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We present a detailed structural and surface-enhanced Raman scattering �SERS� study of
poly�allylamine� modified with Os�byp�2ClPyCHO �PAH-Os� and gold nanoparticles
self-assembled multilayers �PAH-Os+ �Au-nanoparticles/PAH-Os�n, n=1 and 5�. Atomic force
microscopy and variable-angle spectroscopic ellipsometry measurements indicate that the first
nanoparticle layer grows homogenously by partially covering the substrate without clustering.
Analyzing the sample thickness and roughness we infer that the growth process advances thereafter
by filling with nanoparticles the interstitial spaces between the previously adsorbed nanoparticles.
After five immersion steps the multilayers reach a more compact structure. The interaction between
plasmons of near-gold nanoparticles provides a new optical absorption around 650 nm which, in
addition, allows a more effective SERS process in that spectral region than at the single-plasmon
resonance ��530 nm�. We compare the electronic resonance Raman and SERS amplification
mechanisms in these self-assembled multilayers analyzing Raman resonance scans and Raman
intensity micromaps. As a function of nanoparticle coverage we observe large changes in the Raman
intensity scans, with maxima that shift from the electronic transitions, to the plasmon resonance, and
finally to the coupled-plasmon absorption. The Raman micromaps, on the other hand, evidence huge
intensity inhomogeneities which we relate to “hot spots.” Numerical discrete dipole approximation
calculations including the interaction between gold nanoparticles are presented, providing a
qualitative model for the coupled-plasmon absorption and redshifted Raman hot spots in these
samples. © 2005 American Institute of Physics. �DOI: 10.1063/1.1954707�

I. MOTIVATION

The assembly of nanocrystals with a narrow size distri-
bution in two- and three-dimensional arrays has become an
important issue in developing nanoparticle-based advanced
electronic, optical, and sensing devices.1,2 Since the pioneer-
ing work of Brust et al.3 gold nanoclusters covered with
self-assembled monolayers �SAMs� have shown unique size-
dependent optical, electronic, magnetic, transport, and me-
chanical properties due to discrete quantized energy-level
spectra. The layer-by-layer �LbL� electrostatic adsorption
deposition has become the prefered technique used to gener-
ate these self-assembled films due to a series of fundamental
advantages:4 �i� The different component �polymer, enzyme,

or nanoparticle� concentrations can be better quantified dur-
ing the deposition process, �ii� a well-defined spatial distri-
bution of the components can be achieved and mass transport
limitations can be minimized in nanometer-scale ultrathin
films, �iii� the subnanometric geometry control also allows to
generate a more directional and effective electronic transport
than in disorder structures, and �iv� the self-assembled layer
interdiffusion makes possible a true molecular wiring. Hodak
et al.5 introduced redox enzymes deposited with a polyca-
tionic redox mediator in ordered multilayers using this
technique and the redox mediation of glucose oxidase in
self-assembled structures formed with the enzyme and poly-
�allylamine� modified with Os�byp�2ClPyCHO �PAH-Os�
has been studied.6,7 The assembly of derivatized gold nano-
particles with polyelectrolyte self-assembled multilayers hasa�Electronic mail: tognalli@cab.cnea.gov.ar
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been studied by Song et al.,8 in particular as regard the
directional electron transport. The incorporation of biomol-
ecules with direct electrical contact to nanoparticles has been
introduced by Xiao et al. by wiring glucose oxidase to
Au nanoparticles.9 Different techniques have been applied
for the study of these self-assembled nanostructures,
including ellipsometry,7 quartz-crystal microbalance,7 elec-
troacoustic admittance in thickness shear mode resonators,6

cyclic voltammetry,10 and infrared reflection-absorption
spectroscopy.11 In a previous work we have studied the
vibrational and electronic structure of PAH-Os self-
assembled multilayers with Raman spectroscopy and in situ
electrochemistry.12

The power of the Raman technique relies on its high
chemical specificity. Unfortunately, Raman cross sections are
typically small. To surmount this limitation, signal amplifi-
cation mechanisms are typically used. One path for Raman
amplification referred to as resonant Raman scattering �RRS�
is based on electronic resonance enhancement.13 This pro-
cess involves the tuning of the energies of the incident and/or
scattered photons with a particular electronic transition of the
system under study. This mechanism leads typically to cross-
section enhancement factors around 105 but the amplified
vibrational peaks only belong to a reduced set composed by
those excitations that interact with the electronic level in-
volved in the resonance. An alternative amplification process
is surface-enhanced Raman scattering �SERS�. This exten-
sively used technique relies in the use of metallic rough sur-
faces, tips, or particles, with nanometric characteristic
sizes.14 The main contribution to the effect is caused by the
enhancement of the electromagnetic field in the proximity of
the metallic structures due to the excitation of surface
plasmons.15,16 This enhancement is responsible for the re-
ported 1014 Raman cross-section amplification which allows
single-molecule Raman spectroscopy.17–19 The use of gold
nanoparticles as a building block to get a SERS amplification
in organic multilayers has several potential benefits: it may
lead to SERS-active substrates that are characterizable at
both the macroscopic and the microscopic level, highly re-
producible, simple to prepare in large numbers, and with
roughness tunable by the colloid diameter and the average
interparticle spacing. In addition, it may help to improve the
wiring mechanism inside the film. Self-assembled multilay-
ers of gold nanoparticles and organic thin films combine the
advantages of the LbL technique to generate electrochemical
wired systems and the chemical specificity and amplification
of SERS to study them.

We present a comprehensive study of PAH-Os and gold
nanoparticle self-assembled multilayers, relating the
structural and optical properties of these films with their
SERS response. In particular we analyze the growth,
structural assembly, and homogeneity of these films using
atomic force microscopy �AFM� images and variable-angle
spectroscopic ellipsometry �VASE�. The nanoparticle inter-
action, the plasmon behavior, and their effect over SERS are
studied using VASE, optical absorption, and intensity Raman
profile measurements. Through resonant Raman scans and
Raman intensity micromaps we analyze the resonance
mechanisms and the spatial localization of the SERS effect

in these multilayers. Finally, we present discrete dipole ap-
proximation �DDA� calculations20–22 that model the interac-
tion between gold nanoparticles, providing a qualitative de-
scription of the experimental results.

The paper is organized as follows. In Sec. II we describe
the sample fabrication procedure and we present the different
experimental setups used. Section III contains the experi-
mental results and discussion, while Sec. IV presents the
numerical model and results for the interacting nanoparticle
arrays. Finally, some conclusions are presented in Sec V.

II. SAMPLES AND EXPERIMENTAL SETUP

The samples were prepared following procedures de-
tailed in previous publications.7,11,23 The substrates consist of
gold films ��150 nm thick� evaporated on Si�001� wafers.
The adsorption time for each component, thiol, polymer, and
gold nanoparticles were determined by a preliminary quartz-
crystal microbalance study.24 The fresh gold film substrate
was, first of all, modified with sulfonate groups by immer-
sion in a 3-mercapto-1-propanesulfonic acid sodium salt
�MPS� solution for 2 h, followed by rinsing with de-ionized
water. The first polycation layer was formed on the
thiol-modified Au substrate by immersion in a PAH-Os
aqueous solution for 10 min. The next and subsequent layers
were deposited onto the modified surface by alternate
immersion in a gold nanoparticle aqueous colloid �nano-Au�,
then on a polycation solution, and so on, every step lasting
again 10 min. Each step was completed by thoroughly
rinsing with distilled water and drying. The LbL
sequential immersion and rinsing process was carried out
using an automatic Microm DS 50 programable slide
stainer from Zeiss, Inc. adapted for the present samples. In
this manner LbL supramolecular structures of nominal
PAH-Os+ �nano-Au/PAH-Os�n �n=1,5� were built by re-
verting the surface charge of the topmost layer. In this work
we study four different samples: S1 and S2 are
PAH-Os+ �nano-Au/PAH-Os�n multilayers with n=1 and 5,
respectively, both grown using 20-nm gold nanoparticles. S3
is a PAH-Os+ �nano-Au/PAH-Os�1 multilayer assembled
with bigger gold nanoparticles ��50 nm� which evidenced a
high degree of clustering during the fabrication process. Col-
loidal gold was prepared following the procedure reported by
Griffin Freeman et al. by reduction of HAuCl4 with citrate
and particle size was verified by transmission electron mi-
croscopy �TEM� and light scattering as reported elsewhere.25

Finally, S4 is a reference PAH-Os+ �PVS/PAH-Os�5 film,
without gold nanoparticles, used for comparison purposes.
Here PVS means poly�vinyl�sulphonate.

Tapping-mode AFM was performed in dry nitrogen us-
ing a Nanoscope III multimode AFM �Digital Instruments,
Veeco Metrology, Santa Barbara, CA� with a J-type piezo-
electric scanner having a maximal lateral range of 150 �m.
Microfabricated silicon cantilevers 125 �m in length and a
force constant of �40 N m−1 were used. The cantilever os-
cillation frequency was tuned to the resonance frequency
�280–350 kHz�. After a period of 15–30 min of thermal re-
laxation, initial engagement of the tip was achieved at a scan
size of zero to minimize sample deformation and tip con-
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tamination. The 512�512-pixel images were captured with
a scan size between 0.5 and 5 �m at a scan rate of 1–2 scan
lines/s. Images were processed by flattening using the NANO-

SCOPE software �Digital Instruments� to remove the back-
ground slope. Height, full width at half maximum �FWHM�,
and roughness were measured with the NANOSCOPE software.
In the analysis of nanoparticle diameters, the FWHM mea-
surements were used as a first-order compensation for the
systematic distortions introduced by the convolution between
the conical tip geometry and the sample profile.

Optical transmission experiments were performed at
room temperature using a double-beam UV-Vis Shimadzu
UV-1606 spectrophotometer. Experiments will be reported
for the PAH-Os modified polymer and the gold colloid both
in water solution. VASE was carried out at room temperature
using a SOPRA rotating polarizer ellipsometer. The incident
angle was varied from 55° to 75° in 2° steps, across a wave-
length range from 315 to 850 nm every 2 nm. The optical
constants were deduced by numerical inversion of the ellip-
sometry data using the Levenberg–Marquard algorithm.

The resonant Raman scan experiments were performed
using a Jobin–Yvon T64000 triple spectrometer operating in
subtractive mode and equipped with a liquid-N2-cooled
charge-coupled device �CCD�. The excitation was done us-
ing energies between 1.51 eV �821 nm� and 1.739 eV
�713 nm� from a Ti-sapphire solid-state laser, 1.962 eV
�632 nm� from a He–Ne ion laser, and energies between
1.834 eV �673 nm� and 2.707 eV �458 nm� from the 17 lines
of an Ar–Kr ion laser. Typical powers were around 20 mW,
concentrated on a �7-mm-long and �100-�m-wide line fo-
cus. This line focus was chosen to reduce the photon-induced
degradation of the samples. To avoid accumulating this effect
a fresh spot in the sample was used after taking each spectra.
For the resonant Raman scans the Raman intensity was cor-
rected for the setup response �gratings plus CCD�.

Raman micromaps were acquired using a Renishaw
2000 Ramascope single spectrometer, equipped with a peltier
cooled CCD and coupled to an Olympus BH-2 confocal mi-
croscope with a mapping stage controlled by the acquisition
software. The excitation was done using the 1.962-eV
�632-nm� line from a He–Ne ion laser. In this case the power
was 1 mW, concentrated on a circular focus of �1-�m
diameter with an Olympus MDPlan 100�, 0.95 numerical
aperture microscope objective.

III. RESULTS AND DISCUSSION

A. Structural characterization

The structural characterization of the samples was ac-
complished through three different quantities obtained from
AFM and ellipsometry: �i� roughness, derived from AFM
height profiles, �ii� characteristic length, an AFM derived
quantity which averages the diameters of both clusters and
isolated nanoparticles, and �iii� film thickness, calculated
from VASE measurements.26

In Fig. 1 we compare the AFM images of multilayers S1
and S2. We identify the bright quasispherical dots with gold
nanoparticles while the background, in a darker gray scale,
corresponds to the grains of the gold film evaporated over

the Si substrate. At the bottom of both AFM images we show
typical height profiles measured in the linear regions indi-
cated with dotted lines. We analyze 20 random selected pro-
files from each sample in order to achieve reliable values for
roughness and characteristic length. By analyzing carefully
the images and the profiles it is possible to identify a major-
ity of isolated nanoparticles in S1 �left image� and to distin-
guish between isolated nanoparticles and clusters of two or
three gold particles in S2 �right image�. In S1 we find that the
average background roughness is 7.7±0.9 nm and its char-
acteristic grain length is 33.8±4.1 nm. The 20-nm diameter
nanoparticles are homogeneously distributed over the sub-
strate partially covering the surface. The full sample rough-
ness is 16.4±3.7 nm, a value that results smaller than the
nanoparticle diameter because the roughness calculation av-
erages substrate areas with and without nanoparticles. There
also exists a reduced number of clusters formed by no more
than two nanoparticles, approximately 15/�m2. This can be
seen in the measured characteristic length, 26.2±2.6 nm,
which taking into account these clusters and isolated nano-
particles reaches a value which is just a little larger than the
nanoparticle diameter. Using the VASE technique we ob-
tained 15.2±0.5 nm for the film thickness of S127 in agree-
ment with the measured roughness and a partial coverage.
We can conclude that the gold colloid adsorption during the
sample fabrication is efficient to reach a homogeneous well-
defined 20-nm gold nanoparticle layer but the coverage is not
complete.

As can be derived from the AFM image of S2 �right
panel in Fig. 1�, the multilayer morphology has changed in
comparison with S1. We can distinguish a lower density of
isolated quasispherical nanoparticles while the clusters of
two and more nanoparticles appear more frequently as
irregular-shaped spots. This becomes evident also by the in-
crease in the characteristics length to 41.6±9 nm, a value
which is close to the characteristic size of a two-particle
cluster. The average roughness, on the other hand, increases
only slightly to 18.2±4 nm, a value close to the 20-nm char-
acteristic nanoparticle diameter. The sample thickness ob-
tained from ellipsometry measurements, 29.8±0.5 nm, al-
most duplicates that derived for S1. Considering that this
technique probes the whole film, the roughness of S2 can be

FIG. 1. AFM images of PAH-Os+ �nano-Au/PAH-Os�1 and PAH-Os
+ �nano-Au/PAH-Os�5 multilayers, on the left and right, respectively, mea-
sured in a 1-�m2 area. The dotted lines indicate the linear regions where the
section analysis shown at the bottom of each figure was performed. The
arrows indicate particular nanoparticle profiles. In the bottom curves the
vertical axes represent a 20-nm scale while the horizontal axes correspond to
a 250-nm scale.
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understood as due to the AFM tip measuring only a second
nanoparticle layer that lies over a compact background of
nanoparticles. Within this picture, the growth evolves with
nanoparticles filling the empty spaces until a full layer is
completed, and only two layers are formed after five steps of
gold colloid immersion.

We also characterized the multilayers through their opti-
cal response. In Fig. 2 we show the optical absorption spec-
tra of PAH-Os and a 20-nm Au colloid, both in aqueous
solution, and we compare them with the optical absorption of
S1 and S2 measured using VASE. In the PAH-Os absorption
spectrum we can identify three main absorptions: �i� one in-
tense around 300 nm and related to deep electronic transi-
tions, �ii� a weaker line centered at �375 nm, and �iii� the
metal to ligand charge-transfer �MLCT� transition around
500 nm. We have exploited the MLCT transition in Ref. 12
for resonance Raman-scattering amplification to measure in
situ electrochemical processes in self-assembled multilayers.
The gold colloid spectrum, on the other hand, presents a
broad and very intense absorption around 530 nm associated
with the 20-nm gold nanoparticle plasmon mode. The ab-
sorption spectrum of S1 shows the presence of both PAH-Os
and gold nanoparticles in the single monolayer through their
respective characteristic peaks. The more intense peak be-
longs to the nanoparticle plasmon and it is centered at
�530 nm. Mounted on this peak appears the PAH-Os MLCT
transition at �500 nm. The absorption spectra of PAH-Os
and gold nanoparticles are similar in aqueous solution and in
this self-assembled multilayer. Note, however, that the broad
PAH-Os peak around �375 nm present in solution seems to
split into two distinguishable absorptions in the self-
assembled structure. Finally, the absorption spectrum of S2
presents all the same peaks that appear for S1 plus an extra
redshifted absorption at �680 nm.25 Based on a previous
work this latter feature is assigned to interacting gold nano-
particle plasmons.21 Its presence is compatible with the in-
creased amount of gold nanoparticle clusters and the more
compact structure observed and discussed through the above-
presented AFM images. These results show the high sensi-
tivity of the VASE technique in ultrathin multilayers.

B. Resonant Raman scattering

From the structural and optical characterization we con-
clude that �i� S1 is homogeneously but partially covered by
isolated nanoparticles, while two layers and nanoparticle
clustering can be identified in S2, and �ii� three main optical-
absorption lines characterize the samples, related to a MLCT
transition ��500 nm�, the plasmon resonance ��530 nm�,
and a coupled-plasmon mode ��680 nm�. In this section we
will discuss how these features affect the Raman resonances
in these multilayers. We recall that the laser spot used for the
resonance Raman scans has a linear shape of 7 mm
�100 �m. This large area averages the Raman signal from
different local polymer and nanoparticle environments. We
begin introducing in Fig. 3 the Raman spectra of samples S1,
S2, and S4 measured using the 514.5-nm Ar–Kr laser line.
The three spectra have basically the same shape but they
differ in intensity. The most intense peaks belong to the py-
ridine stretching �1325–1606 cm−1�, pyridine bending
�670 cm−1�, and Os–N vibration �383 cm−1�, all spatially re-
lated to the electronic levels involved in the PAH-Os MLCT
transition. We find that in these measurements we cannot
distinguish the vibrations belonging to the polymer back-
bone. In a previous work we found that the Raman intensity
of �PVS/PAH-Os� multilayers scales with the number of
PAH-Os layers.12 This relation is not maintained when
Au nanoparticles are present. In fact, note that the S2
�PAH-Os+ �nano-Au/PAH-Os�5� Raman intensity is five
times larger than that of S1, though in principle it has
three times more polymer deposition cycles. Moreover, it has
more than two times larger intensity than that of S4
�PAH-Os+ �PVS/PAH-Os�5�, even when both samples
have equal number of deposition cycles. The main
conclusions derived from Fig. 3 are �i� the Raman spectra
evidence that the molecular structure is preserved in the
PAH-Os+ �nano-Au/PAH-Os�n multilayers, and �ii� using
as excitation the 514.5-nm line, the enhancement selectivity
of the PAH-Os MLCT transition resonance prevails over the
gold nanoparticle plasmon resonance. Assuming equal de-
posited PAH-Os mass in S2 and S4, we conclude that at
514.5 nm the assembled gold nanoparticles only produce an
average enhancement factor of �2 over the Raman signal.

FIG. 2. Optical-absorption spectra for PAH-Os and 20-nm Au colloid, both
measured through optical transmission in aqueous solution, and optical-
absorption spectral for PAH-Os+ �nano-Au/PAH-Os�1 �S1� and PAH-Os
+ �nano-Au/PAH-Os�5 �S2� multilayers, both measured using VASE. We
indicate the PAH-Os characteristic absorption with vertical full lines, while
the plasmon absorptions related to isolated and interacting nanoparticles are
indicated by vertical dashed and dotted lines, respectively.

FIG. 3. Raman spectra of samples S1, S2, and S4 measured using the
514.5-nm Ar–Kr laser line. The most intense peaks belong to the pyridine
stretching �1325–1606 cm−1�, pyridine bending �670 cm−1�, and Os vibra-
tion �383 cm−1�, all resonant with the PAH-Os MLCT transition.
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In order to deepen the analysis of the resonance response
of the different multilayers we present in Fig. 4 the Raman
intensity of the 1483 cm−1 peak as a function of laser energy
measured on S1 �full squares�, S2 �full triangles�, and S4
�full circles�. We start analyzing the multilayer without gold
nanoparticles, S4. We identify two intensity maxima related
to the incoming and outgoing electronic Raman
resonances.12 The first peak, situated around 515 nm, is due
to the energy tuning between the incident photon and the
PAH-Os MLCT transition. The second appears blueshifted
�1483 cm−1 with respect to the MLCT transition because
for the outgoing resonance it is the scattered photon that
resonates with the MLCT transition.12 If we look at the reso-
nance profiles of S1 and S2, the samples with gold nanopar-
ticles, we observe instead only one peak centered at 530 nm,
exactly at the plasmon energy. This means that the electronic
resonance is shadowed by the SERS effect. Note, however,
that incoming and outgoing resonances by the plasmon mode
could in principle exist but cannot be separated due to the
relatively broad related absorption �see Fig. 2�. Particularly
notorious are the results of S2 where the resonance maxi-
mum �at �530 nm� is only 12 times greater than the Raman
intensity of S4 at the same wavelength, which has nominally
the same PAH-Os adsorbed mass but no gold nanoparticles.
This means that the presence of nanoparticles produces a
small increase of the intensity at the plasmon energy as com-
pared with typical SERS performances.17–19 This poor ampli-
fication factor is probably related to the signal average of
highly diluted SERS active sites inside the 0.7-mm2 spot.

Note that for S2 in Fig. 4, besides the shift of the
PAH-Os MLCT electronic transition to the gold nanoparticle
plasmon resonance, a shoulder appears around �650 nm in
the resonance profile. In view to the fact that, as derived
from AFM and VASE measurements S2 has a more compact
structure, and that this feature is spectrally coincident with
the optical-absorption peak observed at 670 nm in Fig. 2, it
is straightforward to associate the increased scattering with

the SERS amplification mechanism created by the interacting
gold nanoparticle plasmons.21 To further illustrate this point
we show in the inset of Fig. 4 the Raman intensity ratio
between samples 2 and 1. There are two important things to
note. First, the SERS amplification due to isolated nanopar-
ticles �around 530 nm� is more efficient in sample 2 because
the signal is ten times greater when the nominal PAH-Os
mass deposition is only three times larger. This is related to
an improvement in the SERS efficiency due to the subse-
quent adsorption of PAH-Os and gold nanoparticles �note
that five immersion cycles result in an �2-layer self-
assembled gold nanoparticle film�. Second, the SERS ampli-
fication due to interacting nanoparticles �around 650 nm� is
40 times larger in sample 2 because of the compact structure
formed inside the two nanoparticle layers and the presence of
an increased number of gold nanoparticles clusters. It is
worth to mention that this mechanism is believed to be re-
sponsible for the so called “hot spots,” very intense SERS
amplification areas with gain factors of �1014 which make
possible single-molecule Raman spectroscopy.17–19 The main
conclusions derived from the previous analysis can then be
summarized as follows: �i� the multiple adsorption of
PAH-Os and gold nanoparticles needed to complete each
layer increase the SERS efficiency, and �ii� the more compact
structure presents a higher interaction between nanoparticle
plasmons which is reflected in the �650-nm region through
the appearances of a new optical absorption, a shoulder in
the Raman intensity profile, and a maximum in the Raman
amplification ratio between samples 2 and 1.

C. Micro-Raman maps

To gain further insight on the SERS effect in these self-
assembled multilayers we performed micro-Raman maps of
samples S1, S2, and of another optimized sample, S3, which
has a higher proportion of homogeneously distributed gold
nanoparticle clusters �around 40/�m2�. The results are quali-
tatively similar in all three samples, but the main character-
istics we want to highlight were clearer in S3. Thus we will
concentrate our analysis in this latter sample.

In Fig. 5 we compare some of the 120 SERS spectra
sequentially measured every 1 �m inside a 10�10-�m2 re-
gion on S3 �spectra 2–9� using the 632-nm He–Ne laser and
a 1-�m2 spot, with an electronic resonant Raman spectrum
�number 1� measured on S4 using the large line focus of the
514.5-nm Ar–Kr laser line. The vertical dotted lines indicate
the peak positions characteristic of PAH-Os observed in
spectrum 1. These peaks correspond, as we have mentioned
before, to the Os center and ligand-related vibrational
modes and their selective enhancement is caused by the elec-
tronic Raman resonance tuned to the PAH-Os MLCT
transition.12,28–32 Spectra 2–9 are qualitatively different from
the previous one. First, the Os and ligand-related lines appear
but with different relative intensities, specially in the pyri-
dine stretching region �1325–1606 cm−1�. In addition, some
of the lines are somewhat shifted, around 3 cm−1. Second,
the spectra also show a series of new well-defined peaks.
We have assigned the new features by comparison with Ra-
man signals from similar compounds as Os�bpy�3

2+ or

FIG. 4. Raman resonance profiles of PAH-Os+ �PVS/PAH-Os�5 �full
circles�, PAH-Os+ �nano-Au/PAH-Os�1 �full squares�, and PAH-Os
+ �nano-Au/PAH-Os�5 �full triangles� multilayers. We indicate with arrows
the incoming and outgoing electronic Raman resonances on the PAH-Os
+ �PVS/PAH-Os�5 multilayer. SERS amplification regions related to iso-
lated and interacting nanoparticles are indicated with circles. The inset
shows the Raman intensity ratio between samples 2 and 1 for different
wavelengths.
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Os�bpy�2�P2�2+ �Ref. 31� and other functional groups similar
to the ones present in PAH-Os, e.g., pyridines, bipyridines,
polystyrenes, disubstituted benzenes, and polyethenes.33 We
find that some of the new signals appearing in spectra 2, 3,
and 7–9 ��710, �1080, �1295, and �1410 cm−1� can be
identified with the polymer backbone vibrations. Spectra 4–6
merit special consideration because of their similar behavior.
In contrast to the other spectra, we observe a selective am-
plification of several peaks centered at �250, �290, �390,
�420, �1020, and �1040 cm−1. These signals come from
pyridine, implying that this selective amplification reflects its
proximity with a hot spot.

To illustrate the spatial distribution of the SERS effect
we show in Fig. 6 a Raman intensity micromap correspond-
ing to spectra taken on S3 with the 632-nm laser line every
1 �m and with a submicron spot size. The shape of all the

spectra reflects the existence of SERS enhancement as dis-
played in Fig. 5. The shown signal was obtained integrating
the Raman lines between 1483 and 1606 cm−1 �bipyridine
vibrations� and subtracting the background. A very localized
region with a peak of more than 5000 units can be clearly
observed with FWHM corresponding to the micro-Raman
resolution. This signal is two orders of magnitude larger than
the average SERS intensity derived from the micromap. This
average corresponds to what would be detected with a
macro-optics setup. Besides the larger peak, some �16 other
relative maxima �from the 120 sampled points� can be iden-
tified with intensities at least ten times larger than the aver-
age SERS signal. Interestingly, a similar experiment per-
formed with a 514.5-nm laser excitation �i.e., tuned to the
single-plasmon resonance� displayed a rather uniform Ra-
man intensity map, without localized amplified regions. This
strongly indicates that coupled-plasmon resonances �i.e.,
coupled nanoparticles� are at the origin of the observed spa-
tially inhomogeneous Raman enhancement. We recall that
AFM images of this particular sample exhibit some 40 clus-
ters formed by 2–5 gold nanoparticles per �m2. Thus, some
�5000 clusters are expected to exist in the 11�11-�m2 re-
gion sampled by the micromap displayed in Fig. 6. Conse-
quently, the inhomogeneity observed at the micrometer scale,
if due to hot-spots with origin in clusters at the nanoscale,
implies that only a few of the latter lead to high amplification
regions.

IV. NUMERICAL MODEL

A qualitative description of the dielectric response of the
self-assembled gold nanoparticle layers can be attained using
a DDA model for the interacting nanoparticle plasmons. For
this purpose we follow Refs. 20–22 and consider a two-
dimensional �2D� colloidal array of N spherical gold nano-
particle of radius R random distributed inside a L�L area.
Each colloid has its own surface-plasmon resonance and in-
teracts with the rest of the particles through a dipole-dipole
electromagnetic interaction. As a consequence of this inter-
action, the induced dipole at each colloid will have a direc-
tion and magnitude that can be solved self-consistently as21

pi = ����Ei = �����E0 + Ei
dip� , �1�

with

Ei
dip = �

j�i

eikr

r3 �k2�rij � p j� � rij

+ �1 − ikr��3r̂ij�p j · r̂ij� − p j�� �2�

and

���� = R3 �i��� − �0

�i��� + 2�0
. �3�

Here pi is the induced dipole moment associated with
the colloid at site i, � is the polarizability of a gold nanopar-
ticle, E0 is the external electric field with wave vector k, Ei

dip

is the electric field at colloid i generated by all the other
dipoles, rij is the position vector between colloid i and
j, r= �rij�, r̂ij =rij /r, and �i and �0 are the dielectric functions

FIG. 5. Raman spectrum of the PAH-Os+ �PVS/PAH-Os�5 multilayer
�spectrum 1�, taken under electronic Raman resonance with the PAH-Os
MLCT transition. Spectra 2–9 correspond to different SERS measurements
on a PAH-Os+ �nano-Au/PAH-Os�1 multilayer that displayed nanoparticle
clustering �S3� using the 632.8-nm He–Ne laser line with a �1-�m2 spot
inside a 100-�m2 area. The dotted lines indicate the Os center and ligand-
related modes. Most of the new peaks that appear on spectra 2, 3, and 7–9
are related to the polymer backbone while the more intense peaks in the
200–500-cm−1 region correspond to a pyridine selective enhancement.

FIG. 6. Raman micromap where the z axis represents the values of
the integrated area below the spectral region involving the 1483- and
1606-cm−1 peaks �bipyridines� without the background contribution. Spectra
were taken every 1 �m with a �1-�m2 spot size. A very localized region
can be observed under the effects of a great amplification. The intensity
value is 103 times larger than the less-amplified regions and two orders of
magnitude bigger than the background average.
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of the nanoparticle metal �Au in this case� and the surround-
ing medium, respectively. Note that Eq. �2� takes into
account both the so-called quasistatic contribution and
retardation.20,21 For the dielectric function of gold we used
the values from Ref. 34. Considering a surrounding medium
with �0=1.35, a value between vacuum and water,
���� displays a resonance at �p=511.8 nm, for which
�i��p�=−2.7059+ i0.7264. This resonance corresponds to the
isolated nanoparticle plasmon excitation, and coincides quite
closely with the experimentally determined value of
��p=530 nm �see Fig. 2�.

To implement the numerical solution of this problem we
define a simple square lattice of spacing d0=1 nm inside the
L�L area, with L=1000 nm, where we locate N spherical
nanoparticles of radius R=10 nm at random, avoiding spatial
superposition and assigning each individual colloid to an ef-
fective total dipole. This last consideration is justified be-
cause the nanoparticle size is typically a fraction of the light
wavelength. N will depend on the sample that we want to
model. E0 is set along the x̂ direction with wave vector
k=kẑ �ẑ here is normal to the self-assembled multilayers�.
The incident wavelength was set to �0=511.8 nm, that is,
coupled to the nanoparticle plasmon resonance. In order to
determine the magnitude and orientation of all the dipoles we
generate a configuration of random unit dipoles, pi, at each
colloid and then we iterate using the following procedure: �i�
we evaluate the electric field at each nanoparticle produced
by all the others using Eq. �2� and �ii� we define a new dipole
at ri through a modification of Eq. �1�,

pi
l+1 = �����Ei

l+1 + �1 − ��pi
l. �4�

Here l indicates the iteration step and � is an ad hoc param-
eter to improve convergence which was usually set between
0.5 and 0.1.22 Finally, we repeat these two steps until a stable
field configuration is achieved.

With the obtained self-consistent-field configuration, the
spatial intensity distribution can be calculated using the rela-
tion I=0.5 Re�EE*	.35 On the other hand, the energy eigen-
values and eigenvectors for the interacting plasmon problem
can be derived from the matrix:21

Uij = �ij	p − �1 − �ij�pi ·
eikr

r3 �k2�rij � p j� � rij

+ �1 − ikr��3r̂ij�p j · r̂ij� − p j�� . �5�

Here 	p=2
c /�p is the surface-plasmon angular frequency
for the uncoupled colloid. Following Ref. 21, to characterize
the eigenvectors associated with each eigenvalue we associ-
ate with the ith colloid with coordinate ri a Gaussian with
standard deviation � equal to the radius of the colloid, R.
Thus, the spatial representation of the participation of differ-
ent colloids in a specific eigenvalue is given by the function

Fj�r� = 
�
i

ai�j�e−�r − ri�
2/2R2
2

, �6�

where ai�j� is the ith coefficient �associated with the ith col-
loid� of the j-eigenvector linked to the j-eigenvalue 	 j.

To illustrate the physics behind the problem of interact-
ing nanoparticles, we first show in Fig. 7 the field distribu-

tion and coupled-plasmon energies and eigenvectors for two
interacting dipoles. The laser field is applied along the line
connecting the two nanoparticles. In the left panel the field
distribution for nanoparticles separated at 0 and 20 nm, re-
spectively, is displayed. Two eigenvectors exist for this
simple problem, equivalent to bonding and antibonding
states. These and their energies as a function of nanoparticle
distance are depicted in the right panel on Fig. 7. A hot spot
within this scheme corresponds to the large intensity between
nanoparticles corresponding to the bonding state. The energy
of the latter is smaller than that of the noninteracting nano-
particle, while that of the antibonding state is blueshifted
with respect to the independent plasmon. We note, in addi-
tion, that the induced polarization is even �odd� for the bond-
ing �antibonding� state, implying that it couples �does not
couple� with an external field with wavelength much larger
than the separation between nanoparticles. It should be high-
lighted that the energies of the plasmon states displayed in
Fig. 7 are arbitrary in the sense that they depend on the
magnitude of the applied laser field �which defines in a large
part the magnitude of the induced polarization and thus of
the local field�. In fact, we have chosen a value of E0 such
that the range of coupled-plasmon energies covers those ob-
served experimentally �see Fig. 2�.

When a random distribution of nanoparticles is consid-
ered, as in Fig. 8, the interacting nanoparticle energies cover
a broad range of energies. In Fig. 8 we show the eigenvalue
histogram for 200 nanoparticles randomly distributed in a
1-�m2 square area, together with the eigenvectors for some
specific energies located in the bonding, antibonding, and
independent energy regions of the spectra. It is quite clear
that all these situations coexist in a given sample, leading to
states that involve hot-spot-like coupled pairs, odd-symmetry
states that do not interact with light, and isolated resonances,
respectively.

Figure 9 shows the energy histogram for different cov-
erages, 200, 400, and 1600 nanoparticles randomly distrib-
uted in a 1-�m2 square area �a�–�c�, and for a closed-packed
ordered distribution of 2500 nanoparticles in the same area
�d�. The histograms are normalized with respect to the total

FIG. 7. Field distribution for nanoparticles separated at 0 nm �left-top
panel� and 20 nm �left-bottom panel�. The laser field is applied along the
line connecting the two nanoparticles and the wave vector is perpendicular
to the plane of the nanoparticles. The right panel displays the eigenvalues
corresponding to the bonding �top line� and antibonding �bottom line� states
as a function of the nanoparticle separation. The bonding and antibonding
eigenfunctions for a configuration of two nanoparticles separated by 2 nm
are schematized in this latter panel.
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number of nanoparticles. According to the AFM results, our
sample S1 should correspond to a coverage close to �b�, and
that of S2 to something close to �c�. For the lower coverage
�a�, the spectrum is basically characterized by a peak corre-
sponding to the isolated plasmon resonance 	p. When the
coverage is increased to �b�, a peak is still observed centered

at 	p, but a broadening and low-energy tail clearly develops.
This agrees qualitatively well with the extinction spectrum of
S1 shown in Fig. 2. When the coverage is further increased
to �c�, besides the described broadening, a peaklike structure
arises at longer wavelengths characteristic of the coupled-
plasmon resonances. Again, this agrees qualitatively with
what is observed for S2 in Fig. 2, where besides the single-
plasmon resonance at �530 nm, a second peak appears at
�680 nm. According to this simple model, this second ab-
sorption can be clearly identified with bondinglike coupled-
plasmon states. The latter gives rise to resonant hot spots,
which explain the shoulder in the Raman resonance scan of
Fig. 4 which is also observed around 650 nm. When an or-
dered structure of nanoparticles is considered �d�, the energy
histogram has evolved into a bandlike distribution much like
what happens with the electronic bands in a crystalline solid.

V. CONCLUSIONS

We have presented a detailed structural, ellipsometric,
and Raman study of self-assembled PAH-Os/Au nanopar-
ticle multilayers. AFM images and VASE thickness measure-
ments indicate that using 20-nm gold colloids the first nano-
particle layer grows homogeneously, partially covering the
substrate without nanoparticles clustering. The growth pro-
cess evolves filling the nanoparticle interstitial spaces and
after five immersion cycles inside the same gold colloid only
two layers of nanoparticles are self-assembled during the
sample fabrication process. The first adsorption of this gold
colloid is enough to shift the Raman profile peak related to
electronic resonance down to lower energies, evidencing the
enhancement in the PAH-Os Raman spectrum due to the
electromagnetic plasmon resonance of the gold nanoparticles
around 530 nm. The multilayers with five immersion cycles
have a more compact structure, presenting an effective plas-
mon interaction which provides a new optical absorption
around 650 nm. This coupled-plasmon absorption leads to a
new maximum in the SERS amplification. Raman micro-
maps of samples with nanoparticle clustering show the high
spatial dilution of hot spots and their great localized ampli-
fication. Finally, a DDA numerical model with nanoparticle
distribution comparable with that of the studied self-
assembled multilayers qualitatively reproduces the appear-
ance of the coupled-plasmon absorption and redshifted hot
spots showed by samples with compact colloid structures.
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