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Abstract 

The spectrum of nano-sized metal (e.g. gold, silver) structures exhibits an extinction 

band in the UV-visible range, attributed to collective charge-density oscillations, denoted 

localized surface plasmon resonance (LSPR). The wavelength and intensity of the LSPR 

extinction band depends on the size, shape and distribution of the metal nanostructures, 

and is sensitive to the dielectric properties of the contacting medium. The latter change 

upon molecular binding to the metal surface, furnishing the basis for the use of LSPR 

spectroscopy for obtaining optical transducers for chemical and biological sensing.  

The response of LSPR systems is often modeled using the relationship 

  ldmP 2exp1   , where P is the signal response (e.g. wavelength shift, 

extinction change), m is the bulk refractive index sensitivity (RIS, as peak wavelength 

shift or intensity change per unit change of the refractive index of the bulk medium), Δη 

is the change in refractive index due to the adsorbate, d is the dielectric layer thickness, 

and l is the decay length of the evanescent electric field, extending from the metal 

surface.  

Both the RIS and the decay length vary considerably for LSPR transducers of different 

structures. It is self-evident that for maximum transducer response in sensing applications 

it is desired to use LSPR transducers with high RIS values. However, the issue of the 

plasmon decay length is also a major one in LSPR sensing. Use of LSPR spectroscopy in 

sensing applications requires in most cases an intermediate recognition layer of a finite 

thickness, to induce specificity toward a given analyte. Hence, to obtain optimal response 

it is necessary to consider the relationship between the decay length of the plasmon field 

and the size of the recognition interface and the specific analyte.  

In this study we systematically constructed nanostructured gold systems (gold island 

films) of various morphologies, using evaporation and thermal annealing of gold on 

transparent planar substrates (glass), and measured their decay lengths and RIS. The latter 

was achieved by applying dielectric layers of varying thicknesses on the Au islands using 

polyelectrolyte layer-by-layer (LbL) assembly. 
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The LSPR extinction band is composed of absorption and reflection components, and 

both change in response to refractive index change of the medium. We found that 

measuring the reflection rather than the commonly measured transmission affords 

significantly higher sensitivity.  

The work presented here may advance the understanding of LSPR transducers and 

optimization of LSPR sensing, and provides the basis for future work on various aspects 

of the relationship between LSPR and luminescence. 
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1 Introduction 

1.1 Localized surface plasmon resonance (LSPR) 

Nanosized metal (e.g. gold, silver) structures exhibit an extinction band in, or close to, 

the visible range, which is not present in the bulk metal spectrum. This band is attributed 

to localized surface plasmon resonance (LSPR), i.e., excitation of localized surface 

plasmons (also known as plasma polaritons).
1
 Surface plasmons are charge-density 

oscillations at the interface of two materials with dielectric constants of opposite signs 

(e.g. a metal and a dielectric). When such a surface interacts with a beam of light of the 

appropriate frequency, some photons are absorbed, and some are scattered in various 

directions. More than a century ago, Mie rigorously solved the Maxwell equations for the 

case of spherical nanoparticles (NPs) in a homogenous medium.
2
 The extinction of a 

metallic sphere in the long-wavelength, electrostatic dipole limit can be described by:
1,3
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where E(λ) is the extinction (the sum of absorption and scattering), NA is the area density 

of nanoparticles, a is the radius of the metallic sphere, εm is the dielectric constant of the 

medium surrounding the metallic nanosphere (assumed to be a real, positive, wavelength-

independent number), λ is the wavelength of the incident radiation, εi and εr are imaginary 

and real components of the metallic NP dielectric function, and χ describes the aspect 

ratio of the NP (equals to two for a sphere). For a non-spherical NP, as is most often the 

case, the LSPR spectrum will depend on the shape; nanorods, for example, exhibit two 

resonance peaks, corresponding to a longitudinal and a transverse mode.
4
 Coupling 

between the particles, depending on inter-particle spacing, is also a factor. When dealing 

with ensembles of NPs on a substrate, their spectrum will depend, in addition, on the in-

plane diameter, out-of-plane height, the substrate dielectric function, and the beam angle 

relative to the surface.
5
 Maximal extinction (i.e., the surface plasmon band) will be 

observed at a wavelength for which εi(λ) is relatively small and εr(λ) = -χεm. Thus, when 

εm varies, the extinction peak is expected to change both in intensity and in wavelength.
6
 

The extinction band is the result of two distinct phenomena, absorption and reflection 
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(specular and scattered), and both respond to changes in the dielectric constant of the 

adjacent medium. 

Binding on the LSPR transducer of adsorbates with a different refractive index than 

that of the environment (the latter is usually solvent or air) will induce a change in the 

plasmon peak wavelength, and usually also in the peak intensity; these changes are 

commonly referred to as the transducer response. The magnitude of the response depends 

on multiple factors, including the ones mentioned above. The response is also affected by 

the distance of the adsorbate layer from the metal – hence, a layer adsorbed on the metal 

surface will induce a stronger response than the same layer adsorbed at a certain distance 

via a spacer layer. This dependence stems from the decay of the evanescent plasmon field 

emanating from the metal structure and penetrating the surrounding medium. The decay 

depends on the physical parameters of the metal nanostructures.  

The response of LSPR transducers was found to be reasonably well described by the 

equation:
4,7,8

  

  ldmP 2exp1Δ     (2) 

where P is the transducer response (e.g. wavelength shift, extinction change); m is the 

refractive index sensitivity (RIS), i.e., peak shift or intensity change per refractive index 

unit (RIU) change; Δη is the change in refractive index due to the adsorbate; d is the 

dielectric layer thickness; and l is the field decay length.
9,10

  Although equation 2 

represents an empirical approximation of a complicated phenomenon, it is useful for 

practical purposes, and will be used throughout this work.  

 

1.2 Surface plasmon resonance (SPR) and LSPR 

In surface plasmon resonance (SPR), a phenomenon closely related to LSPR, a surface 

plasma wave propagates at the interface of a continuous metal film and a dielectric. SPR 

has been exploited in commercial devices to study e.g. protein-protein binding kinetics, 

usually in the attenuated total reflection (ATR) configuration, monitoring the shift of the 

angle or wavelength of the resonance as a result of refractive index change.
11

  



11 

 

 

 

 

Compared to LSPR, SPR sensors show a much higher RIS (on the order of 10
4
 

nm/RIU vs. ca. 10
2
 nm/RIU in LSPR) and a much larger decay length (hundreds of nm 

vs. several to tens of nm in LSPR). All things being equal, a higher RIS means a larger 

response to the same amount of adsorbate. However, a larger decay length, i.e., a greater 

sensing volume, implies a smaller response for the same amount of adsorbate, as the 

latter occupies a smaller fraction of the total sensing volume. Moreover, the large sensing 

volume of SPR sensors means that they are sensitive to temperature variations in the 

contacting medium (e.g. the solvent), and require precise temperature control; LSPR 

sensors do not share this drawback. SPR sensors show a relatively low spatial resolution, 

as the surface waves propagate a certain distance (on the order of microns), whereas even 

single nanoparticles have been shown to function as LSPR sensors.
12,13

 

Taken together, it can be summarized that LSPR sensors compensate for the lower RIS 

with a smaller decay length. It is therefore generally accepted that the overall sensitivity 

of SPR and LSPR to common analytes, such as biological molecules, is similar.
14

 On the 

other hand LSPR offers noted advantages such as simplicity and significantly lower cost.
1
  

 

1.3 Types of LSPR transducers 

Several kinds of LSPR transducers are common in current research.
4
 First, there are 

colloids of metal nanoparticles (NPs), usually synthesized via wet-chemistry routes. 

These offer two modes of sensing: changes in the extinction band due to NP aggregation 

or de-aggregation (inter-particle mode), or changes in the dielectric environment of the 

NPs (intra-particle mode), without necessarily changing the inter-particle spacing.
15

  

Second, there are surface based transducers. These can be fabricated using a variety of 

methods: chemical immobilization of solution-synthesized NPs on substrates; top-down 

lithography, such as electron-beam lithography or focused ion-beam lithography; 

nanosphere lithography (NSL) leading to triangular metal particles on the substrate;
3
 and 

vacuum deposition of nanostructured metals on substrates, using thermal evaporation, the 

method used in this work.
16

 In surface-based transducers on rigid substrates (e.g., glass), 
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only the intra-particle modes are relevant, as the NPs are immobile and the film 

morphology is not expected to change. 

A variety of metals exhibit LSPR in the visible spectral region, such as silver, gold, 

copper and aluminum.
12,17,18

 Although silver typically boasts high sensitivities, it requires 

a protective layer to avoid tarnishing;
19

 while gold is inert in regular atmosphere. In the 

present work gold was used for fabrication of the LSPR transducers.  

 

1.4 LSPR in sensing applications 

The sensitivity of LSPR transducers to their dielectric environment can be exploited 

for sensing purposes. Work performed in our group and elsewhere employed slides 

covered with nanostructured gold films for biosensing. Typically, a recognition layer is 

first immobilized on the metal, e.g. a specific antibody, and the LSPR spectrum is 

recorded. The slide is then exposed to the sample solution. If the solution contains the 

specific analyte (e.g., an antigen), it will bind to the recognition layer, and a change in 

spectrum will be detected.
20,21

 

In such a scenario, both the RIS and the decay length of the evanescent field play a 

crucial role in determining the transducer sensitivity toward the specific analyte. While 

the quest for maximal RIS is straightforward, the issue of the decay length is more 

complex. Binding of the analyte takes place at a certain distance from the metal surface, 

determined by the dimensions of the recognition layer and the analyte. If the decay length 

is small, the evanescent field at the binding location may be weak, effecting a weak 

response to the binding event. If, on the other hand, the decay length is large, the analyte 

layer may occupy a small fraction of the sensing volume, leading, again, to a weak 

response. Thus, for optimal response the decay length needs to be tailored to the specific 

application.
22

 These considerations are illustrated in Figure 1. 
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Figure 1. Schematic representation of an antibody-antigen binding event on a gold island (sizes are not to 

scale). The evanescent field is represented by the red gradient. Left – the decay length is small, and 

binding takes place outside the main sensing volume; center – the decay length is large, and the binding 

event influences a small part of the sensing volume; right – an optimal situation for this system.   

 

The issue of the decay length in LSPR systems has been investigated by several 

groups. In work performed by our group, coordination-based multilayers of varying 

thickness were adsorbed onto evaporated gold island films and the distance sensitivity 

studied.
21

 Distance dependence was also studied by Van Duyne and coworkers, who 

examined a system of triangular silver nano-islands, fabricated using nanosphere 

lithography;
3
 the response to adsorbed layers, seen as a red-shift in the extinction peak, 

was found to be linear in the short range (several nm),
23

 and exponentially decaying in 

the medium range (tens of nm).
24

 In another work it was found that in the long range 

(hundreds of nm) the response to adsorption of additional layers oscillates between a red 

shift and a blue shift.
25

 To our knowledge, no systematic work has been published on 

thermally-evaporated Au island films, particularly on the relationship between physical 

parameters (e.g. average island size) and sensing parameters (decay length and RIS). 

As noted above, both the absorption and reflection are expected to change upon 

molecular binding to LSPR transducers, hence either the extinction (i.e., the sum of the 

absorption and reflection) or the reflection, can be monitored. The extinction (i.e., the 

ratio of incident to transmitted light, expressed in log units) has been widely used to 

monitor adsorption of analytes, by our group
16,26

 as well as others.
1,12

 Reflection 

measurements have been used more rarely, with non-transparent systems, such as gold on 

polystyrene beads on a gold surface,
27

 metal island coated swelling polymer on a thick 

gold film,
28

 and silver island films on silicon.
29

 Lin and coworkers studied internal 

reflection of LSPR, for metal NPs on the length and distal ends of optical fibers.
30,31

 

Work done with bio-conjugated gold colloids suggested higher sensitivity using scattered 
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vs. transmitted light.
32

 To the best of our knowledge no work dealing with external 

reflection measurements of transparent substrates, or a comparison of transmission vs. 

reflection measurements in terms of sensitivity, has been published on metal 

nanostructured surfaces. 

 

1.5 Polyelectrolyte layer-by-layer (LbL) deposition 

A common technique in nanomaterials research is layer-by-layer (LbL) deposition, in 

which a supra-molecular structure is built in a stepwise fashion. Various methods for 

binding between individual layers have been used; for example, work performed by our 

group employed coordination chemistry.
33

 In the present work we have used the 

polyelectrolyte LbL approach introduced by Decher and coworkers, involving alternate 

binding of oppositely-charged polyelectrolyte layers, which bind through electrostatic 

interactions.
34

 This widely-used approach is noted for its simplicity and repeatability.
35,36

 

The specific type of polyelectrolytes, in combination with the deposition conditions, 

determine whether the layers will grow in a linear fashion (same thickness for every bi-

layer, as done in the present work), or exponentially.
37

 The high alternating surface 

charge following each deposition enables incorporation of species other than polymers in 

the polyelectrolyte multilayers, e.g., metal NPs (stabilized by charged species such as 

citrate anions), or ionic dye molecules.
38

 The thickness of each layer strongly depends on 

the ionic strength of the deposition solution, with higher ionic strengths resulting in 

thicker layers.
39,40

 This is assumed to be due to the polymer adopting a more globular and 

dense conformation in a medium of high ionic strength that masks the polyelectrolyte 

intrinsic charges, and a more spread-out conformation to achieve extended charge 

separation when the ionic strength is low. In the case of LbL deposition on a flat solid 

substrate, layers are commonly constructed by immersing the substrate in the 

polyelectrolyte solution for several minutes up to an hour. A spraying method has also 

been developed, showing advantages (e.g., higher deposition speed) and disadvantages 

(e.g. higher roughness).
41
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2 Research Goals 

2.1 Adapt the LbL method to gold island films 

The objective of this part of the work is to apply the well-known approach of LbL 

polyelectrolyte multilayer deposition, as described above, to the gold island system. This 

entails establishing the linearity of layer growth, and measuring the thickness of the 

layers using spectroscopic ellipsometry (this was done on continuous gold films). 

 

2.2 Measure the decay length 

The objective of this part, and the central goal of this work, is to determine the decay 

length of island-type gold films with different morphologies. From previous work in the 

field, we assume that larger islands (the result of higher nominal thickness during 

evaporation) would have larger decay lengths, but no figures are available for our type of 

system, and no systematic data set is available for any NP LSPR system. This part is 

carried out using the LbL procedure to obtain dielectric coatings of well-defined 

thicknesses. The RIS of the various island-type films is also determined as a key figure in 

the characterization of such films and their application. 

 

2.3 Reflection vs. transmission measurements 

To optimize the sensitivity, we will simultaneously examine the response of the three 

optical components, i.e., transmission, reflection and absorption, to find out which 

measurement mode affords the highest sensitivity to molecular adsorption. The 

information collected during these measurements can also assist in advancing theoretical 

understanding of the LSPR phenomenon. At later stages we will measure and compare 

other parameters of the different measurement modes, such as the decay length. 

 

2.4 Optimization of LSPR transducers 

Having performed systematically the measurements described above for a variety of 

island films of different structures, we will search for relations between values such as 
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film morphology, the decay length, the RIS, and the plasmon peak wavelength. Based on 

these relationships we wish to derive schemes for rational design of island film 

transducers for sensing applications. 

 

3 Results 

3.1 Experimental 

3.1.1 Materials 

In this work gold films were vapor-deposited on glass or quartz substrates. The glass 

slides used were microscope glass cover-slides (Schott AG borosilicate glass D263T No. 

3, 22x22 mm, with Tg≈557 °C, supplied by Menzel-Gläser, Germany), cut to 22x9 mm. 

Quartz slides (Heraeus Quarzglas, Germany) were 37x12x1 mm. Gold (99.99%, Holland-

Moran, Israel); polyallylamine hydrochloride (PAH) (56 kDa, Sigma Aldrich); 

polystyrene sulfonate, sodium salt (PSS) (70 kDa, Polysciences Inc., Warrington, PA, 

USA); sodium chloride (Frutarom, Israel); methanol (anhydrous, Mallinckrodt); ethanol 

(anhydrous, Gadot or Biolab, Israel); heptane (anhydrous, Aldrich); chloroform (Gadot, 

Israel); toluene (Gadot); 3-aminopropyl trimethoxysilane (APTS) (Aldrich); H2SO4 (AR, 

Gadot); H2O2 (30%, Frutarom); and ammonium hydroxide (Frutarom), were used as 

received. Nitrogen was in-house supply from liquid N2. All solutions were prepared using 

triply-distilled water.  

 

3.1.2 Gold film substrates 

Two types of gold films were used, continuous and discontinuous (i.e. island-type). 

The two preparation procedures are detailed below. 

 

3.1.2.1 Continuous gold films 

The slides were cleaned in freshly-prepared Piranha solution (H2O2: H2SO4, 1:3 by 

volume; it is extremely corrosive, and boils upon mixing) for 1 h, and washed with 

deionized water, then with triply distilled water, and finally with EtOH. The slides were 
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then treated with “RCA” solution (H2O : NH4OH : H2O2, 5:1:1 by volume) at approx. 

70°C for 1 h, to hydroxylate the surface, and coated with a monolayer of APTMS by 

overnight immersion in 10% APTMS (by volume) in MeOH. APTMS layers have been 

known to improve the adhesion of gold evaporated on glass substrates.
42

 The slides were 

then washed in MeOH, sonicated in MeOH three times (5 min each), washed in EtOH 

and dried under a nitrogen stream. 24 slides were placed on a plate, which was mounted 

in a cryo-HV evaporator (Key High Vacuum) equipped with a Maxtek TM-100 thickness 

monitor (based on a Quartz Crystal Microbalance, QCM). The chamber was evacuated to 

a pressure of 2-3x10
-6

 torr, and gold was evaporated on the slides from a resistively-

heated tungsten boat. The plate was rotated during evaporation to achieve homogenous 

deposition on the slides. 20 to 100 nm gold were deposited at a rate of 0.1 nm/sec. The 

slides were removed from the evaporator and placed in a pyrex dish for thermal annealing 

in a Ney Vulcan 3-550 furnace. The slides were heated to 200 °C at a rate of 5 °C/min 

and annealed for 20 h at 200 °C, then left to cool to room temperature inside the furnace. 

Gold films prepared using this procedure are smooth and can be studies by various 

surface techniques. The lower thickness films (e.g., 20 nm) are semi-transparent and are 

suitable for transmission spectroscopy.
42

 

 

3.1.2.2 Discontinuous (island-type) gold films 

Glass slides (see section 3.1.1) were cleaned and mounted in the evaporation chamber 

following the procedure detailed in section 3.1.2.1. Gold was evaporated on the slides as 

detailed in section 3.1.2.1, at a deposition rate of 0.01 nm/sec, to nominal thicknesses of  

3 to 10 nm. As these gold films are discontinuous, the nominal thickness (also known as 

the mass thickness) represents the theoretical thickness of a continuous gold film with the 

same total mass, and is the value recorded directly by the QCM thickness monitor. 

Following evaporation, the slides were annealed as detailed in section 3.1.2.1 for 10 h at 

580°C (5 °C/min heating rate), then left to cool to room temperature inside the furnace. 

The high-temperature annealing stabilizes the gold islands on the glass, as previously 

shown by our group.
43
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3.1.3 Polyelectrolyte LbL assembly 

For the LbL procedure we used 1.0 mM polyelectrolyte solutions (concentration 

calculated with respect to the monomer, corresponding to 0.093 mg mL
-1

 PAH and 0.206 

mg mL
-1

 PSS) in 1.0 M or 0.1 M NaCl in water. Slides (of either gold film type) were 

cleaned for 10 min in a UV/Ozone apparatus (UVOCS Inc. model T10*10/OES/E), with 

the gold side facing the UV lamps. The slides were then washed for 20 min in EtOH,
44

 

and dried under a nitrogen stream. A slide to be coated was alternatingly immersed in 

vials containing the polyelectrolyte solutions for 15 min each, starting with PAH, as the 

amine group binds to the gold surface. After each adsorption step, the slide was rinsed 

with water, dipped into a solution of equal ionic strength (either 1.0 M or 0.1 M NaCl, in 

water), and immersed in the other polyelectrolyte solution. Figure 2 shows a schematic 

presentation of the adsorption procedure. After a certain number of bilayer assembly 

steps the slide was washed, dried under a nitrogen stream, and measured using 

ellipsometry or spectrophotometry. Following the measurement, the LbL procedure was 

resumed. The adsorption and measurement process was carried out in a climate-

controlled laboratory, at a temperature of 22.5±1.0 °C and a humidity of 50±5 %. 

 

 

Figure 2. Schematic representation of the polyelectrolyte Layer-by-Layer (LbL) adsorption procedure. 
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3.2 Characterization methods  

3.2.1 UV-vis spectrophotometry 

UV-visible spectra were measured in the transmission and specular near-normal 

reflection modes using a Varian Carey 50 Probe UV/Vis spectrophotometer (for the 

reflection measurements a special home-made attachment was used). Measurement 

parameters: wavelength resolution, 1 nm; scan rate, 300 nm/min; average acquisition 

time per point, 0.2 sec. For all-angle scattering and reflectance (total reflection) spectra, a 

Jasco V-570 UV/Vis/NIR spectrophotometer with ISV-469 Integrating Sphere module 

was used. Measurement parameters: wavelength resolution, 0.5 nm; scan rate, 200 

nm/min; average acquisition time per point, 0.15 sec. 

The spectra are usually used to determine the plasmon wavelength and maximum 

intensity, which are later plotted as a function of some other variable, e.g., number of 

adsorbed layers. The uncertainty in peak wavelength and intensity is below 1 nm and 

0.001 A.U., respectively. With this accuracy, experimental error bars are generally too 

short to be shown in the plots. 

 

3.2.2 Fluorescence 

Fluorescence measurements were carried out using a HORIBA Jobin Yvon Fluorolog-

3 spectrofluorometer, at 1 nm resolution, 0.1 sec averaging time, and 5 nm band-pass 

(excitation and emission). The samples were placed on a solid sample holder, with the 

incident light hitting the sample at 30° from the normal, and the light sensor at 60° off 

normal to the other side. 

 

3.2.3 Ellipsometry 

Polyelectrolyte film thickness on continuous gold slides was measured using an 

Angstrom Advanced PhE-102 Spectroscopic Ellipsometer, at 70° angle of incidence, in 

the spectral range 300-800 nm using 1 to 20 nm steps. The high-resolution measurements 

were used to develop a model, which was then used for analyzing the lower-resolution 

measurements. Ellipsometric data were analyzed using Film Wizard software (Scientific 
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Computing International, California, USA). In some cases a single-wavelength (632.8 

nm) Rudolph Research AutoEL IV null ellipsometer was used. 

 

3.2.4 Scanning electron microscopy (SEM) 

High-resolution scanning electron microscopy (HRSEM) images were taken using a 

Carl Zeiss Ultra-55 Ultra-high-resolution SEM. Prior to imaging, the slides were 

mounted on stubs using carbon tape, and partially coated with carbon paste, to create a 

conduction route for the electrons. Some samples (indicated where relevant) were coated 

with a thin (2 or 3 nm) layer of Cr, for improved conductivity. 

 

3.3 Preparation and characterization of gold island films 

Gold island films of 3, 4, 5, 6, 7.5, 9 and 10 nm (nominal thicknesses) on glass were 

fabricated as detailed in the Experimental. The island film slides were subsequently 

coated with either 2 nm chromium (3–5 nm Au films) or 3 nm chromium (6–10 nm Au 

films) to increase the conductivity, and imaged by HRSEM (at 15 kV, using the in-lens 

secondary electron detector).  

Figure 3 shows representative images of samples of various Au thicknesses. SEM 

images for the various nominal thickness films were analyzed using ImageJ image 

analysis software (Wayne Rasband, NIH, USA), to determine particle size distribution. 

The particles were approximated by ellipses, and the distribution of major and minor axis 

sizes for each nominal thickness is presented in Figure 4. Table 1 shows the average 

values of the major and minor axes, the average plan-view particle area, and the fraction 

of the image area covered by particles. Note that the Cr coating may have a marginal 

effect on the analysis results. With increasing nominal thickness the average island 

dimensions increase; the area coverage tends to be smaller, as gold is concentrated into 

larger islands, with a higher volume-to-area ratio. The islands are generally quite circular 

(aspect ratio, i.e., major/minor axis, close to 1.1) with a tendency toward increased 

elongation at higher nominal thicknesses. 
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Figure 3. HRSEM images of gold island film slides, of (a) – (g)  3, 4, 5, 6, 7.5, 9 and 10 nm (nominal 
thickness), respectively. Scale bars correspond to 100 nm. 
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9 nm 
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Figure 4. Distribution of the major and minor axes of the equivalent ellipses corresponding to the gold 
islands, for various nominal thickness films (indicated). 

 

Table 1. Area coverage and average dimensions of gold islands, expressed as major and minor axes of 
the equivalent ellipses, and average island area. 
Nominal 
thickness 

[nm] 

Coverage 
[%] 

Average 
major axis 

[nm] 

St. dev. 
[nm] 

Average 
minor axis 

[nm] 

St. dev. 
[nm] 

Aspect ratio, 
major/minor 

Average 
island area 

[nm
2
] 

St. dev. 
[nm

2
] 

3 49.8 22.3 4.9 20.1 4.5 1.11 368 152 

4 50.2 27.1 6.6 23.8 5.9 1.14 535 242 

5 40.9 34.2 9.6 31.1 8.7 1.10 898 497 

6 52.0 39.9 10.6 35.7 10.3 1.12 1200 642 

7.5 36.5 73.5 22.2 64.3 18.2 1.14 4014 2134 

9 35.1 79.0 30.4 66.9 23.2 1.18 4669 3052 

10 31.3 113.5 41.1 92.4 28.3 1.23 9059 5469 

 

Using a MATLAB script that we wrote for the task, the average distance between gold 

islands was calculated, defined as the average distance between the particle centers, to the 

four nearest neighbors. This calculation was based on the same SEM images used for 

particle size analysis. The results are presented in Table 2; the average inter-particle 

distance grows with increasing nominal thickness, while the standard deviation also 

increases substantially with thickness 

. 
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Table 2. Mean inter-particle average distance. 

Nom. thick. 
[nm] 

Average distance 
[nm] 

St. dev. 
[nm] 

3 27.3 4.2 

4 32.6 4.8 
5 46.1 8.9 
6 48.3 7.7 

7.5 105.4 18.8 
9 111.7 22.1 

10 168.7 27.8 

 

Figure 5 shows representative extinction spectra of these slides (bare gold, annealed, 

see Experimental), and the wavelength of the extinction peak vs. the average island 

dimension, for the various nominal thicknesses. The spectra show a distinct plasmon 

extinction peak in the visible range, with increasing intensity for larger nominal 

thicknesses (larger islands), as expected from the simple Mie relationship. The 

wavelength of the plasmon maximum remains fairly constant (with some fluctuations) for 

islands up to 6 nm, and for larger islands the peak gradually shifts to longer wavelengths 

with island average size. This shift of the plasmon peak corresponds to the change of the 

average island aspect ratio (Table 1), as predicted theoretically
45

 and shown 

experimentally.
46

 

 

  

Figure 5. Left - representative extinction spectra of glass slides coated with gold islands films, for 
various nominal thicknesses; right – the gold plasmon peak wavelength as a function of the average 
major axis of the gold islands; nominal thicknesses are marked. 
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3.4 Establishing the Layer-by-Layer method 

3.4.1 Linear growth of polyelectrolyte multilayers 

A prerequisite for the use the polyelectrolyte LbL assembly for the construction of 

dielectric layers of a known and predictable thickness is that every deposition cycle 

(PAH/PSS) add the same amount of material, even after numerous cycles. To test this 

assumption polyelectrolyte layers were adsorbed (from 1.0 mM polyelectrolyte solutions 

in 0.1 M aqueous NaCl, see below) onto quartz slides coated with a 20-nm-thick 

continuous gold film. Polystyrene sulfonate has two absorption peaks in the UV range 

attributed to the aromatic ring, at 194 nm and 227 nm. The slides were therefore 

measured by transmission UV-vis spectrophotometry and also by spectroscopic 

ellipsometry.  

It was suspected that drying the slides (for measurements) might affect further 

deposition, therefore the slides were measured at different intervals: slide No. 1 (“s1”) 

was dried and measured after 10, 20, 30, and 40 layers (corresponding to 5, 10, 15 and 20 

bilayers, or deposition cycles); No. 2 (“s2”) – after 20, 30 and 40 layers; No. 3 (“s3”) – 

after 30 and 40 layers; and No. 4 (“s4”) – only after 40 layers.  

Figure 6a shows the change in the extinction (vs. bare gold) for slide No. 1 in the 

measured spectral range; while there are sharp positive extinction peaks in the UV range, 

there is mild negative extinction in the visible range. The latter is attributed to the anti-

reflective nature of the coating in this range. Figure 6b shows the change in extinction 

(vs. bare gold) for all four slides. Clearly, drying the slides during the LbL process has no 

effect on the extinction peaks. The latter indicates that drying does not affect the amount 

of deposited material and does not irreversibly change the film structure. Figure 6c 

presents the peak intensity at 194 nm and 650 nm vs. number of layers, showing a linear 

growth of the polyelectrolyte multilayer. 
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c 

 

 

Figure 6. (a) Change of the spectrum (reference: 
bare gold) with the number of polyelectrolyte 
layers for one slide; (b) Change of the spectrum 
(reference: bare gold) with the number of 
polyelectrolyte layers for the four slides; (c) 
Change of the extinction maximum of one slide 
at two wavelengths (indicated). 

 

3.4.2 Thickness of polyelectrolyte multilayers 

The literature on the subject indicates that the thickness of each polyelectrolyte layer 

depends on the adsorption conditions, primarily on the ionic strength of the deposition 

solution.
39

 To examine the effect of salt concentration on layer thickness, two 

concentrations were used for the deposition solutions, 1.0 M and 0.1 M NaCl.  

 

3.4.2.1 High salt concentration: 1.0 M NaCl 

Polyelectrolyte layers were adsorbed on 20-nm-thick, continuous gold film evaporated 

on amino-silanized glass slides, using 1.0 M aqueous NaCl solutions containing 1.0 mM 

(monomer) polyelectrolyte (PAH or PSS). The slides were dried and the thickness 

measured using the spectroscopic ellipsometer, after 2, 6, 10, 14, 20, 30 and 40 layers 

(two slides each), and after 4, 8, 14, 20, 30 and 40 layers (two slides each). Figure 7 (left) 

shows an example of ellipsometric results. The thickness of the polyelectrolyte 
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multilayers was determined (using the Film Wizard software) and plotted as a function of 

the number of layers. Figure 7 (right) presents the film thickness of each sample 

(calculated from the ellipsometry data) as a function of the number of layers, with a linear 

regression line (R
2
 = 0.99897). Using the regression, it was calculated that each bilayer 

(PAH/PSS) is 4.10 ± 0.03 nm thick.  

 

  

Figure 7. Left: typical spectroscopic ellipsometry measurements; note the change in the ellipsometric 
spectra upon multilayer formation. Right: Ellipsometrically calculated thickness vs. number of 
polyelectrolyte layers, deposited from aqueous solutions of 1.0 mM polyelectrolyte in 1.0 M NaCl. The 
line is a linear regression. 

 

Gold island slides were also coated with LbL polyelectrolyte films. Figure 8 shows an 

HRSEM image of 10 nm (nominal thickness) gold islands (annealed 10 h at 550 °C), 

coated with 16 layers (8 pairs) of PAH/PSS from a 1.0 M NaCl deposition solution. The 

samples were coated with 3 nm Cr to increase the conductivity, and imaged at 10 kV. 

Visual measurement of the polyelectrolyte layer thickness gives an average value of 30 ± 

2 nm, in good agreement with the value of 32.8±0.3 nm for 8 bilayers extracted from the 

ellipsometric results in Figure 7. The images show that the polyelectrolyte multilayers 

form a conformal coating on the gold islands. (Note: These results were obtained by 

Alexander B. Tesler and Tatyana A. Bendikov.
43

) 
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Figure 8. High-resolution SEM images of a gold nano-island film on a glass substrate (10 nm Au nominal 
thickness, annealed 10 h at 550 °C). (a) Plan-view of the pristine Au nano-island film. (b) Plan-view, and 
(c, d) isometric projection (20° tilt), of the nano-islands coated with a polyelectrolyte multilayer (8 pairs 
of PAH/PSS), prepared in 1.0 M NaCl. Samples (b-d) were coated with 3 nm Cr and scanned using the (b, 
c) in-lens SE and (d) standard SE detectors at 10 kV; sample (a) was uncoated, and imaged at 2 kV using 
the SE detector. The samples were prepared and imaged by Alexander B. Tesler and Tatyana A. 
Bendikov.

43 
 

3.4.2.2 Low salt concentration: 0.1 M NaCl 

Polyelectrolyte layers were adsorbed from solutions of 1.0 mM polyelectrolyte (PAH, 

PSS) in 0.1 M NaCl, on quartz slides coated with a 20-nm-thick continuous gold film 

(results described in section 3.4.1), and on 20-nm-thick continuous gold film on glass 

slides. The results described in this section correspond to the films on glass. 

The slides were dried and measured by spectroscopic ellipsometry after 2, 4, 6, 10, 12, 

14, and 20 layers (two slides each), and after 10, 12, 14, and 20 layers (two slides each). 

The thickness of the polyelectrolyte multilayers was determined (using Film Wizard 

software) and plotted as a function of the number of layers. Figure 9 shows the data 

points and a linear regression line (R
2
 = 0.99531). Using the regression, it was calculated 

that each bilayer (PAH/PSS) is 2.09 ± 0.03 nm thick. This value was used throughout the 

work. 
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The ellipsometric analysis also provided a value of ca. 1.56 for the index of refraction 

of the polyelectrolyte multilayer in the visible range. 

In the rest of this work, only 0.1 M NaCl concentration was used for polyelectrolyte 

deposition solutions, as it provides finer control over the dielectric layer thickness. Based 

on the results in Figure 8, we assume that the thickness of the polyelectrolyte layers on 

gold island films is the same as that on continuous gold substrates determined by 

ellipsometry. 

 

Figure 9. Ellipsometrically calculated thickness vs. number of polyelectrolyte layers, deposited from 
aqueous solutions of 1.0 mM polyelectrolyte in 0.1 M NaCl. The line is a linear regression. 
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3.5 Decay length 

To find the decay length for the various Au island films, polyelectrolyte multilayers 

were deposited, and transmission spectra were measured after binding of each bilayer. 

The adsorption solutions comprised 1.0 mM PAH or PSS (calculated for monomer 

concentration) in 0.1 M NaCl solution prepared with triply-distilled water. For each 

nominal thickness four slides were measured. The LbL assembly was carried out until the 

characteristic parameters (plasmon peak wavelength and intensity) showed a clear 

tendency to stabilize.  

Figure 10 shows a representative set of data for a 3 nm (nominal thickness) Au island 

slide, covered with polyelectrolyte multilayers of increasing thickness. The plasmon peak 

wavelengths and extinction intensity, extracted from the raw data (Figure 10a), are 

plotted vs. number of layers (Figure 10b). Figure 10c and 10d present, respectively, the 

plasmon peak wavelength and intensity vs. layer thickness, as well as exponential fit to 

Equation 2 (Introduction), to determine the decay length for wavelength and extinction. 

Hence, given the experimentally measured P (the response, as wavelength shift, Pλ, or 

extinction intensity change, Pext) and d (polyelectrolyte multilayer thickness), the 

regression provides the decay length l for wavelength (lλ) or intensity (lext), as well as the 

product mΔη of the refractive index sensitivity (RIS), m (mλ or mext) and the difference in 

refractive index between the medium (air, in this case) and the dielectric layer, Δη. As the 

refractive index of the dielectric layer is 1.56 (measured independently by ellipsometry, 

section 3.4.2.2) and hence Δη=0.56, the RIS for both wavelength and extinction can be 

extracted from the same data. (Note that the RIS is measured independently in section 

3.6.) 
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c 

 

d 

 

Figure 10. Representative data for 3 nm (nominal thickness) Au island film: (a) extinction spectra for 
polyelectrolyte coatings of increasing thickness, recorded after each bilayer; (b) plasmon peak 
wavelength and intensity; (c), (d) exponential fit to the plasmon peak wavelength shift and the 
extinction intensity change, as a function of polyelectrolyte multilayer thickness. 

 

Figure 11 shows representative spectra and plasmon peaks wavelengths and intensities 

for slides coated with 4, 5, 6, 7.5, 9 and 10 nm (nominal thickness) Au island films. The 

data for these samples were treated as shown in Figure 10. Generally, with increased Au 

thickness (i.e., larger islands), thicker polyelectrolyte coatings are needed to approach 

saturation, indicating an increasing decay length. In some cases the extinction reaches a 

maximum and starts to decrease after a certain number of layers. This may be related to 

the anti-reflective effect of the multilayer, discussed above (section 3.4.1). In these cases 

only the data up to the point where the extinction begins to decrease were used for the 

exponential fit of the extinction change.  
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This treatment is justified by the fact that our approach in the present work is largely 

phenomenological and assumes that Equation 2 provides a reasonable description of the 

system’s optical response. Therefore the values of the decay length l and the RIS m 

extracted from the exponential regression are essentially empirical parameters, which are 

important in evaluating sensing capabilities. Understanding the physical basis requires a 

more elaborate approach which is beyond the scope of the present work. 
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Figure 11. Representative spectra and plasmon peak position and extinction for polyelectrolyte coatings 
of increasing thickness, recorded after each bilayer; results are shown for Au island films of various 
nominal thicknesses (indicated). 

 

Figure 12 shows a compilation of data on plasmon peak wavelength and extinction for 

all the Au nominal thicknesses studied, presented as absolute (top) and difference 

(bottom) values. Films comprising smaller islands display faster response and saturation. 

Using these data and the previously described analysis procedure based on Equation 2, 
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the decay lengths and RISs of the various films were calculated. The values and 

corresponding standard errors (Standard Error of the regression) with regard to the 

relevant parameters) are presented in Table 3. 

 

  

 
 

Figure 12. Top: typical plots showing plasmon peak wavelength and extinction, for Au island films of 
different nominal thicknesses. Bottom: plasmon peak wavelength shifts and extinction intensity 
change; the values are an average of four slides per thickness. 

 

The values for each nominal thickness were averaged, and the results are presented in 

Table 4. The standard deviation and average standard error were calculated, and the 

larger of the two is also presented in Table 4 as the uncertainty of the average decay 

length or RIS for each gold film thickness. The decay lengths are plotted in Figure 13, 

while the decay length and RISs (determined using the exponential fit) are plotted in 

Figure 14. The wavelength decay length increases with increasing island size, whereas 

the extinction decay length saturates for the larger islands (6 nm nominal thickness and 
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above). The reason for the different behavior is yet unclear and requires further study. We 

assume that the anti-reflective effect of the multilayer, as discussed above, is a major 

element. The results shown in Figure 14 are highly significant, presenting a strong 

correlation between the decay length and RIS, for both wavelength shift and extinction 

change. This point is further elaborated in the Discussion (section 4). 

 

Table 3. Decay length and refractive index sensitivity values for all studied samples. 

Nom. thick. 
[nm] 

lλ 
[nm] 

Δlλ 
[nm] 

lext 
[nm] 

Δlext 
[nm] 

mλ 
[nm/RIU] 

Δmλ 
[nm/RIU] 

mext 
[A.U./RIU] 

Δmext 
[A.U./RIU] 

3 7.7 0.7 8.8 1.3 50.7 0.7 0.316 0.018 

 6.3 0.3 7.8 1.0 50.2 1.1 0.323 0.016 

 6.0 0.2 8.3 0.6 47.9 1.6 0.346 0.009 

 5.7 0.3 7.7 0.4 48.6 0.7 0.332 0.007 

4 12.3 0.5 14.8 1.2 60.4 1.1 0.446 0.018 

 9.0 0.3 11.7 0.9 60.7 0.7 0.429 0.016 

 8.6 0.3 9.8 1.2 60.5 0.9 0.455 0.013 

 12.9 0.3 14.5 2.1 60.2 0.9 0.463 0.013 

5 10.1 0.6 12.4 1.6 57.7 1.1 0.541 0.014 

 9.9 0.6 12.8 1.4 59.8 0.9 0.548 0.014 

 10.8 0.5 13.1 1.0 62.5 1.6 0.571 0.036 

 10.2 0.4 13.1 0.9 60.0 1.6 0.554 0.018 

6 22.5 0.5 20.6 0.7 65.7 0.7 0.588 0.007 

 21.9 0.7 21.8 1.8 64.6 0.5 0.595 0.013 

 21.8 0.6 21.2 0.8 65.4 0.5 0.586 0.007 

 21.6 0.5 21.1 1.3 66.6 0.7 0.611 0.016 

7.5 21.3 0.9 19.5 1.6 68.6 1.1 0.643 0.018 

 19.5 0.8 15.7 0.8 67.9 0.9 0.611 0.011 

 27.0 0.9 19.4 1.1 77.5 0.9 0.593 0.013 

 28.9 1.0 21.8 1.4 78.0 0.9 0.611 0.013 

9 29.0 1.0 19.8 1.2 85.7 1.1 0.598 0.013 

 34.4 1.4 25.4 1.5 88.6 1.3 0.611 0.013 

 30.5 0.8 20.6 0.8 83.0 0.7 0.566 0.009 

 30.5 0.9 22.9 1.2 84.3 0.9 0.616 0.011 

10 37.7 1.7 20.4 1.3 116.1 1.8 0.427 0.007 

 43.3 3.4 16.6 1.0 108.9 1.6 0.457 0.007 

 48.0 2.4 19.8 1.0 114.3 1.8 0.486 0.011 

 44.5 2.0 18.5 0.9 116.1 3.6 0.418 0.011 
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Table 4. Average decay lengths and refractive index sensitivity values (data from Table 3). 

Nom. thick. 
[nm] 

lλ 
[nm] 

Δlλ 
[nm] 

lext 
[nm] 

Δlext 
[nm] 

mλ 
[nm/RIU] 

Δmλ 
[nm/RIU] 

mext 
[A.U./RIU] 

Δmext 
[A.U./RIU] 

3 6.4 0.9 8.2 0.8 49.3 1.3 0.329 0.013 

4 10.7 2.2 12.7 2.4 60.4 0.2 0.448 0.015 

5 10.3 0.5 12.9 1.2 60.0 2.0 0.554 0.013 

6 22 0.6 21.2 1.2 65.6 0.8 0.595 0.011 

7.5 24.2 4.5 19.1 2.5 73.0 5.5 0.614 0.021 

9 31.1 2.3 22.2 2.5 85.4 2.4 0.598 0.022 

10 43.4 4.3 18.8 1.7 113.8 3.4 0.447 0.031 

 

  

Figure 13. Wavelength (left) and Extinction (right) decay length vs. Au nominal thickness, showing four 
data points per Au thickness. The line connects the average values. Error bars represent the Standard 
Error of the regression, for the decay length. 

 

  

Figure 14. Wavelength (left) and Extinction (right) decay length and refractive index sensitivity (from 
exponential regression) vs. Au nominal thickness. Error bars represent the standard deviation of four 
samples for each Au thickness. 
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Using the statistical analysis of SEM images described in section 3.3, the relationship 

between the average Au island size and the decay length (wavelength shift) was tested. 

Figure 15 shows the decay length (wavelength shift) vs. the average Au island major axis, 

for the nominal thicknesses studied. Although the experimental error bars are quite large 

(and increase with island size), the data presented indicate a direct and strong relationship 

between the two parameters. 

 

 

Figure 15. Decay length (wavelength shift) vs. average major axis of the gold islands, for samples of 
various Au nominal thicknesses (indicated in the graph). Error bars represent the standard deviation. 

 

3.6 Refractive index sensitivity (RIS) 

3.6.1 Direct measurement of the RIS 

The refractive index sensitivity of samples of the various Au thicknesses was 

determined independently by measuring extinction spectra in a series of solvents of 

different refractive indices. The refractive index of the solvents was measured using an 

Abbe refractometer. The solvents used were (refractive index in parentheses): methanol 

(1.328), ethanol (1.359), heptane (1.386), chloroform (1.445) and toluene (1.496). The 

extinction peak wavelength and intensity were determined as a function of solvent 

refractive index. As the solvent extends to infinite distance from the Au island surface 

relative to the decay length, Equation (2) is reduced to P=mΔη, and the RIS m can be 

found from the slope of P vs. Δη using linear regression. 
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Figure 16 shows representative graphs for 4 nm (nominal thickness) Au island films, 

illustrating the procedure used for obtaining the RIS values: (a) spectra measured in the 

various solvents; (b) the wavelength of the plasmon peak vs. the medium refractive 

index, with a linear fit to determine the RIS mλ; (c) same as b for the extinction 

maximum, to determine mext. The results for all Au nominal thicknesses, using four 

samples per thickness, are summarized in Table 5 and plotted in Figure 17. 

Note that the parameters of the plasmon peak in air (η=1.00) were not included in the 

linear fit in Figures 16 b and c, as the linear approximation is only valid for relatively 

small refractive index ranges, hence including the parameters in air requires a higher 

order treatment.  

 

a 

 

b 

 

c 

 

d 

 

Figure 16. Representative graphs for 4 nm (nominal thickness) Au island film. (a) Spectra in air and in 
various solvents; (b) plasmon peak wavelength vs. refractive index, and a linear regression plot; (c) 
same as b, for the extinction maximum; (d) differential extinction obtained by subtracting the spectrum 
in air from the other spectra in a. Note that the peak of the difference spectra in d occurs at nearly the 
same wavelength. 
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Figure 16d presents difference spectra obtained from Figure 16a by subtracting the 

spectrum in air from the spectra in the various solvents. The maximum of the difference 

spectra, representing optimal sensitivity for intensity measurements, is close to 570 nm 

for all solvents, i.e., red-shifted from the maximum intensity of the raw spectra (Figure 

16a). This behavior is general and was demonstrated previously.
21

 

 

Table 5. Directly measured RIS for wavelength shift (mλ) and extinction change (mext), and 
corresponding standard deviations (four samples each). 
Nom. 
thick. 
[nm] 

mλ 
[nm/RIU] 

Δmλ 
[nm/RIU] 

mext 
[A.U./RIU] 

Δmext 
[A.U./RIU] 

3 65.5 1.9 0.187 0.014 

4 69.9 2.7 0.317 0.026 

5 69.5 1.1 0.426 0.017 

6 73.2 2.5 0.487 0.013 

7.5 79.6 1.4 0.511 0.001 

9 92.7 6.3 0.405 0.042 

10 127.3 2.4 0.265 0.035 

 

 

Figure 17. Directly measured RIS for plasmon wavelength shift (black) and extinction change (red) vs. Au 
nominal thickness. Error bars represent the standard deviation of four samples in each size. 

 

Figure 18 shows the RIS mλ vs. the (bare) Au plasmon peak wavelength. The data 

show a general correlation between the two parameters, conforming to previously 

published results on this issue.
47
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Figure 18. RIS mλ vs. plasmon wavelength of the bare Au island film, for samples of various Au nominal 
thicknesses (indicated in the graph). Error bars represent the standard deviation of four samples in each 
size. 

 

3.6.2 Comparison with RIS values from exponential regression 

Table 6 compares values of the wavelength RIS obtained using the exponential fit 

(section 3.5) with those measured directly in different solvents (section 3.6). For all the 

nominal thicknesses studied, the RIS values measured directly are larger by ca. 10-30% 

than those determined by the exponential fit. Table 7 compares the values of the 

extinction RIS for the two methods of determination; here the RIS values measured 

directly are smaller by ca. 20-40% than those determined by the exponential fit. 

Factors that may be responsible for the differences between the RIS values determined 

by the two methods include: (i) Calculation of the RIS using polyelectrolyte multilayers 

and Equation 2 requires knowledge of the thickness and refractive index of the 

multilayers. We assume that the values of the latter parameters obtained from 

ellipsometry (on continuous Au substrates) apply to the multilayers on Au islands, but 

there may be differences. (ii) The exponential fit includes the difference in refractive 

index Δη between the multilayer (1.56, from ellipsometry) and air (1.00) and assumes a 

linear response in this range. However, as noted above (section 3.6.1) the linearity 

assumption applies to a small range of refractive indices, and both these values are 

outside the range used for the direct measurement of the RIS (1.328 to 1.496). (iii) The 

direct measurement involves a dielectric layer of infinite thickness around the islands, 

whereas the exponential fit is based on layers of finite thicknesses. However, since the 
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polyelectrolyte layer covers the entire surface (see Figure 8), its thickness is not defined 

in the vicinity of the gold-glass-air interface, which may introduce a certain deviation.  

Given all these factors, the agreement between RIS values determined by the two 

different approaches is quite satisfactory. 

 

Table 6. Wavelength RIS from exponential fit and direct measurement 

 From Exponential Fit Directly measured  

Nom. 
thick. 
[nm] 

mλ 
[nm/RIU] 

Δmλ 
[nm/RIU] 

mλ 
[nm/RIU] 

Δmλ 
[nm/RIU] 

Direct/ 
Exponential 

3 49.3 1.3 65.5 1.9 1.33 

4 60.4 0.2 69.9 2.7 1.16 

5 60.0 2.0 69.5 1.1 1.16 

6 65.6 0.8 73.2 2.5 1.12 

7.5 73.0 5.5 79.6 1.4 1.09 

9 85.4 2.4 92.7 6.3 1.08 

10 113.8 3.4 127.3 2.4 1.12 

 

Table 7. Extinction RIS from exponential fit and direct measurement 

 Exponential Fit Directly measured  

Nom. 
thick. 
[nm] 

mext 
[A.U./RIU] 

Δmext 
[A.U./RIU] 

mext 
[A.U./RIU] 

Δmext 
[A.U./RIU] 

Direct/ 
Exponential 

3 0.329 0.013 0.187 0.014 0.57 

4 0.448 0.015 0.317 0.026 0.71 

5 0.554 0.013 0.426 0.017 0.77 

6 0.595 0.011 0.487 0.013 0.82 

7.5 0.614 0.021 0.511 0.001 0.83 

9 0.598 0.022 0.405 0.042 0.68 

10 0.447 0.031 0.265 0.035 0.59 

 

Figure 19 shows the relationship between the plasmon decay length (wavelength and 

extinction) and the directly measured RIS, for all the measure Au island film thicknesses. 

Although the RIS values are somewhat different than those found using the exponential 

regression (see Tables 6, 7), the general line shapes are the same (compare Figure 14). 
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Figure 19. Wavelength (left) and Extinction (right) decay length and refractive index sensitivity (from 
direct measurement with different solvents)  vs. Au nominal thickness. Error bars represent the 
standard deviation of four samples for each Au thickness. 

 

3.7 Reflection vs. transmission measurements  

As noted above, the extinction band is the result of two distinct phenomena, absorption 

and reflection (specular and scattered), and both respond to changes in the refractive 

index of the adjacent medium. In all the work described above, the extinction (i.e., 

transmittance expressed in log units) was measured, in the transmission mode. (Note that 

independent measurement of the absorption component of the extinction is somewhat 

impractical, but relevant to theoretical discussions.) The objective in this section was to 

determine which of the measurement modes, transmission or reflection, affords a higher 

transducer sensitivity.  

We used the same LbL procedure used for determination of the decay length, and some 

of the same samples. For samples of 3, 4, and 5 nm (Au nominal thickness) 14, 18 and 20 

layers were adsorbed, respectively; while for 6 to 10 nm (Au nominal thickness) 40 

polyelectrolyte layers were assembled. Four slides of each nominal thickness were 

examined. Following film adsorption, the reflectance (R) and transmittance (T) spectra 

were recorded in air using an integration sphere, and compared to those of bare gold of 

the same nominal thickness. Due to instrumental constraints, reflection spectra were 

measured for pairs of slides, hence all the analysis was done in pairs. The absorbance (A) 

was calculated using the measured spectra, as %R + %T + %A = 100%. Additionally, 

near-normal specular reflectance spectra were taken. The spectra of bare gold and of 
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gold/polyelectrolyte multilayer were compared in terms of peak wavelength, for slides of 

various Au nominal thicknesses.  

Figure 20 shows transmittance, absorbance and reflectance spectra for a 5 nm (nominal 

thickness) Au island film, with and without a polyelectrolyte coating. The different 

modes of measurement show a different plasmon peak wavelength, and different 

wavelength shifts in response to the adsorption of the dielectric multilayer. The 

wavelength shift in response to multilayer adsorption was determined for each Au 

nominal thickness, and for each type of spectra (transmittance, absorbance, total 

reflectance and specular reflectance).  

 

Figure 20. Transmittance (T), absorbance (A) and total reflectance (R) spectra for a 5 nm (nominal 
thickness) gold island film, with and without a 20-layer polyelectrolyte (PE) coating. 

 

The procedure was carried out for samples of various Au nominal thicknesses, and the 

results are summarized in Figure 21. As seen in the figure, for all the studied Au 

thicknesses the reflection measurements show higher peak shifts than the transmittance 

measurements, and correspondingly afford higher sensitivities (higher RIS values). 
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Figure 21. Top: Shift of the plasmon peak in transmittance, absorbance and reflectance spectra, for 
samples of various Au nominal thicknesses, with and without polyelectrolyte coating (8 slides per 
thickness, 4 bare, 4 coated). Bottom: Ratio of the peak shifts in reflection and transmission mode. 

 

As noted above, the specular reflectance (near normal) was also measured. Figure 22 

compares specular reflection results with those of all-angle (diffuse and specular) 

reflection, for a 5 nm (nominal thickness) Au island film, bare and coated with a 

polyelectrolyte multilayer. Although the reflection peak intensities are different (not 

shown), the peak shifts (coated vs. bare) are essentially identical for the two measurement 

modes. This result is important in indicating that the enhanced sensitivity obtained by 

using reflection rather than transmission measurements can be achieved using a simple 

specular reflection configuration without the need of an integration sphere. 
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Figure 22. Reflection spectra of 5 nm (nominal thickness) Au island film, bare and polyelectrolyte coated 
(PE), measured using an Integrating Sphere (IS) and near-normal reflection (Specular). Note the 
identical peak positions for the two measurement modes. 

 

Figure 23 summarized data extracted from spectra of bare Au island films of various 

thicknesses, presenting plasmon peak extinction (average of four slides for each nominal 

thickness) as well as reflection and absorption (two pairs of slides each). Also shown are 

values of the full width at half maximum (FWHM) for the various Au island films (one 

representative sample for extinction, an average of four samples for reflection). The 

plasmon peaks in reflection are red-shifted and wider relative to the extinction mode. 

This result and the higher sensitivity of the reflection measurements are in agreement 

with the data in Figure 18, showing a general correlation between the plasmon peak 

position and the RIS. 

  

Figure 23.  Plasmon peak wavelength (left) and FWHM (right) in the spectra of bare Au island films of 
various nominal thicknesses. Plasmon peak values are average of four samples each. FWHM data points 
are representative samples. 
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4 Discussion 

4.1 Optimization of LSPR transducers 

We set out to measure and analyze the decay length and refractive index sensitivity 

(RIS) of evaporated gold island films on glass, unveil useful dependencies of these 

variables on morphological parameters of the films, as well as find possible relationships 

between the two parameters. Such information is essential for rational design and 

optimization of LSPR transducers for specific tasks.  

A major outcome of our measurements is a strong correlation between the decay length 

and the RIS, for both wavelength shift and extinction change. Films with larger islands 

feature higher RISs and also longer decay lengths (see Figure 14). As most biological 

analytes are usually a few nanometers in size, i.e., smaller than the decay length, a larger 

decay length implies a weaker response. Therefore, it is the interplay between the decay 

length and RIS that must be considered when attempting to maximize the transducers’ 

sensitivity to a specific adsorbate. When designing an LSPR-based sensor, it is 

commonly assumed that the best choice is a transducer with the highest RIS. However, 

due to the correlation between the two parameters, this usually implies a decay length 

much longer than the analyte size, hence loss of sensitivity. It is therefore imperative to 

find the optimal combination, which has to be tuned to a specific analyte and recognition 

layer. 

Examining the measured peak shifts and extinction changes accompanying a binding 

event can demonstrate how the decay length and RIS create different response profiles 

for island films of various Au thicknesses. Figure 24 shows the shift in plasmon peak 

wavelength and extinction intensity resulting from adsorption of a 2.1-nm-thick 

polyelectrolyte bilayer (PAH/PSS) on an existing polyelectrolyte multilayer of varying 

thickness. This exercise simulates binding of a 2.1 nm analyte layer on a dielectric 

recognition layer of varying thickness. The figure features the experimental data as well 

as graphs calculated using Equation 2 and the decay length and RIS parameters found in 

section 3.5. Comparing the two sets of plots indicates that the simple exponential model 

is satisfactory in providing a semi-quantitative description of the response of these 
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systems, with the wavelength shift showing a better reproduction of the experimental 

data.  

Using plots such as those in Figure 24 c and d, one can predict the optimal transducer 

for detection of a certain binding event involving an analyte and a recognition layer. For 

example, when binding a 2.1 nm analyte directly to the metal surface, the largest 

wavelength shift is seen for films of 3 nm nominal thickness (black line in Figure 24c). 

However, when binding the same analyte at a distance of 15 nm from the Au (i.e., to a 

thick recognition layer), the largest shift is seen for 10 nm nominal thickness (dark blue 

line in Figure 24c).  

 

a 

 

b 

 

c 

 

d 

 

Figure 24. Top: Experimental differential wavelength shift (a) and extinction change (b) for the 
adsoprtion of a polyelectrolyte bilayer, 2.1 nm thick, on an existing polyelectrolyte multilayer of varying 
thickness on Au island films (data from Figure 12). Bottom: Differential wavelength shift (c) and 
extinction change (d) calculated using the decay length and refractive index sensitivity values derived 
from the exponential regression in section 3.5. 
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It is tempting to try to break the link between the decay length and RIS, i.e., to obtain 

LSPR systems with a high RIS and a small decay length, thus showing a very high 

sensitivity to nm-size analytes. We speculate that this may be achieved by preparing 

islands of specific shapes using chemical and other treatments. This is an avenue of 

research worth investigating, and the system developed here may be a useful tool. 

 

4.2 Reflection or transmission? 

 Our results indicate that significantly higher sensitivities (by 48-83%) can be achieved 

by using a reflection rather than transmission configuration. The two measurement modes 

also show differences in the initial plasmon peak wavelength and in the width of the 

peaks, which at this point are not understood and require further study. Understanding 

these differences seems important for understanding of the LSPR phenomenon, and for 

sensing applications. 
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5 Research Plan 

5.1 Theoretical collaboration 

Our systematic measurements of decay lengths and refractive index sensitivities for a 

well-characterized series of gold island films, form a useful set of data, which can be 

used to improve current theoretical models and further the understanding of LSPR 

phenomena. To this end, we plan to seek collaboration with groups specializing in the 

theoretical aspects of LSPR research.  

 

5.2 Interaction of metal nanostructures with fluorophores 

5.2.1 Background 

Metal nanostructures can quench or enhance the luminescence of a nearby luminescent 

species, depending on the proximity of the fluorophores to the metal structure.
48

 This 

effect has been demonstrated for phosphorescence,
49

 chemiluminescence,
50

 and 

electroluminescence,
51

 but the vast majority of research has been devoted to metal-

enhanced fluorescence (photoluminescence), both of molecules (organic and 

inorganic)
48,52

 and quantum dots.
53-55

 The literature indicates that for very short metal-

fluorophore separation, fluorescence is quenched, probably due to non-radiative energy 

transfer from the excited fluorophores to the metal. At a larger separation the 

fluorescence is enhanced, with maximal enhancement at some distance, followed by 

decay of the enhancement at larger distances. The degree of enhancement depends on 

multiple factors, such as the wavelength of the LSPR peak with relation to the dye 

excitation and emission  peaks,
56

 and the quantum yield of the fluorophore.  

Several effects have been proposed as an explanation for the enhancement: an increase 

in the excitation, proportional to the square of the amplitude of the electric field, which is 

greatly enhanced close to the metal nanostructure surface;
56

 an increase in quantum 

efficiency;
57

 changes in the radiative lifetimes of the fluorophores, due to interaction of 

the fluorophore’s dipole with the free electrons in the metal;
58

 and the formation of an 

efficiently radiating mirror dipole in the metal itself.
59

 The metal-enhanced fluorescence 
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effect significantly shortens fluorescence lifetimes, and this is thought to be the result of 

excited-state coupling with the scattering mode of metal nanoparticles – a coupled 

scattering event.  

The LSPR extinction spectrum is composed of both absorption and reflection (specular 

and scattering), and for larger particles is dominated by the reflection component. Studies 

have shown that larger particles exhibit stronger enhancements.
59

 The larger radiative 

decay rate increases the fluorescence, as the radiative decay competes with non-radiative 

modes; it also increases the stability of fluorophores, which tend to undergo photo-

bleaching - shorter times spent in the excited state reduce the chance of bleaching, and 

increases the “photon budget” available to the fluorophore before bleaching. Another 

notable effect is an increase of the Förster distance, the effective range for FRET (Förster 

Resonance Energy Transfer).
55

 

A less studied aspect of metal-fluorophore interaction is the effect fluorophores have 

on the LSPR in the metal. It has been reported that interaction with fluorophores or 

chromophores can lead to a shift of the LSPR peak, to both higher or lower wavelengths. 

Work by Van Duyne and coworkers mapped the shift in LSPR wavelength resulting from 

adsorption of Rhodamine 6G on silver islands of various sizes, with differing bare-silver 

LSPR peaks.
60

  

 

5.2.2 Goal 

Using the knowledge and techniques developed in the work described above, we plan 

to study the phenomenon of metal-enhanced fluorescence (MEF), as applied to metal 

island films. We will investigate the connections between LSPR parameters (such as 

decay length, refractive index sensitivity (RIS)) and MEF. We will also explore the effect 

of LSPR peak shift due to metal-fluorophore (or chromophore) interactions. As 

interactions with fluorophores are usually attributed to the LSPR scattering, we will 

continue to study the differences between reflection and transmission, such as decay 

length, following the work described above showing distinct differences between the two 

modes.  
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5.2.3 Work plan 

 It has been suggested that fluorophore-metal interaction occurs mainly via the 

metal scattering modes. To investigate MEF, we will first explore the 

characteristics (decay length, RIS) of the LSPR transducers in the scattering 

mode, as a direct continuation of the work presented above. 

 As explained above, fluorophore/metal interaction is governed by multiple 

factors, primarily the distance between the two. We propose to investigate this 

distance-dependent interaction profile for multiple Au island systems, and try to 

relate it to the LSPR decay length of these systems, measured in the current work. 

To this end, we will use the well-characterized polyelectrolyte LbL system, to 

place fluorophores at varying distances from the metal island film. The 

fluorophores can be bound to the polyelectrolyte layer via electrostatic interaction 

(ionic fluorophores) or chemical bonding to functionalized polyelectrolytes. In 

addition to the enhancement / quenching, we will also explore the changes in the 

fluorescence lifetimes at various distances from the metal islands. 

 The interaction between fluorophore and metal nanostructures depends on the 

excitation and emission wavelengths of the fluorophore, and the LSPR peak 

wavelength of the metal. We will examine the effect of the spectral overlap 

between these parameters on the distance-dependent interaction profile. From the 

published literature, we expect different enhancements, but it is not known 

whether it will affect the distance at which one finds the enhancement maximum / 

maxima. This relationship can be explored by utilizing a variety of fluorophores, 

with different excitation / emission wavelengths. The LSPR extinction peak can 

be tuned by (i) changing the island film nominal thickness (Figure 5); (ii) 

changing the metal (e.g., Au and Ag); (iii) changing between transmission and 

reflection modes; (iv) adsorption of a dielectric layer. In the latter case 

polyelectrolyte layers can be adsorbed after binding the fluorophore, to shift the 

plasmon peak while maintaining the fluorophore at a set distance. 
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 We will also attempt to determine a possible relationship between the island film 

parameters (e.g., plasmon peak wavelength) and the quenching observed at short 

distances. Additionally, we propose to explore a possible influence of gold island 

films on FRET between fluorophores, exhibited as self-quenching at high 

fluorophore concentrations, when dealing with fluorophores of close excitation 

and emission peaks (small Stokes’ shift). This can be studied by using varying 

concentrations of a fluorophore on a control sample (no island film, with or 

without a polymer spacer, but without a gold film), and on an island film (with or 

without a polymer spacer), with a previously determined fluorescence 

enhancement/quenching distance profile. 

 We propose to study the interaction between metal islands and chromophores / 

fluorophores, to find possible LSPR peak shifts, changes in RIS and decay length. 

We will explore the dependence of these interactions on distance between the 

metal and the chromophores / fluorophores, and the spectral overlap between 

them. 

 

5.2.4 Preliminary results with a fluorophore 

To demonstrate the applicability of the gold island film / polyelectrolyte (PE) 

multilayer system to the study of fluorophore - metal nanostructure interaction, a 

luminescent cation was adsorbed on such slides, and the fluorescence was measured. The 

chosen fluorophore was trisbipyridine ruthenium (II) ion, [Ru(bpy)3]
2+

, ca. 0.03 mM in 

aqueous solution. This fluorophore has an absorption peak at 454 nm and an emission 

peak around 605 nm.
61

 The positively-charged fluorophore is expected to adsorb on the 

negatively-charged, PSS-terminated surface.  

For this experiment, four pairs of slides were used: two bare glass slides, and six Au 

island films (6 nm nominal thickness) on glass; all slides were cleaned by UV/Ozone + 

ethanol dip (see Experimental). One pair of the Au film slides were coated with two 

polyelectrolyte bi-layers – (PAH/PSS)2, ending with a negatively charged surface, and 

another two with one and a half bilayers – PAH/PSS/PAH, ending with a positively 
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charged surface. One member of each pair was placed in the [Ru(bpy)3]
2+

 solution for 15 

min, rinsed with water and dried under a nitrogen stream. UV/Vis extinction and 

fluorescence spectra were measured for all slides.  

Figure 25 shows the extinction spectra (absolute and differential) of the bare Au island 

film and of Au island/(PAH/PSS)2 samples, before and after Ru(bpy)3
2+

 adsorption. 

Minimal change in the spectrum of the bare gold slide reflects negligible adsorption of 

Ru(bpy)3
2+

 ions, as expected. On the other hand, the Au/(PAH/PSS)2 shows a significant 

change in the LSPR spectrum, indicating binding of Ru(bpy)3
2+

 ions. The difference 

spectrum shows a peak in the 450 nm range, matching the known excitation peak of 

Ru(bpy)3
2+

, as well as a large peak corresponding to the plasmon extinction change. 

 

  

Figure 25. Left: extinction of a bare Au island film (6 nm nominal thickness) and of Au 

islands/(PAH/PSS)2, before and after Ru(bpy)3
2+

 adsorption; right: differential extinction corresponding 

to the  Ru(bpy)3
2+

 adsorption.  

 

Figure 26 shows the excitation and emission spectra of the Au/(PAH/PSS)2/Ru(bpy)3
2+

 

slide, and a comparison of the emission spectra of Au/(PAH/PSS)2 and Au/(PAH/PSS)2/ 

Ru(bpy)3
2+

 slides. The spectra match the known fluorescence excitation–emission values 

of Ru(bpy)3
2+

. The emission plots show significant adsorption of the fluorophore on the 

PSS-terminated slide, seen as a prominent Ru(bpy)3
2+

 emission peak in 

Au/(PAH/PSS)2/Ru(bpy)3
2+

. (The small peak in the emission spectrum of 

Au/(PAH/PSS)2 is attributed to Ru(bpy)3
2+

 impurity, which will be removed in future 
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experiments). The fluorescence (emission and excitation) spectra of Ru(bpy)3
2+

-coated 

bare glass, glass/Au, and Au/PAH/PSS/PAH slides (not shown), all display a similar 

behavior but at much weaker intensities, indicating minimal adsorption of  Ru(bpy)3
2+

. In 

the case of bare gold the result is not attributed to fluorescence quenching, as the 

extinction spectrum was correspondingly low. The result with Au/PAH/PSS/PAH shows 

that there is little or no Ru(bpy)3
2+

 penetration into the multilayer. 

These preliminary results demonstrate the usefulness of the polyelectrolyte LbL 

technique for adsorbing charged fluorophores at defined locations, as the ionic 

fluorophore binds almost exclusively to a charged surface of the opposite sign. Thus, this 

system can be used to place fluorophores at specific distances from the surface, while a 

layer terminated with a polyelectrolyte of the same sign provides an effective barrier. 

 

  

Figure 26. Left: normalized excitation and emission spectra of Au/(PAH/PSS)2/Ru(bpy)3
2+

 slide; 
excitation was measured while monitoring the emission at 605 nm, and emission was measured while 
exciting at 454 nm. Right: Emission spectra for excitation at 454 nm, of Au/(PAH/PSS)2 and 
Au/(PAH/PSS)2/Ru(bpy)3

2+
 slides.  
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