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S
urface-enhanced Raman spectroscopy
(SERS) combines the capability of mo-
lecular fingerprinting with ultrahigh

sensitivity, allowing single-molecule detec-
tion.1 Such a combination is unique and
cannot be achieved with other spectro-
scopic techniques. In this way, SERS has
given the possibility to study basic chemical
and plasmonic phenomena, as well as de-
veloping many different analytical applica-
tions in various fields such as chemistry,
physics, biology, and materials science,
among others.2�9 Two main different con-
tributions to the SERS enhancement have
been identified: the electromagnetic (EM)
factor and the so-called chemical contribu-
tion. The EM enhancement of SERS-active
substrates is mainly determined by the
nanostructure of the metallic surface and
the wavelength-dependent dielectric prop-
erties of the metal. Those properties largely
restrict the applicability of SERS to Ag and
Au due to their well-behaved optical con-
stants.10 Beside these standard metals, bi-
metallic and core�shell surfaces have also
been studied as efficient SERS platforms.
Different metal partners have been em-
ployed in a wide variety of nanostructured
surfaces obtained by different physico-
chemical procedures.11�13 Undoubtedly,
the Au�Ag bimetallic system is the one
studied most, and different strategies have
been tested, such as porous-surfaces,14

mixed Ag(core)/Au(shell) nanoparticles,15

Ag/Au nanoparticles immobilized on metal

supports,16 and core�shell nanoparticle
microtubes,17 among others. Different re-
sults have been reported regarding SERS
enhancement factors in each particular
system.
Despite a lot of work developed regard-

ing bimetallic systems, there are few exam-
ples of controlled thickness-layer deposi-
tion over a nanostructured-SERS platform.
This is probably due to the difficulty
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ABSTRACT We present experimental and computational results that enlighten the mechanisms

underlying the chemical contribution to surface-enhanced Raman scattering (SERS). Gold void metallic

arrays electrochemically covered either by a Ag monolayer or 10�100 Ag layers were modified with a

self-assembled monolayer of 4-mercaptopyridine as a molecular Raman probe displaying a rich and

unexpected Raman response. A resonant increase of the Raman intensity in the red part of the

spectrum is observed that cannot be related to plasmon excitations of the cavity-array. Notably, we find

an additional 10�20 time increase of the SERS amplification upon deposition of a single Ag layer on

the Au substrate, which is, however, almost quenched upon deposition of 10 atomic layers. Further

deposition of 100 atomic Ag layers results in a new increase of the SERS signal, consistent with the

improved plasmonic efficiency of Ag bulk-like structures. The SERS response as a function of the Ag

layer thickness is analyzed in terms of ab initio calculations and a microscopic model for the SERS

chemical mechanism based on a resonant charge transfer process between the molecular HOMO state

and the Fermi level in the metal surface. We find that a rearrangement of the electronic charge density

related to the presence of the Ag monolayer in the Au/Ag/molecule complex causes an increase in the

distance between the HOMO center of charge and the metallic image plane that is responsible for the

variation of Raman enhancement between the studied substrates. Our results provide a general

platform for studying the chemical contribution to SERS, and for enhancing the Raman efficiency of

tailored Au-SERS templates through electrochemical modification with Ag films.
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regarding the exact control of thickness in core�shell
nanoparticles or porous SERS-active substrates. In this
context underpotential deposition (UPD) comes out as
the best strategy to deposit exactly one or two layers of
a foreign metal on a conducting substrate. Briefly, the
UPD phenomenon refers to the electrodeposition of a
metal on a foreign metal substrate at potentials that
are more positive than those predicted by the Nernst
equation for bulk deposition (overpotential deposition,
OPD). The UPD process takes place because the de-
posited adatom�substrate interaction is stronger than
the adatom�adatom interaction. The mechanism of
UPD has been extensively investigated with various
electrochemical and surface characterization tech-
niques.18�20 In particular Ag UPD on Au(111) has been
taken as a model system for this process. It is well-
known that 1 and 2 Ag monolayers are successively
deposited on Au at different potential windows.21�23

The effect of different UPD monolayers on SERS active
metals has been initially explored by Weaver et al.,24

finding that UPD Ag and Cumonolayers over rough Au
substrates covered with adsorbed halides exhibited
only 2 times higher intensity in their SERS spectra than
the corresponding plain rough Au. In the same way,
quenching in the SERS signal was observed by Pb UPD
monolayers on Ag and Cu SERS-active surfaces.25 It
has been also reported that only small optical fields
exist at the Ag(UPD)�Pt substrate surface which are
incapable of supporting the EM enhancement of
SERS.26 More recently, it has been shown that the
SERS spectra of Rh6G adsorbed on UPD Ag-modified
rough Au substrate exhibits a higher intensity when
compared with that of Rh6G adsorbed on the Ag-free
rough Au.27 In general, the different works in the
literature agree with the fact that one UPD mono-
layer affects SERS intensity at some level. However,
quantification of the SERS enhancement factor and a
detailed explanation regarding the physicochemical
mechanism behind the SERS effect on metal sub-
strates modified by ultrathin metallic layers remain
essentially undetermined.
Our approach thus has been to study the SERS

response on Au cavity�array substrates extensively
investigated by the Bartlett group,28�36 modified
through a controlled electrochemical deposition of
Ag in atomic single and multilayers. Ultrathin silver
films on gold templates appear as an attractive strat-
egy that combines the advantages of both metals.
Gold is an excellent option for template fabrication,
and it is widely used in nanotechnology. Clean and
stable nanostructured gold surfaces are relatively sim-
ple to prepare. In addition gold hardly forms an oxide
layer, and its chemical inertness ensures cleaner sur-
faces. On the other hand, metallic silver films can be
easily deposited on gold by different physical and
chemical methods37 in order to get better plasmonic
properties of the resulting substrate. Electrodeposition

allows an easy and simple way to modify Au substrates
with different Ag amounts ranging from submono-
layer/monolayer (UPD) to multilayers (OPD). Here we
present a detailed study of the SERS wavelength-de-
pendent response of these nanostructures as a func-
tion of void height and Ag-layer thickness. We verify
that high-quality Au SERS cavities with thick Ag-layers
(∼30 nm) lead to a Ag bulk-like enhanced SERS re-
sponse. On the other hand, a relatively thin layer of Ag
(∼3 nm) deposited on the Au-cavities presents a SERS
response quite similar to that of bare Au, indicating
that the plasmon response is governed by the under-
lying metal. Notably, we have also observed that
deposition of a single-monolayer of Ag leads to sig-
nificantly enhanced Raman scattering, reaching inten-
sities of the samemagnitude or even larger than those
recorded on the same substrate covered by bulk Ag
and, at some conditions, even 25-folds higher compare
to Au nanocavities. An explanation for these results is
given based on a study of the molecule�metal sub-
strate interactions based on density-functional ab initio
calculations and on a theoretical model introduced by
Persson to describe the chemical mechanism of SERS
enhancement.38 The possibility to modulate an elec-
tronic resonant process by metallic single layers is
evidenced, providing a detailed description of the
parameters involved in this chemical contribution to
SERS enhancement.

RESULTS AND DISCUSSION

Experimental Results. We begin this section present-
ing the plasmonic response of the bare Au cavities.
Figure 1 shows the optical reflectivity map of r =
250 nm Au cavity arrays as a function of incident wave-
length and void height h, defined as a fraction of
the void diameter d and ranging from 0 to 1. The

Figure 1. Optical reflectivity intensity map measured with
S-polarized light in a r = 250 nm Au cavity-array substrate
for different void heights. Data were taken with 5 nm steps
at 25� incidence angle. The logarithmic color scale describes
R = 0 with red and R = 1 with black. The curves are guides to
the eye that identify the different plasmon-polariton
modes. The SEM images on the right illustrate the cavity
arrays for different h values indicated inside each image.
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reflectivity (R) is displayed using a logarithmic color
scale where red (black) corresponds to the minimum
(maximum) value R= 0 (R= 1). Low reflection values are
associated with absorptions and the presence of plas-
mon modes. The measurements were taken at 25�
incidence angle using S-polarized light with wave-
lengths (λ) covering the range 500 < λ < 1000 nm
every 5 nm (horizontal axis). The vertical axis of themap
indicates the void-height of the studied graded cavity
array. The curves are guides to the eye to identify the
optical absorptions assigned to 1Pþ,

1D, 1Dþ, and
1D�

surface plasmon-polaritons. This assignment is based on
the Mie plasmon theoretical calculations by T. A. Kelf
et al.30,31 and R. M. Cole et al.,32 and described in detail
elsewhere.39 The mode noted as INT corresponds to the
interactionbetweenplasmonmodesbelonging toneigh-
bor cavities.32 Note that the reflectivity map does not
present plasmonic states in the regions delimited by
600e λe 700 nm and 0.5e he 0.6 nor for 600 nme λ
and h e 0.2. Reflectivity maps obtained for the Au-
cavity substrates modified with 1 and 10 layers of Ag
were essentially undistinguishable from the bare Au-
structure shown in Figure 1. Upon deposition of bulk-
like Ag films (100 layers of Ag), however, notable
changes begin to evidence particularly in the green-
blue region of the spectra (D Mie-like modes).39 This
observation will be useful later to separate the chemi-
cal from the electromagnetic SERS contribution.

Wenow turn to the SERS study of Au cavity-arrays as
a function of the surface modification with Ag-cov-
erages using 4-mercaptopyridine (4MP) as a Raman
probe, a molecule that yields a similar coverage irre-
spective of the substrate used as revealed by XPS and
reductive desorption curves. We concentrate on the
Raman peaks centered around 1100 cm�1 shown in
Figure 2 for different substrates heights and Ag-layer
coverages. Figure 2 presents Raman spectra acquired
with green 514.5 nm (top) and red 676.2 nm (bottom)
lasers. We have performed Raman measurements
using several laser lines, and we find that lasers in
the green-blue part of the spectrum are essentially
represented by the response observed with 514.5 nm,
while the red line (676.2 nm) is representative of
what we have also observed at longer wavelengths
(650�800 nm). The left and right panels of Figure 2
correspond to the array substrate with voids truncated
at h = 0.2 (shallow cavities) and h = 0.6 (deep cavities),
respectively. Raman spectra are presented from bot-
tom to top for substrates with increasing Ag-layer
thickness d, ranging from d = 0 (bare Au template) to
d ≈ 100 atomic layers. Spectra have been vertically
shifted for clarity. We have typically observed some-
what larger backgrounds (presumably originated in
residual luminescence) for the UPD-single Ag mono-
layer on Au, as compared to the rest of the substrates.
Several features can be highlighted from the bottom
panels of Figure 2. Peaks are observed at 1004

and 1095 cm�1 for 4MP in the bare Au cavity-array.
According to published data40 these twomodes can be
assigned to ring C�C stretching vibrations. With only
one UPD Ag monolayer deposited on Au, a blue-shift
of the modes can be observed reaching 1012 and
1101 cm�1, respectively, and an additional peak can
be distinguished at 1068 cm�1. The latter has been
assigned to a C�H bending mode.40 Upon further
deposition of Ag to form the∼10 and the∼100 atomic
layer films, a relative softening of the three 4MPmodes
toward 1008, 1063, and 1098 cm�1 is observed, reach-
ing energies in-between those corresponding to 4MP
assembled on the bare Au and UPD Ag substrates. The
hardening of the 4MP Raman modes has already been
observed when the molecules are self-assembled on
bulk Ag, as compared to bulk Au.40 On the other hand,
the extra blue-shift of the Raman modes for the UPD
Ag cavities can be related to the stronger chemical
interaction between thiols and UPD Ag reported pre-
viously.22,23,41,42 Finally, and most importantly, strong
variations in the overall peak intensity for the different
Ag-coverages and for the two shown void-truncations
are evident in Figure 2. We address this central issue
next.

For the 514.5 nm excitation almost no signal can be
observed with the experimental conditions used for
bare Au and the smaller Ag-coverages. Clear SERS
signals are however detected with the Ag bulk-like
∼100 layers deposited film. This can be simply under-
stood in terms of themodified dielectric function of the
cavity-arrays when bulk-like∼30 nm thick Ag films are
grown on the Au-template. For 676.2 nm the behavior
is much richer. First, the 4MP spectral features can be
already clearly observed for the bare Au cavity-sub-
strates, for both values of void-truncation, h = 0.2 and
h = 0.6. We stress that, as follows from Figure 1, the
laser is not resonant with any plasmon mode of the

Figure 2. 4MPRaman spectra acquiredwith green 514.5 nm
(top) and red 676.2 nm (bottom) laser light. The panels in
the left (right) correspond to the r = 250 nm cavity array
substrate with voids truncated at h = 0.2 (h = 0.6). From
bottom to top in each panel spectra are presented for
substrates with increasing Ag-layer thickness d, ranging
from d= 0 (bare Au template) to d= 100 layers. Spectra have
been vertically shifted for clarity.
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cavities. Thus, the observed behavior could only be
partially understood by consideration of the plasmon
modes determined by the dielectric properties of Au. In
fact, the observed behavior could be related to a non-
resonant coupling of the 676.2 nm laser linewith the 1Pþ
plasmon for h = 0.2 and with the 1Pþ and 1D plasmon
modes for h = 0.6.43 Second, and most notably, a very
strong enhancement of the Raman intensity is observed
upon deposition of a single layer of Ag atoms for the two
shown void-heights and is particularly noticeable for h =
0.2. The observed signal amplification amounts to about
20 for h = 0.2, and 6 for h = 0.6. Third, this latter Raman
enhancement is quenched upon further deposition of
Ag until the∼10 layer film is formed. Finally, a clear SERS
amplification is recovered when the Ag deposited is
thick enough to form a bulk-like coverage. Figure 3
summarizes the above results presenting the∼1100 cm�1

Raman mode intensity as a function of the number of
Ag layers for the cavity arrays with voids of thickness
h = 0.2 (squares) and h = 0.6 (circles), measured using
the 676.2 nm laser line. It is clearly observed how the
Raman signal increases when an UPD Ag monolayer is
deposited, followed by a signal reduction when ∼10
Ag layers are reached, and a final intensity growth for
the thick Ag-coverage. This SERS increase for the
thicker Ag-coverage is fully compatible with what is
observed with the 514.5 nm laser and can be under-
stood on the basis of the extra electromagnetic SERS
enhancement caused by the appearance of bulk Ag
plasmons when the film thickness equals ∼100 layers
(∼30 nm). This is a clear demonstration of the potenti-
ality of the reported strategy to make Ag-like sub-
strates based on high-quality ordered Au-templates.
What remains to be explained, and we address in what
follows, is the notable and anomalous amplification of
the SERS signal observed at 676.2 nm in the UPD Ag-
covered substrates, and its disappearance when ∼10
layers of Ag (∼3 nm thick film) are grown on gold. We
recall that both XPS and reductive desorption

experiments performed on the complete set of sam-
ples show the same 4MP coverage independently of
the Ag film thickness.

In Figure 4we present Raman intensity scans for the
4MP ≈ 1100 cm�1 mode as a function of the incident
laser for different Ag thicknesses deposited on the Au
cavity.We chose to show the h= 0.6 Au cavity substrate
to minimize the influence of the nanostructure plas-
mons on the intensity scan response within the used
laser range (514.5 < λ < 770 nm). The purpose is to
decouple the chemical from the electromagnetic re-
sponses as a function of the Ag film thickness d (see
Figure 1). Essentially the same behavior is observed for
h = 0.2. The square dots represent the measured
intensities for Au cavities, while circles, triangles, and
inverted triangles correspond to the intensities mea-
sured on 1, ∼10, and∼100 layers of Ag on Au cavities,
respectively. The shown lines are Lorentzian fits pre-
sented as guides to the eyes. We highlight three
important features in these results. First, there is a clear
Raman resonance at 650�700 nm, an energy range
where no plasmon modes are present for any of
the cavity-arrays independently of the Ag coverage
(see Figure 1 and ref 39). In fact, the wavelength of
these maxima are far from both 1Pþ and 1D plasmon
resonances at h = 0.6, and even further from the 4MP
molecular HOMO-to-LUMO optical absorption which is
around 330 nm (see Supporting Information). Second,
the qualitative Raman intensity behavior with increas-
ing Ag thicknesses along the whole laser range is in
agreement with the single wavelength data presented
in Figure 3. This is evidence that this peculiar latter
phenomena is essentially wavelength independent
within the described spectral range. Third, while
all the scans present their maxima around the laser
line λ = 676.2 nm, there is small but notable relative

Figure 3. Raman intensity corresponding to the 4MP ≈
1100 cm�1 mode as a function of the number of Ag atomic
layers deposited on h = 0.2 (squares) and h = 0.6 (circles) Au
cavitiesmeasured using the 676.2 nm laser line. The dashed
line is a guide to the eye to emphasize the overall behavior
described in the text. The inset shows a representation of
the Au cavities with different Ag coverages.

Figure 4. Raman intensity scans corresponding to the
4MP ≈ 1100 cm�1 mode as a function of the incident laser
energy for the h = 0.6 Au cavity modified with four different
Ag film thicknesses (d = 0, squares; d = 1, circles; d ≈ 10, up
triangles; and d ≈ 100 layers, down triangles). The lines are
Lorentzian fits shown as guides to the eye. The vertical
dashed lines indicate the position of the 1Pþ and 1D
plasmons while the dotted lines highlight the molecule-
to-metal charge transfer resonance.
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blue-shift of the Raman resonance maximum for the
Agmonolayer film (indicatedwith an arrow in Figure 4).
All the observations reported up to this point strongly
indicate a new optical resonance for all substrates
(nonexistent in the separate individual molecules or
in the bare cavity-arrays), and the presence of addi-
tional changes in the electronic interaction on the
Au/UPD-Ag/4MP complex as compared to both the
Au/4MP and Au/OPD-Ag/4MP systems. These kind of
optical resonances and electronic changes related to
variations in Raman intensities are typically identified
in the literature as SERS chemical mechanisms.44

An important result that needs to be addressed
within this scenario, and before we pass to a more
quantitative analysis, is the observed decrease in the
Raman intensity for the ∼10 Ag layer film. On one
hand, when∼10 Ag atomic layers are deposited on Au,
the 4MP molecule is now attached to a Ag atom that
presents its electronic structure unaltered with respect
to bulk Ag (the influence of the electronic properties of
Au are almost completed screened by the∼10 layers of
Ag). The latter is supported by the Raman mode shift
observed in Figure 2, which is similar to that measured
for 4MP on ∼100 layers of Ag. On the other hand, the
plasmonic response should be quite similar to that of
the Au substrate because the light penetration depth
on Ag (around 30 nm) is larger than the film thickness
for ∼10 layers of Ag (∼3 nm). This results in a light�
plasmon interaction governed by the underlying
(weaker respect to Ag) Au response. According to these
considerations, for the cavity substrate covered with
∼10 Ag layers the additional electronic modification
proposed to be acting on the molecule�substrate
interaction in UPD-Ag would not be present, nor is
the bulk Ag electromagnetic SERS amplification due to
the reduced film thickness and the consequent ab-
sence of well-defined Ag plasmons. These two added
effects explain qualitatively the SERS intensity reduc-
tion for the ∼10 layers Ag film.

Theoretical results. Summarizing, we evidence the
existence of two different Raman amplification re-
gimes depending of the Ag coverage: (i) a regime
mainly described by an additional chemical mechan-
ism appearingwith a single Ag atomic layer, which acts
on top of the plasmonic SERS response of Au, and (ii) a
regime mainly determined by the improved electro-
magnetic plasmon response of bulk Ag, which can be
eventually accompanied by a smaller chemical contri-
bution of 4MP in Ag.45 The latter Ag-plasmonic regime
is operative when the Ag-film is thick compared to the
light penetration depth (∼100 Ag layers). Coexistent
with both regimes there is clear evidence of the
presence of a new Raman resonance intrinsically re-
lated to the electronic structure of 4MP bound to the
metal surface. Hereafter we will focus our effort to ex-
plain the chemical regime. Notwithstanding this con-
ceptual identification with a chemical mechanism, we

note that themicroscopic understanding of the latter is
still under strong debate.38,46�48 Several models have
been put forward depending on the specific system
under study, including the adatom,46 the metal�
molecule charge transfer resonance,38 and the polariz-
ability modulation47,48 models, among several others.
On the basis of our experimental results we will base
our discussion in a model proposed by Persson38 and
characterized by charge transfer excitations between
themolecule and themetal. Thismodel graspsmany of
the basic components of various other proposed che-
mical mechanisms and, in addition, allows for a quan-
titative evaluation of the SERS response through the
following expression for the differential Raman scatter-
ing cross section:38

dσ
dΩ

¼ 4ω04

3c4
(ed)4jεa0(0) G(ω,ω0)j2jÆn ¼ 1jQjn ¼ 0æj2

(1)

Here, e is the electron charge, d is an effective distance,
included in the model to account for the change of
the electrostatic potential between the position of the
center of charge of the orbital |aæ and the image
plane given by the metallic surface, εa 0(0) is the first
derivative of the energy of the orbital |aæ with respect
to thedisplacement coordinateQ,G(ω, ω0) is an integrate
expression depending on the incident and scattered
photons ω and ω0, and Æn = 1|Q|n = 0æ is the matrix
element of the displacement operator Q between the
vibrational ground state |n = 0æ and the first vibrational
excited state |n= 1æ.49We see fromeq 1 that the Raman
cross section is thus essentially determined by three
concurring contributions, namely (i) the magnitude by
which a specific vibrational mode modulates the mo-
lecular electronic states (given by εa 0(0)), (ii) the reso-
nant terms involving the laser and scattered photons,
and the transitions between molecular and metallic
electronic levels (given by G(ω, ω0)), and finally (iii) the
molecule-to-image-plane effective distance (given
by d). This latter term comes into play as a conse-
quence of the additional energy that is required to
transfer an electron from the molecule to the metal (or
vice versa) due to the screening charges generated at
the metal surface.

To provide quantitative estimation for these differ-
ent factors involved in the Raman cross section of the
Persson model eq 1, we have performed DFT ab initio

calculations of the electronic states, molecule-on-
surface structure, and vibrational energies, for the
different studied Ag-modified Au-substrates. These
calculations were done considering (111) unrecon-
structed metallic substrates, a 4MP monolayer in√
3�√

3 R30� configuration (coverage 1/3), and taking
into account periodic boundary conditions. We note
that neither experimental nor theoretical agreement
exists about the Au(111)50,51 and Ag(111)52�54 recon-
structions induced by thiol adsorption. We have
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selected a
√
3 � √

3 R30� configuration for modeling
our systems on the basis of the thermodynamic calcu-
lations of the surface free energy between different
reported lattices for these systems.55,56 This fact also
allows for an easier comparison between the dif-
ferent substrates. The molecule adsorption configura-
tion for each substrate was found by energy relaxation
calculations. The result, shown in Table 1, is that 4MP
adsorbs in a bridge-position slightly shifted to the fcc
site and tilted 27� (bfcc) with respect to the substrate
normal for Au(111), while acquiring an upright config-
uration on both fcc UPD and OPD Ag surfaces (ufcc).

In Figure 5 we present the electronic density-of-
states (DOS) as a function of energy calculated for three
important model cases as a function of the metallic
composition: Au/4MP (top), Au/UPD-Ag/4MP (center),
and Ag/4MP (bottom). The calculation for 4MP bound
to “bulk” Ag is intended to model the electronic struc-
ture of both the Auþ10Ag and Auþ100Ag samples.
The Fermi level is defined as the 0 eV state. In each
panel both the total DOS (black lines) and themolecule
projected DOS (gray lines) are drawn. Different con-
tributions to the DOS are present that change as the
film composition varies. We observe intense low en-
ergy structures (less than�2 eV for Au, less than�3 eV
for Ag) arising mainly from contributions of the elec-
tronic d-states of themetallic film. The shift of the edge
of these structures from ca. �2 eV for Au to ca. �3 eV
for the bulk Ag film, is the origin of the reddish and
white color of each metal. We note in both the total
and partial molecular DOS a well-defined peak cen-
tered around ca. �1.25 eV for the Au film substrate
(indicated with a dotted line). This peak corresponds to
the highest occupiedmolecular orbital (HOMO). Notably,
it moves toward ca. �1.4 eV for the Au/UPD-Ag film
and shifts back to ca.�1.3 eV when the Ag film is used
as a substrate. This shift of the HOMO level is a strong
indication that the molecular response is sensitive to
the film composition, and in particular to the electronic
state of themetallic surfaces. This result is in qualitative
agreement with the experimental behavior of the
maxima of the Raman intensity scans presented in
Figure 4, where a blue shift from 1.8 to 1.9 eV is also
observed for the UPD Ag substrate. This correlation
supports the identification of the HOMO-to-Fermi
charge transfer transition in the involved Raman reso-
nance mechanism. The ∼0.5 eV energy difference
between experiments and calculations could be due

to the specific metal surface reconstruction. Similar
energy shifts have been observed in other systems,57

but such detailed study is out of the scope of this
paper. Finally, we also see in both total and partial DOS
a group of peaks between 2.5 and 3.5 eV that can be
assigned to the lowest unoccupied molecular orbital
(LUMO). Note that the HOMO�LUMO or the metal�
LUMO charge transfer resonances are also possible
candidates for the observed Raman resonance.
However, the calculated values for these transitions,
EHOMO � ELUMO g 3.5 eV, and EFermi � ELUMO g 2.5 eV
arewell above the experimentally observed resonance,
even when ab initio calculations typically underesti-
mate the energy of excited states.

Table 2 presents a comparison between the experi-
mentally measured and computationally calculated
vibrational frequencies for the 4MP adsorbed on the
metal surfaces. Themeasured frequencies correspond-
ing to the four studied substrates are presented in the
top panel (Exp.). What can be observed is the hard-
ening of the 4MP modes when the substrate changes
from Au to Auþ1Ag, followed by a softening of the
frequencies to intermediate values when 10 and 100
layers of Ag are grown on Au (Auþ10Ag, Auþ100Ag),
as previously described in Figure 2. In the bottompanel

TABLE 1. Adsorption Energies in eV for a 1/3 coverage of

4MP Monolayer Assembled in a
√
3 �

√
3 R30� Lattice on

Different (111) Substrates

substrate up-right bridge tilted

Au �1.35 �1.41
Auþ1Ag �1.87 �1.78
Ag �1.70 �1.62

Figure 5. Density-of-states (DOS) based on ab initio calcu-
lations performed for 4MP molecules adsorbed on three
different fcc (111) surfaces: Au (top panel), Au/UPD-Ag
(center panel), and Ag (bottom panel). Note that 4MP is
adsorbed in a bridge tilted configuration for the Au sub-
strate (bfcc) and in a upright one for the other two metallic
films (ufcc). Black lines represent the total DOS. The gray
lines describe the DOS projected on the molecular states.
The dotted vertical line indicates the position of the mo-
lecular HOMO state for the different substrates. The arrows
represent the molecule to metal electronic transition. The
inset shows the HOMO shift (dashed line) when a frozen
phonon calculation is performed, see text for details.
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(Calc.) we present the ab initio calculated vibrational
modes for both the bridge-tilted 4MP on Au(111) and
the free 4MP molecule. We find a quite good agree-
ment with the experimental results within a 2% nu-
merical uncertainty. At the bottom of the figure we
represent the different atom displacements corre-
sponding to each one of the presented vibrational
modes for the free 4MP. Notwithstanding the excellent
agreement between experimental and calculated vibra-
tional frequencies, we note that this 2% is larger than the
experimental variations observed for the different stu-
died substrates. We have thus not intended an ab initio

evaluation of these substrate-dependent behavior.
Besides allowing for a proper assignment of the

observed vibrational frequencies, the above results are
important because they allow the identification of the
relevant molecular orbital in our system (|aæ in Persson's
model) through a frozen phonon DOS calculation.
These calculations involve the evaluation of the sys-
tem's total energy for an out of equilibrium configuration
characterized by the displacement of the molecular
atoms according to a given vibrational eigenvector.
In the inset of the top panel of Figure 5we illustrate the
effect of such a frozen phonon displacement on the
DOS calculation using the most intense ∼992 cm�1

vibrational mode for the Au/4MP system. The most
noticeable change in the DOS appears in the HOMO
state, which shifts 0.05 eV toward higher energies
(see inset of Figure 5). These results evidence those
electronic levels that are more strongly modified
by the vibrational states, thus contributing most
through εa 0(0) in eq 1 to the chemical resonancemech-
anism. On the basis of the previously presented experi-
mental results and on these ab initio calculations we
thus identify the HOMOmolecular state as the |aæmolec-
ular orbital involved in the molecule-to-metal charge

transfer transition of the chemical resonant SERS process.
These transitions occur from the HOMO state to above
the Fermi level, as indicated with arrows in Figure 5.

Having identified the HOMO as the molecular orbi-
tal involved in Persson's description, we proceed to
determine the distance d for the different substrates
(see eq 1). This has been accomplished by integrating
the DOS of Figure 5 for each one of the modeled
substrates in the regions of the HOMO (�1.6 to �1.0
eV) and themetallic (0 to 0.4 eV) states. The latter,which
are the states involved in the charge transfer mechan-
ism, are also representative of the local density of states
around the Fermi energy. This is a good approximation
to the electrostatic response of the metallic surface. As
a result, we present in Figure 6 the charge density
projected on the corresponding atoms for the HOMO
(left column) and Fermi states (right column) for the
three different systems: Au/4MP (top panel), Au/UPD-
Ag/4MP (center panel), and Ag/4MP (bottom panel). It
follows that the HOMO charge density is centered in
the 4MP molecule, with a small contribution from the
metallic substrates. This last contribution appears be-
cause the total DOS is summed, that is, the molecule
and the metallic contribution. Note that the contribu-
tion of the Au atoms is bigger than the one of Ag
because of the larger spectral overlap between HOMO
and metallic d states. A higher charge density is also
observed for “bulk” Au in the last atomic layer of the
metal as compared with the rest of substrate atoms,
consistent with an hybridization between themolecule
and the metal surface atoms. On the other hand, we
observe that the Fermi states are mainly localized on
the substrate atoms, even when an hybridization with
the 4MP S atom is also present. The most noteworthy
result, however, is the fact that there appears almost no
charge density at the Ag atoms in the Au/UPD-Ag

TABLE 2.a

a Top panel (Exp.): measured frequencies in cm�1 corresponding to the four studied systems: Au, Auþ1Ag, Auþ10Ag, and Auþ100Ag. The first line indicates the observed
intensity for each vibrational mode. Bottom panel (Calc.): ab initio calculated vibrational modes for both the bridge tilted 4MP on fcc Au and the free 4MP together with the
corresponding graphical representations of the atom displacements within each mode.
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substrate. We note that this effect is also supported by
Pauling's electronegativities which for Au and Ag are 2.3
and 1.8 eV, respectively.58,59 It is also consistent with the
work function values we have calculated for Au(111),
Au(111)/UPD-Ag, andAg(111), without adsorbate,which
are 5.23, 5.24, and 4.54 eV, respectively. The absence of
charge density in the UPD-Ag atoms results in an
increase of d (a shift of the image plane) with respect
to the other metallic substrates. In the central column of
Figure 6 we give this effective distance for each of the
studied systems. We estimate d as a charge weighted
distance average between the 4MP S andN atoms to the
last Au andAg atomic layers in the Au andAg substrates,
respectively, and to the last two atomic layers in the
Au/UPD-Ag substrate. Comparing the obtained d

values we can clearly observe an increment in d for the
Au/UPD-Ag substrate respect to the Au and Ag “bulk-
like” versions. Recalling from eq 1 that the Raman cross
section depends on the 4th power of d, we can indeed
expect an important Raman signal enhancement for the
Au/UPD-Ag substrate arising from this contribution.

Summarizing our analysis of the model presented
in eq 1 we expect an important contribution from the
G(ω, ω0) term.38 In addition, the role of d has also been
shown to be important (see Figure 6). On the other
hand, we have not observed any evidence of variations

of εa 0(0) in the different studied substrates. Our calcula-
tions also show that this factor could depend on the
specific surface reconstruction under consideration,
the determination of which is out of our present scope.
We thus modeled the Raman cross section as propor-
tional to |ω02d2G(ω, ω0)|2 using as input data for Fa(ε)
and d the parameters arising from the ab initio calcula-
tions of Figures 5 and 6, respectively. In Figure 7 we
present |ω02d2G(ω,ω0)|2 as a function ofω for each one
of the three different systems: Au/4MP (full line), Au/
UPD-Ag/4MP (dashed line), and Ag/4MP (dotted line).
We recall that the calculation performed for Ag/4MP is
conceived tomodel the chemical contribution for both
the Auþ10Ag and the Auþ100Ag SERS substrates.
However, the latter also presents, as already discussed,
an extra electromagnetic contribution due to the pre-
sence of bulk Ag plasmons. We consequently compare
the chemical mechanism calculations in Figure 7 with
the experimental resonant Raman scans obtained only
for Au, Auþ1Ag, and Auþ10Ag (shown in the inset of
Figure 7). The model reproduces notably well the
measured intensity ratios and the relative shift of the
Raman resonance scan maxima. As commented be-
fore, there exists an energymismatch of∼0.4 eV which
is probably due to an inaccurate energy position of the
calculated HOMO state presumably caused by the real
surface reconstruction effects which were not taken
into account in the DOS calculations. Nevertheless, it is
clear that the results provide strong evidence for the
applicability of Persson's model of chemical enhance-
ment with the microscopic contributions obtained
from ab initio calculations. We find that the most
important contribution to the chemical enhancement
mechanism in the studied system is the existence of a
new molecule-Fermi level charge transfer resonance

Figure 7. |ω02d2G(ω, ω0)|2 factor as a function of ω for each
one of the three different systems: Au/4MP (full line), Au/
UPD-Ag/4MP (dashed line), and Ag/4MP (dotted line). The
involved parameters were obtained from ab initio DFT
calculations (for more details see the Supporting Informa-
tion and the discussion in the text). The inset shows the
experimentally measured Raman resonant scan for the Au,
Auþ1Ag, and Auþ10 substrates modified with a 4MP
monolayer.

Figure 6. Projected charge density for the three different
substrates Au/4MP (top), Au/UPD-Ag/4MP (center), and
Ag/4MP (bottom) corresponding to the HOMO state (left
column) and the states close to the Fermi energy (right
column) obtained from the integration of the DOS of
Figure 5 in the �1.6 to �1.0 eV and 0 to 0.4 eV ranges,
respectively. The d values shown in the central column
represent the effective distances used in ourmodel for each
system.
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with, in addition, a novel effect due to the shift of the
image plane observed on the Au/UPD-Ag substrate.
This results in a very important and easy way to
chemically enhance the Raman signal of molecules
by depositing an UPDAg atomic layer on Au nanocavities.
While these results have been demonstrated specifically
for 4MP and for the studied cavity-arrays, the calculations
indicate that the main conclusions should be of more
general applicability tomanydifferentmoleculesbound to
UPD Ag-modified Au plasmonic substrates.

CONCLUSIONS

We have presented a detailed SERS investigation of
r = 250 nm Au-nanocavity templates modified by the
controlled electrochemical deposition of Ag from 1 to
100 atomic layers using UPD and OPD techniques. We
have analyzed their structural properties and their
wavelength dependent plasmon and SERS responses
as a function of the number of deposited Ag layers. A
significant increase of the SERS amplification in the red
part of the spectrum is observed for all substrates with,
in addition, a relative amplification amounting to 5�20
being observed for the UPD-modified substrates. This

augmented response has been analyzed in terms of
ab initio calculations and a microscopic model for
the SERS chemical mechanism which involves a mole-
cule-to-Fermi level charge transfer transition. We find
that a rearrangement of the electronic charge density
related to the presence of the Ag monolayer in the
Au/UPD�Ag/molecule complex causes an increase in
the distance between the HOMO center of charge and
the metallic image plane which is responsible for the
relative Raman enhancement of this substrate. This
signal enhancement is quenched upon further deposi-
tion of 10 layers of Ag due to the changes in the OPD
Ag electronic structure. Further deposition of Ag to
achieve 100 atomic layers of Ag-modified Au substrate
results in a new increase of the SERS signal both in
the red and the green part of the spectrum, compa-
tible with a Ag bulk-like structure and a consequent
more efficient electromagnetic contribution to the
signal enhancement. The reported results provide
a general platform for enhancing the response of
plasmonic substrates by UPD-modification and provide
deep insight on the basic mechanisms underlying the
so-called chemical enhancement in SERS processes.

METHODS

Substrate Fabrication. The nanovoid arrays have been fabri-
cated via an hexagonal close packed self-assembly of 250 nm
radius (r) polystyrene spheres, followed by an electrochemical
Au deposition, as originally described by Bartlett and co-
workers.28�36 Ultrathin Ag films were electrochemically depos-
ited on the Au templates from 5� 10�4 M Ag2SO4þ 1 M H2SO4

aqueous solution in a conventional electrochemical cell using a
Pt large area foil as counter electrode and a Agwire as reference
electrode. The electrodeposition was made at a constant po-
tential in the underpotential regime (UPD) to form a complete
monolayer (ML) and in the overpotential range (OPD) to form
∼10 and∼100 layers. The Au and the Ag-covered Au templates
were modified with a self-assembled monolayer of 4-mercap-
topyridine (for more details regarding sample preparation
procedures see the Supporting Information.).

Optical Measurements. The reflectivity measurements were
performed using a fully automated Wollam WVASE32 variable
angle spectroscopic ellipsometerwith focusing probes that give
a 100 μm circular spot on the sample, and sustain a numerical
aperture of 0.02. The SERS measurements were performed on
the metallic nanocavities modified with a close-packed mono-
layer of self-assembled 4MP molecules, chosen because of the
nonresonant Raman response of the free molecule in the used
laser spectral range. The Raman scattering experiments were
performed on a Jobin-Yvon T64000 triple spectrometer operat-
ing in subtractive mode and equipped with a liquid N2 cooled
charge coupled device (CCD). The excitation was done using
various lines of an Ar�Kr laser (specifically 514.5, 530, 647.1, and
676.2 nm), and a Ti-Sapphire laser continuously tunable be-
tween 690 and 1080 nm.Measurements were performed on dry
samples with freshly prepared 4MP monolayers. Spectra were
acquired in parallel S-polarization for 10 s using 20 mW of laser
powerwith incidenceangleof 25� and focusedona circular spotof
30μmdiameter. Thecollectionnumerical aperturewas0.2, aligned
normal to the surface. The reported data are the result of three
complete repetitions of series of experiments performed with the
r=250 nmgradedAu array-cavity substrates. In all caseswe tested
the bare Au and the three studied Ag-coverages, probing eight

void heights ranging from h= 0.1 to h= 0.9, including in addition a
flat Au substrate, and using different laser wavelengths.

Calculations. The ab initio calculations were performed using
density functional theory. The surface was modeled by a
periodic slab composed of five metal layers and a vacuum of
∼12 Å (similar qualitative results were obtained for three metal
layers). Molecule adsorption occurs only on one side of the slab.
During the geometry optimization the two bottom layers were
kept fixed at their optimized bulk truncated geometry. The
three outermost atomic metal layers as well as the atomic
coordinates of the adsorbed species were allowed to relax
without further constraints. The atomic positions were relaxed
until the force on the unconstrained atoms was less than 0.02
eV/Å. The tolerance used to define self-consistency was 10�5 eV
for the single-point total energy and 10�4 eV for the geometry
optimization. The unit cell employed in all calculations was a
(
√
3 �

√
3) of the Au(111) or Ag(111) surfaces. The calculations

were performed with the Quantum Espresso60 and the VASP
4.661,62 packages, and we obtained an excellent agreement
between them (see the Supporting Information for details
regarding the Quantum Espresso and VASP calculations).
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