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Collective and Individual Plasmon Resonances in
Nanoparticle Films Obtained by Spin-Assisted
Layer-by-Layer Assembly

Chaoyang Jiang, Sergiy Markutsya, and Vladimir V. Tsukruk*

Department of Materials Science and Engineering, lowa State University, Ames, lowa 50011

Received August 16, 2003. In Final Form: November 15, 2003

Nanoscale uniform films containing gold nanoparticle and polyelectrolyte multilayer structures were
fabricated by the using spin-assembly or spin-assisted layer-by-layer (SA-LbL) deposition technique. These
SA-LbL films with a general formula [Au/(PAH—PSS),PAH]m possessed a well-organized microstructure
with uniform surface morphology and high surface quality at a large scale (tens of micrometers across).
Plasmon resonance peaks from isolated nanoparticles and interparticle interactions were revealed in the
UV—visible extinction spectra of the SA-LbL films. All films showed the strong extinction peak in the
region of 510—550 nm, which is due to the plasmon resonance of the individual gold nanoparticles red-
shifted because of a local dielectric environment. For films with sufficient density of gold nanoparticles
within the layers, the second strong peak was consistently observed between 620 and 660 nm, which is
the collective plasmon resonance from intralayer interparticle coupling. Finally, we suggested that, for
certain film designs, interlayer interparticle resonance might be revealed as an independent contribution
at 800 nm in UV—visible spectra. The observation of independent and concurrent individual, intralayer,
and interlayer plasmon resonances can be critical for sensing applications, which involve monitoring of
optomechanical properties of ultrathin optically active compliant membranes.

Introduction

Gold nanoparticles with a diameter from 1 to 100 nm
are widely investigated as attractive candidates for
inorganic—organic assemblies because of their unique
optical and electronic properties.!~® These assemblies
could find potential applications in advanced spectroscopy,
chemical and biosensor technology, and microelectronic
devices.* 1% For example, surface-enhanced Raman scat-
tering (SERS) is a highly sensitive spectroscopy that can
detect individual molecules adsorbed on gold particles.!
The SERS effect mainly comes from the enhancement of
the local electromagnetic field near the surface, which is
due to the excitation of the surface plasmon.? Systemati-
cally changing the geometry of a dielectric core—metal
shell nanoparticle, it is possible to have a precisely
controlled SERS effect.®®

It has been shown that, by varying the particle shape,
size, and spacing, the surface plasmon resonance (SPR)
peak can be tuned in a wide range of wavelengths.* On
the other hand, changing the environment and the level
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of the nanoparticles aggregation (distance and locations)
can significantly affect the optical properties of matrix—
nanoparticle composites or core—shell assemblies.*1516
Thus, embedding the gold nanoparticles into organic—
inorganic assemblies can be used to either tune their
optical properties or measure optomechanical properties
under external stimuli.’~1° To date, several nanofabri-
cation techniques have been applied for the construction
of the gold nanoparticle—organic films including the most
widely used Langmuir—Blodgett deposition,?°?! chemical
self-assembly,?? and electrostatic layer-by-layer (LbL)
assembly.?® Those techniques provided organized molec-
ular films with regular multilayered structures from a
variety of polymeric and organic molecules.?*~?” The gold
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nanoparticle—polyelectrolyte multilayer superlattices with
tunable optical properties have been fabricated with the
LbL technique.'” In these condensed, organized films, the
gold nanoparticles embedded in an organic matrix with
very different dielectric properties are subject to strong
interaction with this matrix and with each other within
and between individual layers. These interactions gener-
ate collective plasmon resonances, which are caused by
the interaction between neighboring gold particles con-
trolled by the long-range aggregation of the gold nano-
particles within the same layer.?® A variable packing
density and, thus, interparticle distances along with a
changing dielectric constant of interparticular media are
considered to be major factors affecting the dipolar—
dipolar interactions and SPR appearance.?® A red shift of
the SPR peak is usually expected and observed for
inorganic nanoparticles embedded in an organic matrix.
As arule, only a single broad adsorption peak is detected
for these assemblies without clear visible contributions
from individual and collective resonances.®2830-32 Very
few studies considered this effect and demonstrated
separated contributions from individual and collective
SPRs for very well-defined structures such as those
obtained with microlithography.428

In this work, we discuss our results on the fabrication
of LbL-assembled multilayered films containing gold
nanoparticles in an aggregation state controlled by the
design of the multilayered films with various combinations
of polymer interlayers. We focus on studies of their micro-
structure and corresponding SPR optical response. Careful
design of these multilayers revealed superimposed but
separated SPR peaks caused by individual resonances
from the gold nanoparticles and collective resonances
originating from intralayer interparticle interactions.

Experimental Section

Reagents and Materials. The polymer for LbL assembly,
namely, poly(ethylene imine) (PEI, MW = 25 000), poly(allyl-
amine hydrochloride) (PAH, MW = 65 000), and poly(sodium
4-styrenesulfonate) (PSS, MW = 70 000) were purchased from
Aldrich and used without further purification. Ultrapure water
with a resistivity of 18 MQ-cm used in all experiments was
purified with a Nanopure system. Quartz substrates were cleaned
with a fresh Royal solution [1:3 (v/v) HNOs/HCI]. Silicon wafers
cut to a typical size of 10 x 20 mm were cleaned in a piranha
solution [1:3 (v/v) H,S04/H,0,], according to a usual procedure
adapted in our laboratory.3® Attention: royal and piranha
solutions are extremely dangerous and should be very carefully
treated. Silicon wafers of the {100} orientation with one side
polished (Semiconductor Processing Co.) and quartz plates with
both sides polished (Chemglass Co.) were atomically smooth.
After cleaning, the substrates were then rinsed thoroughly with
Nanopure water and dried with dry nitrogen before they were
used.

Fabrication of Gold Nanoparticles/LbL Multilayers. Gold
nanoparticles of different diameters from 2 to 25 nm were
prepared according to the known procedure described in the
literature.3435 Small-sized particles were synthesized by using
thiocyanate as a reducing agent, while larger nanoparticles were
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Figure 1. Scheme of fabrication of gold nanoparticle—
polyelectrolyte multilayers: (a) assembly of a PEI monolayer
on a silicon wafer; (b) gold nanoparticle monolayer deposited
by adsorption on the PEI surface; (c) Au/(PAH—-PSS),PAH
multilayers fabricated with SA-LBL assembly of polyelectrolyte
layers; and (d) assembly of the [Au/(PAH—PSS),PAH], mul-
tilayer structure.

obtained by using sodium citrate. For example, particles with a
12.7-nm diameter used throughout this study were synthesized
as follows: 5 mL of a 1% sodium citrate solution was quickly
injected into 50 mL of a boiling 1 mM HAuCI, solution. The
solution was kept under boiling conditions for 10 min and
continuously stirred for an additional 15 min. Gold nanoparticle
solutions were stored at room temperature in a dark area and
used within 3 weeks. Sodium citrate left in the solution after the
synthesis of gold particles surrounds the gold nanoparticles so
that they are quite stable in solution. These nanoparticles bear
a modest negative charge under normal pH conditions.16:36
For initial modification of the silicon surface, freshly cleaned
substrates were first immersed in a 1% PEI solution for 15 min
to form a polyelectrolyte monolayer with a thickness of about 1
nm. After activation with HCI solution, the slightly positively
charged substrates were immersed in a gold nanoparticle solution
for a certain time period ranging from 1 to 30 min to facilitate
electrostatically driven adsorption. Then, the substrates were
rinsed with pure water to remove the loosely tethered particles.
The multilayered films with different thicknesses were
fabricated by the spin-assembly or spin-assisted LbL (SA-LbL)
method, which is acombination of spin coating and conventional
LbL techniques. The SA-LbL technique has been recently
introduced as a time- and cost-efficient assembly and successfully
applied to a range of polyelectrolytes and nanoparticles.3”:3¢ The
thickness of the deposited layers can be controlled by solvent
evaporation, spin speed, spin time, and solute concentration.3®
We applied SA-LbL to construct polymer multilayers and
nanoparticle-containing layers with a low density of nanopar-
ticles. However, conventional LbL was exploited to deposit high-
density nanoparticle interlayers. This way, we fabricated [Au/
(PAH—PSS),PAH], films as presented in Figure 1. According to
usual LbL terminology, n (ranging from 0 to 15) corresponded
to the number of polymer bilayers and m (ranging from 1 to 3)
corresponded to the number of gold nanoparticle/polymer bilayers.
Polyelectrolytes were dissolved in Nanopure water with 0.2%
concentration. In the course of SA-LbL fabrication, a droplet of
150 uL of the polyelectrolyte solution was dropped on the silicon
substrate and rotated for 20 s with a 3000-rpm rotation speed.
The substrates were rinsed twice by Nanopure water and dried
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while spinning for 30 s. This procedure was repeated until a
designed number of the bilayers n was achieved. All SA-LbL
films were prepared in a class 100 clean room to avoid
contamination and to ensure high optical quality of the films. A
fabrication time of about 2 min per bilayer resulted in a very
time-efficient procedure: films with 10—20 bilayers were fab-
ricated within 20—40 min instead of the usual 5—10 h with
manual or robotic arm routines.

The optical properties of the gold nanoparticle solutions and
multilayered SA-LbL films on quartz substrates were measured
with a Shimadzu 1601 UV-—visible spectrometer. Structure
characterization was conducted with atomic force microscopy
(AFM). AFM topographical and phase images were collected with
Dimension or Multimode AFM microscopes (Digital Instruments)
in the tapping mode under ambient conditions in accordance
with a usual procedure adapted in our laboratory.*° Silicon tips
with spring constants of 50 N/m were used for most scans. Tip
radii were in the range of 20—40 nm as calculated from the profiles
of a reference gold nanoparticle standard.** For selected high-
resolution images, carbon nanotube tips with a tip radius of 5—11
nm (Nanodevices) were used. AFM images were obtained on
different scales ranging from 500 nm to 50 um with a scanning
rate of 1 Hz. To obtain the surface microroughness, a1l x 1 um
surface area was normally measured. A film thickness was
routinely obtained from the bearing analysis of the surface areas
with a scratch produced by a sharp steel needle. Independently,
the thickness of the polymer multilayers was measured with a
Compel Ellipsometer (InOmTech, Inc.). The average thickness
of the SiO; layer was measured prior to the polymer deposition
and used for the analysis of the ellipsometry data with a double-
layer model.*? The refractive indixes for polymers and silicon
oxides were taken from literature.*344 However, it is worth noting
that, as a result of the strong absorption, the thickness of the
films with high-density gold particles cannot be obtained easily
from ellipsometry measurement.

Results and Discussions

Monolayer of Gold Nanoparticles. From the analysis
of the AFM images of the gold nanoparticles, the mean
diameter was estimated from surface histograms con-
structed for at least 50—100 nanoparticles (Figure 2). After
analyzing the size distribution and optical properties for
several batches of gold nanoparticles with a diameter
ranging from 2 to 25 nm, for further studies we selected
the nanoparticles with the average diameter of 12.7 + 1.3
nm (Figure 2c). The nanoparticle diameter and its
variation (~10%) were close to the results from Grabar et
al.** This selection gave us nanoparticles of reasonable
solution concentration, high storage lifetime, relatively
narrow size distribution, and clear optical response.

The final concentration of gold in the solution was close
to 1 mmol/L. Therefore, the aggregation number per
particle was about 6 x 10% and the concentration of gold
nanoparticles was about 1.5 x 1078 mol/L assuming a
complete reaction. The UV-visible spectra of these
solutions displayed a strong plasmon resonance peak
around 519 + 0.5 nm caused by SPR of individual
nanoparticles (Figure 2d).#>*¢ This strong absorption gives
the solution of gold nanoparticles its characteristic intense
burgundy color.
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Figure2. (a) AFM topographical image of well-separated larger
gold nanoparticles diameter 12.7 + 1.3 nm; (b) AFM topo-
graphical image of smaller gold nanoparticles, diameter 2.3 +
1.2 nm; (c) height histogram of gold nanoparticles with the
diameter of 12.7 &+ 1.3 nm obtained from AFM data; (d) UV—
visible extinction spectrum of larger and smaller gold nano-
particle solutions.

Gold nanoparticles are rarely adsorbed on a bare silicon
surface because of unfavorable Coulombic interactions
(both surfaces are slightly negatively charged): only 40—
50 nanoparticles were found in the surface area of 10 x
10 um. The modification of the silicon surface with a
positively charged PEI monolayer resulted in efficient,
electrostatically driven adsorption of gold nanoparticles:
1200 nanoparticles were found within 1 x 1 um on the
PEI surface. Additional surface activation by 0.01 mol/L
HCI solution resulted in a significant increase of the
surface coverage: 1800 gold nanoparticles were found
within the 1 um? surface area.

To control the gold nanoparticle density (surface cover-
age and interparticle distance) during the deposition, the
assembly on the PEI monolayer was stopped by a “sudden
dilute” technique and the substrate was then rinsed and
dried. Increasing the deposition time resulted in the higher
surface coverage increasing from 250 nanoparticles/um?
for ashort deposition time up to a saturation limit of 1800
particles/um?. The concentration of the gold nanoparticles
solution is the most important factor affecting the surface
coverage (Figure 3). For the lowest surface coverage tested
here, the mean distance between nanoparticles was about
88 nm, which exceeded their diameter manifold (distance/
diameter ratio of 7:1). For the medium surface coverage
of 5—10%, the interparticle distance decreased to 40—50
nm (distance/diameter ratio of 4:1). Finally, at the
saturation level, a virtually “complete monolayer” of gold
nanoparticles became visible on the AFM images (Figure
3c,d). Large-scale AFM images showed a smooth, high-
quality surface with microroughness below 5 nm and the
absence of microscopic bumps originating from external
contaminations. However, this smooth surface morphology
at a high magnification represented a common AFM
artifact associated with tip dilation of the lateral dimen-
sions of nanoscale objects.#” Misleading AFM images of
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Figure 3. AFM topographical images of the gold nanoparticle monolayer with different surface coverages fabricated by using
different concentrations of solution, z scale is 30 nm: (a) the lowest surface coverage obtained from a 1.5 x 1071 mol/L solution;
(b) low surface coverage of 2% obtained from a 1.5 x 10~° mol/L solution; (c) the highest surface coverage of 22% obtained from
a 1.5 x 1078 mol/L solution; (d) larger scale area of the same sample as that in part c; and (e and f) high-resolution topographical
image of gold nanoparticles with a surface coverage of 8% obtained with a conventional silicon tip (e€) and carbon nanotube tip (f).
The appearance of nanoparticles is affected by the tip dilation, which is sensitive to a low point between the particles reachable

by the tip.

“complete” monolayers should be treated with great care.
This effect is demonstrated in Figure 3e,f, displaying two
high-resolution AFM images of the gold nanoparticles
obtained with an ordinary silicon tip and a carbon
nanotube tip. The dilation effect was much smaller (but
still present) on the AFM image obtained with the
nanotube tip that allowed the evaluation of the nano-
particle concentration for the highest surface coverage.
This corresponded to the surface coverage of 22% and the
average interparticle distance of 26 nm or the 2:1 distance/
diameter ratio. This distance falls in the range where
effective collective SPR between neighboring nanopar-
ticlesis expected. Achieving a higher surface concentration
under these conditions was prevented by repulsive
interactions among nanoparticles. This value was rela-
tively high considering that the maximum achievable
surface coverage that produces a 1:1 distance/diameter
ratio for different symmetries of particles is within 75—
91% and the percolation limit for spherical particles is
close to 55%.%% These parameters can only be reached for
lightly charged nanoparticles.*

Figure 4 shows the UV—visible extinction spectra of
gold nanoparticle monolayers with different surface
coverages. Unlike the spectrum for the solution in Fig-
ure 2, two broad peaks were observed in the region of
500—700 nm. These peaks could be clearly separated after
background subtraction and fitting with Lorentzian
functions, as demonstrated for one spectrum in Figure 4.
The strong and sharp extinction peak, which appeared
around 518 + 0.5 nm with the width of 53 nm, was virtually
unchanged for all monolayers and was caused by the
plasmon resonance of isolated gold nanoparticles similarly
to that of dilute solutions. The height of this peak showed
almost a linear increase with the increase of the surface
density.
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Figure 4. Top: UV-—visible extinction spectra of gold nano-
particle monolayers with different surface coverages. Bottom:
the variation of positions of two resonance bands and their
intensity ratio (the intensity of the second to first plasmon peak).

Another broad peak appeared around 615 nm at a low
surface concentration and was red-shifted to 635 nm for
the highest surface coverage (Figure 4). The appearance
of this second peak is associated with interparticle



886 Langmuir, Vol. 20, No. 3, 2004

1.0 2.0
X/um

Figure 5. AFM topography image and line scan profile of Au/
(PAH—PSS)PAH multilayered films: (a) large-scale AFM
image; (b) higher-resolution AFM image; (c) AFM image of the
film edge, Z scale is 30 nm; and (d) cross section of image c.

resonances, which strongly depend on the distance/
diameter ratio, among other factors.'#284%50 The absorption
at this wavelength was very minor for the low surface
coverage when the distance/diameter ratio was relatively
high (4:1to 7:1) and increased dramatically for the higher
surface coverage. It became predominant (integral in-
tensity is 200 higher for the second peak than for the first
peak) for the 22% surface coverage when the distance/
diameter ratio decreased to 2:1. In fact, such a shape was
predicted for a pair of nanoparticles when the distance/
diameter ratio falls below 2:1, but it is not usually observed
because of the low surface coverage achieved experimen-
tally.1”59 We observed a dominance of collective plasmon
resonance for monolayers with the distance/diameter ratio
below 3:1 (Figure 4).

Because of insufficient surface coverage and nonuni-
formity of interparticle distance distribution in a vast
majority of experiments, only a gradual red shifting of a
broad peak is usually observed without separation of
collective and individual resonances.!” In contrast, our
experiments clearly indicated that this broad peak was
not originated from the red shift of the individual particle
plasmon peak but had a composite nature and contained
both individual and collective plasmon resonances.*% The
collective surface plasmon band depends strongly on
interparticle separation and, thus, is sensitive to the
chemical environment of the particle and its interaction
with its surroundings.3¢5052 As shown in the following,
nanoparticle-containing multilayers with a sufficiently
small interparticle distance produced a strong appearance
of the distinctive collective resonance peak, which was
sensitive to changing the interparticle distance of gold
nanoparticles within intra- and interlayered structures.
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Gold Nanoparticle—Polymer Multilayer Films.
The fabrication of the multilayered films began with the
deposition of a first polymer bilayer on top of the gold
nanoparticle monolayer (Figure 1). Figure 5 shows the
AFM images of a gold nanoparticle array with a PAH—
PSS bilayer spin-assembled on top. A large-scale AFM
image (10 x 10 um) showed uniformity of this film with
the overall microroughness not exceeding 2.5 nm. The
higher-resolution AFM image of the same layer, Au/
(PAH—-PSS)PAH, showed a surface coverage similar to
that measured before spin assembly of the top polymer
layers. This indicated that the gold nanoparticles were
strongly attached to the surface of the PEI monolayer and
were not dissolved or washed away during the spin coating
and spin rinsing.

The surface of the Au/(PAH—-PSS)PAH film was rela-
tively rough as a result of incomplete surface coverage
with gold nanoparticles as indicated by significant surface
microroughness. As can be seen from the line scan across
the scratched film, the gold nanoparticles were covered
by a PAH—PSS bilayer, resulting in a total thickness of
nanoparticle aggregates of about 15 nm (the diameter of
12.7 nm + 2.3 nm of the PAH—PSS bilayer; Figure 5). The
PAH—PSS bilayer thickness of 2.7 nm was independently
obtained from the film areas without gold nanoparticles.
The surface microroughness decreased with an additional
deposition of the polymer bilayers. Indeed, for the sample
Au/(PAH—-PSS),,PAH, where 10 bilayers were deposited,
the multilayer film was very smooth with the micro-
roughness well below 2 nm.

UV—visible spectra of Au/(PAH—PSS),PAH multilayers
measured for 5% surface coverage of gold nanoparticles
revealed virtually constant intensity of the red-shifted
first peak appearing around 535 nm with exact positions
of 532 + 0.5, 536 + 0.5, and 538 + 0.5 nm for Au/(PAH—
PSS),PAH with nequal to 1, 3,and 5, respectively (Figure
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Figure 7. AFM topographical images of the [Au/(PAH-—
PSS)sPAH]; film, z scale is 30 nm: (a) higher-resolution image;
(b) large-scale image; and (c) the variation of the film thickness
for [Au/(PAH—PSS),PAH] for different combinations of n and
m. Two data points for m = 3 are presented for illustrative
purposes.

6). These peaks were 13—20-nm red-shifted compared to
the gold nanoparticle solution (519 nm). This red shift
was usually observed for the gold nanoparticles coated
with a polymer layer or dissolved in different solvents
and is caused by changing the dielectric environment.5354
For a matrix with a large refractive index, the position of
the surface plasmon band would shift to a longer wave-
length.2°With increasing the bilayer number, thicker films
covering the gold nanoparticle resulted in the further red
shift of the adsorption peak. It should be noted that the
second peak for the Au/(PAH—-PSS),PAH multilayers
changed similarly (Figure 6). With a larger number of
polymer layers deposited on the gold nanoparticles, the
intensity increased and the peak was further red-shifted.
This can also be explained by the changing interparticle
interaction because of the added dielectric layers. How-
ever, collective resonance was much more sensitive to the
environment composition because red shifting was more
pronounced with the position changing from 630 to 720
nm (Figure 6). Finally, a strong absorption peak appearing
around 225 nm was caused by the contribution from the
PSS chains and was used here for the independent control
of polymer layer deposition.3” The linear increase of that
peak with the number of deposited layers was another
strong evidence of the multilayer fabrication despite sparse
arrangement of the gold nanoparticles.

(53) Mayya, K. S.; Schoeler, B.; Caruso, F. Adv. Funct. Mater. 2003,
13, 183.

(54) Huang, S.; Minami, K.; Sakaue, H.; Shigubara, S.; Takahagi, T.
J. Appl. Phys. 2002, 92, 7486.
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Figure 8. Top: UV-visible extinction spectrum of the [Au/
(PAH—PSS),PAH]; film with 22% gold nanoparticle surface
density with three major adsorption bands marked. Bottom:
a linear increase of the absorption at 225 nm with the bilayer
number n.

As a next step, we fabricated multilayered films con-
taining two and three gold layers designed as presented
in Figure 1. Both large-scale and higher-resolution AFM
topography images of [Au/(PAH—PSS)sPAH)], films with
a high density of gold nanoparticles possessed a micro-
roughness of 4 nm within 1 x 1 um surface areas and a
film thickness of 40 nm. The thickness of the multilayered
films [Au/(PAH—PSS),PAH],, changed linearly with the
number of polymer bilayers for different combinations of
gold nanoparticles and polymer layers for larger n (Figure
7). Deviations from linear behavior observed for a small
number of bilayers can be explained by partially filling
the polyelectrolyte into the empty space between the gold
nanoparticles. The linear increase is a strong evidence of
the formation of the multilayered structure in the films.
The slope of the thickness dependence upon a number of
polymer bilayers gives the average PAH—PSS bilayer
thickness of 3.2 nm in the [Au/(PAH—PSS),PAH]; film
for larger n. This value is close to the estimated thickness
of the first bilayer (2.7 nm as discussed previously) and
corresponds to the results of ellipsometry measurement
of (PAH—PSS), multilayers, which were spin-assembled
without gold nanoparticles.?

The UV-—visible spectrum of the gold nanoparticle—
polymer films with a high density of gold nanoparticles
(22% surface coverage) is shown in Figure 8. Three clear
peaks can be obviously observed for the [Au/(PAH—
PSS),PAH]; film. The peak at 225 nm showed a linear
increase of the PSS material with increasing number of
deposited bilayers (Figure 8). The intensity of strong
plasmon resonance of individual nanoparticles at 540 nm
was twice that for [Au/(PAH—PSS),PAH] films with a
single gold nanoparticle layer, which indicates good
reproducibility in the deposition of the second gold-
containing layer. The strong collective resonance peak
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Figure 9. Top: UV-visible extinction spectra of [Au/(PAH—
PSS),PAH]; films with high gold nanoparticle density (22%
surface coverage), with n equal to 1, 2, 3, and 4. These spectra
can be fitted with three Lorentzian peaks, as shown for n = 1.
Bottom: the variation of the plasmon resonance peak positions
and the intensity ratio (the intensity of the second to first
plasmon peak).

appeared at 640 nm. This peak was also observed for gold
nanoparticle monolayers and was associated with inter-
particle interactions within the layer (intralayer reso-
nance). One can expect that an additional contribution
associated with additional interactions between the gold
nanoparticles located in adjacent layers (interlayer reso-
nance) can be detected for some multilayer combinations.
To the best of our knowledge, such a separate contribution
was not experimentally observed for such small nano-
particles probably as a result of the masking by very strong
intralayer resonance. Thus, we fabricated a series of
multilayers with an increasing number of polymer bilayers
between gold intralayers to ensure different intra- and
interlayer spacings that can be instructive in the separa-
tion of inter- and intralayer resonance contributions.

The UV spectra of the [Au/(PAH—PSS),PAH], multi-
layers with two layers containing 22% gold nanoparticle
separated by the polymer interlayer with different thick-
nesses (n varied from 1 to 4, which corresponds to the
thickness changing from 3.3 to 13.5 nm) showed two clear
major peaks with a significant long-wavelength contribu-
tion around 800 nm that appeared during fitting analysis
(Figure 9). Similar results were obtained for films
containing three gold nanoparticle layers [Au/(PAH—
PSS),PAH]s. A plasmon band of isolated gold nanoparticles
in these films was further red-shifted as a result of the
presence of additional polymer layers and appeared around
548 nm. The collective plasmon resonance peak appeared
in the range of 630—640 nm, as was observed before. This
peak is very broad with a long-lasting right shoulder
(Figure 9).
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Figure 10. Top: UV—visible extinction spectra of [Au/(PAH—
PSS),PAH]: films with medium gold nanoparticle density (15%
surface coverage), with n equal to 0, 1, 2, 3, 4, and 5. Bottom:
the variation of the plasmon resonance peak positions and their
intensity ratio (the intensity of the second to first plasmon peak).

Similar spectrawere observed for the [Au/(PAH—PSS),-
PAH], filmwith a lower concentration of gold nanoparticles
(Figure 10). For the film with a single polymer layer
between the two gold nanolayers (n = 0), we observed a
very strong plasmon peak at 656 nm with its intensity 8
times higher than the intensity of individual plasmon
resonance. Increasing the separation between gold-
containing nanolayers caused decreasing intensity and a
blue shift of this peak (Figure 10). The position of this
maximum and its intensity became similar to that
observed for the gold nanoparticle monolayer only when
the distance between layers increased above the distance/
diameter ratio of 2:1.

Toclarify this behavior and verify the nature of observed
long-wave resonance, several new [Au/(PAH—PSS),PAH],
films with gold layers separated by three polymer layers
(about 7-nm thick) were prepared by using solutions with
different concentrations of gold nanoparticles (Figure 11).
Indeed, only an individual plasmon peak was observed
for the multilayers with an average intralayer distance/
diameter ratio between 4:1 and 7:1. Obviously the very
low overall concentration of gold nanoparticles was not
sufficient to generate any collective resonances. For
multilayers with a higher concentration of gold nanopar-
ticles (distance/diameter ratio of 3:1 and lower), an
additional contribution in the range of 600—660 nm
showed up with a clearly separated second, red-shifted
peak appearing for a gold nanoparticle content of 15%
and higher (distance/diameter ratioof 2.5:1and 2:1; Figure
11). The optical data obtained for selected [Au/(PAH—
PSS),PAH]; films followed the general trends described
previously.

However, what is more important is the clear appear-
ance of a long-wavelength contribution for a higher con-
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Figure 11. Top: UV—visible extinction spectra of [Au/(PAH—
PSS),PAH]; films with different gold nanoparticle densities.
Bottom: the variation of the plasmon resonance peak positions
and their intensity ratio (the intensity of the second to first
plasmon peak).

centration of gold nanoparticles, which showed up as a
wide peak at 780—790 nm similarly to that which appeared
on the fitting result in Figure 9 (Figures 9—11). The
maximum contribution of this additional peak (reaching
up to 40% of the integral intensity) was revealed for the
multilayered film with two polymer bilayers between gold
layers. This contribution decreased for both smaller and
larger separations of gold layers to below 20% of the
integral intensity, suggesting that the optimized inter-
layer distance of about 6 nm is required to enhance the
appearance of interlayer resonance for the films studied
here. These changes (intensity and maximum position),
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directly related to the variation of the interlayer spacing
while the intralayer spacing remains unchanged, directly
suggest the presence of a strong contribution from
interparticle resonances between gold nanolayers in ad-
dition to the intralayer resonance discussed previously.
This phenomenon confirms the suggestion made previ-
ously on the presence of the independent contribution
originating from collective resonance between gold nano-
particles, which belong to different interlayers in the
multilayer films (interlayer collective resonances) in ad-
dition to the usually observed intralayer collective reso-
nances.

Film Microstructure and Optical Properties. The
results on optical properties presented previously can be
understood considering the real microstructure of gold
multilayers derived from AFM data. The sketch of the
[Au/(PAH—-PSS),PAH]; film with the distance/diameter
ratio of 2:1 is presented in Figure 12. The formation of
bilayered gold films with incomplete surface coverage and
a small number of polymer bilayers between inevitably
goes through a stage of “filling” the “empty” space available
within the first deposited gold nanoparticle monolayer.
In this case, the polymer layers form shells around gold
nanoparticles with the thickness controlled by a number
of bilayers in the manner presented in Figure 12. The
estimated total thickness of the two-layer gold nanopar-
ticle film with three polymer layers between them and
parameters obtained from experimental data is about 32
nm, which is fairly close to the experimental result of 38
nm (Figure 7).

For this microstructure, the distance/diameter ratio is
determined by the equation 1 + nL/D, where L is the
thickness of a polymer layer and D is the diameter of the
gold nanoparticles. Considering that, for a small number
of layers, the thickness of the individual polymer layer is
about 1.4 nm, we can estimate the distance/diameter ratio
for this microstructure to be close to 1.3:1. For this ratio,
a strong collective resonance contribution in the range of
800 nm was both predicted theoretically and observed
experimentally for metal nanoparticles with larger di-
ameters.?855 In thicker films, a gradual increase of the
separation between gold-containing layers causes an
increasing distance/diameter ratio to values close to the
intralayer values and, thus, gradual disappearance of this
contribution for thicker films. Itis obvious that achieving
a higher nanoparticle density and reaching its theoretical
percolation limit of 55% for two-dimensional systems of
short-range ordered spherical objects®7 should resultin

Figure 12. Microstructure of the film composed of two gold nanoparticle layers separated by three polymer layers, [Au/(PAH—
PSS).PAH],, demonstrating different distance/diameter ratios for intralayer and interlayer distances and used for the estimation
of the total film thickness. It shows that for incomplete gold nanoparticle layers the thickness of the film with two gold nanoparticle

layers is below a doubled value for a single layer.
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a much stronger interlayer collective resonance contribu-
tion and clear separation of intralayer and interlayer
contributions, which is the subject of the current inves-
tigation. Such a phenomenon, if achieved, can be critical
for optomechanical sensing applications of gold-containing
multilayer films that rely on the detection of changes of
local intralayer and interlayer microstructures.

Conclusions

In summary, organized multilayer films from gold
nanoparticles and polyelectrolyte multilayers have been
fabricated very time efficiently with LbL and SA-LbL
assembly techniques. SA-LbL films [Au/(PAH—
PSS),PAH], with different designs possessed a well-
organized microstructure with uniform surface morphol-
ogy and high optical quality. All SA-LbL films showed the
strong extinction peak in the range of 510—550 nm, which
is due to the plasmon resonance of the individual gold
nanoparticles red-shifted because of a local dielectric
environment. For films with sufficient gold nanoparticle
density within the layers (10—22%), the second strong
peak was consistently observed between 620 and 660 nm,

(55) Lal, S.; Westcott, S. L.; Taylor, R. N.; Jackson, J. B.; Nordlander,
P.; Halas, N. J. J. Phys. Chem. B 2002, 106, 5609.

(56) Kooij, E. S.; Brouwer, E. A. M.; Wormeester, H.; Poelsema, B.
Langmuir 2002, 18, 7677.

(57) Yu, A,; Liang, Z.; Cho, J.; Caruso, F. Nano Lett. 2003, 3, 1203.
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which is due to the collective plasmon resonance from
intralayer interparticle coupling. Finally, we suggested
that, under certain conditions, interlayer interparticle
resonance could be separated as an additional, indepen-
dent contribution around 800 nm in UV—visible spectra.
This observation was obtained for multilayer films with
a conventional level of the dense surface coverage (that
is, within 10—20% surface coverage). The independent
and concurrent detection of all individual, intralayer, and
interlayer plasmon resonances for carefully designed
multilayered films with a higher content of gold nano-
particles achievable with LbL assembly can be critical for
sensing applications that involve monitoring of optom-
echanical properties of these optically active films. Afirst
example of a robust, high-sensitive, free-suspended film
of this type has been recently demonstrated.58
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