
of the molecular excited states. Hence any effect which de-
pends on polarization is expected to be much more pro-
nounced in metal nanostructures.

The experimental results shown above clearly indicate that
the extinction spectra of AgIF on multilayer substrates are due
to the excitation of plasmon resonances. Multilayer substrate
tunes both the intensity and frequency of the extinction spec-
trum by simply changing the spacer layer thickness and conse-
quently the SERS EF. This observation is similar to a recent
report[56] on the reflectance spectra obtained from gold nano-
particles immobilized on porous Al2O3 of variable thickness
prepared on a reflecting aluminum film. They attributed the
observed reflectance to interference localized surface plasmon
resonance. It is important to note that the extinction spectrum
of AgIF, obtained by vacuum evaporation of Ag, is broad and
spans the entire visible region corresponding excitation of
multiple plasmon resonances of Ag nanostructures which have
different sizes, shapes, relative orientations, and interparticle
spacings. Changing the spacer layer thickness of the multilayer
substrate allows selective excitation of a subset of these plas-
mon resonances in AgIF and it should be noted that this does
not constitute tuning plasmon resonance as achieved by
changing the shape and size of monodispersed Ag nanoparti-
cles. A useful analog to the tuning observed here is the tuning
of laser frequencies in a dye laser. In a dye laser, the tuning
range of the laser is determined by the bandwidth of the dye
fluorescence emission spectrum, and lasing at a particular
wavelength can be achieved by placing a wavelength selective
optical element such as, lyot filter, prism or grating in the opti-
cal cavity.

In a multilayer substrate, the light waves suffer multiple re-
flections and refractions at the interfaces. The dielectric layer
thickness and the phase change at the interfaces modulate the
phase, and interference at these interfaces modulates the in-
tensity of the propagating light. As we have stated earlier,[35]

changing the spacer thickness modulates the phase and mean
square electric field of light propagating within the spacer
layer which in turn modulates the extinction in the AgIF. Nano-
structures are known to have very high extinction coeffi-
cients[57] for plasmon excitation. Plasmons are waves or coher-
ent oscillations of free electrons in Ag nanostructures, and the
plasmon interference effect[58–60] is now well documented.
Hence, the plasmon interference effect is expected to play an
important role in the observed extinction spectrum of AgIF on
multilayer substrate. Contributions from plasmon interference
may be responsible for the observed discrepancies between
the experimental and simulated (using a commercially avail-
able optical thin-film software “FILMSTAR’’ from FTG Software
Associates) extinction spectra of AgIF on multilayer substrates
(Supporting Information Figures S5 and S6). Raman and SERS
intensities are proportional to E2 and E4 of the incident excita-
tion electric field respectively. In spite of this difference both

polythiophene and AgIF on multilayer substrates have similar
~10 fold additional Raman intensity enhancement compared
to the unlayered glass substrates. These results show that the
modulation of Raman intensity by the multilayer substrate is
due to interference mediated tuning of the plasmonic and mo-
lecular resonances.

3. Conclusions

A multilayer substrate tunes both the intensity and frequency
of the extinction spectrum of silver nanostructures that sup-
port multiple plasmon resonances. Multilayer substrates modu-
late the SERS EF of the AgIF by a factor of ~200 and ~3,000
for 514.5 and 647.1 nm excitations respectively, as the spacer
dielectric-layer thickness is varied. At the optimum spacer
thickness, multilayer substrates can provide more than an
order of magnitude increase in the SERS EF for AgIF compared
to that of the unlayered glass substrate. The additional order
of magnitude SERS signal enhancement provided by the multi-
layer structures opens up a new possibility to further boost
the Raman signals from any SERS active nanostructure. Future
work in this line includes investigation of composite multilayer
substrates with lithographically-fabricated nanostructure arrays
which have well-defined shapes, sizes, spacings, and orienta-
tions.

Experimental Section

Multilayer substrates were fabricated on 13 mm x 18 mm thermally
oxidized silicon wafers by electron beam evaporation (Johnsen Ul-
travac E-beam) at ~10�6 torr of the following materials in succes-
sion: 5 nm adhesion Cr, 100 nm reflecting Ag, and variable thick-
ness transparent SiO2 spacer layers (all 99.99 % pure from Kurt J.
Lesker). Deposition rates monitored by a quartz crystal microba-
lance were 0.02–0.1 nm s�1for the multilayer substrate, and
<0.02 nm s�1 for the SERS active AgIF.[35] Variable angle spectro-
scopic ellipsometry (J. A. Woollam Co., Inc.) was used to verify the
SiO2 thickness indicated by the quartz crystal balance during depo-
sition. Transverse electric (TE) or transverse magnetic (TM) polar-
ized UV/Vis extinction spectra were collected in an external reflec-
tion mode at 458 incident angle with a Perkin–Elmer Lambda 900
UV/Vis/NIR double beam spectrometer. The extinction refers to
log(Ro/R), where Ro and R are the reflectance of the reference, Si/
SiO2/Cr(5)/Ag(100), and the sample, Si/SiO2/Cr(5)/Ag(100)/SiO2(xx)/
AgIF, respectively. Coherent Ar ion laser and Chromex Raman spec-
trograph with an Andor CCD detector was used to excite, collect,
disperse, and detect the Raman scattered light from the samples.
As described in detail in a previous report,[35] multilayer substrates
with SERS active AgIF were modified with nitroazobenzene (NAB)
by immersing the freshly fabricated substrates in a 0.4 mm nitro-
azobenzene diazonium salt solution in acetonitrile for ~1 s.
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