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Abstract

The effects of intermediate dielectric films on multilayer surface plasmon resonance (SPR) behavior were studied in terms of biosen-
sing applications. Ten simple and complex oxides and fluoride, including MgF, and MgO, SiO,, TiO, and complex PZT family dielectric
materials, were evaluated. The materials cover a wide range of refractive indices, from 1.19 for the porous silica film to 2.83 for the TiO,
film. The resonance curves of the multilayer SPR configurations were taken from an angular modulated Kretschmann set-up under a
fixed incident wavelength of 543.5 nm. The intermediate dielectric layer has no strong effect on the SPR resonance angle and minimum
reflectance at the resonance point. Some intermediate dielectric films, such as MgF,, porous silica, TiO, and PLZT, apparently reduce the
width of the resonance curves, resulting in sharper resonance dips. Better performance of the multilayer SPR biosensor incorporating

these dielectric films is expected.
Published by Elsevier Ltd. on behalf of Acta Materialia Inc.
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1. Introduction

Surface plasmon resonance (SPR) was first introduced
into biosensors by Nylander and Liedberg in 1982 [1-3].
Since then, many works have been devoted to the develop-
ment of SPR-based biological sensing. Among a wealth of
biosensing techniques, SPR has been recognized as a valu-
able and standard analytical tool in biophysical and bio-
chemical studies. The technique offers several distinctive
features, such as high sensitivity, label-free measurement
and real time analysis [4].

Surface plasmon waves (SPWs) can be easily excited at
the interface between two media with dielectric constants
of opposite signs, such as a metal and a dielectric, by an
incident electromagnetic light wave. This SPW is confined
to a very narrow range of a few nanometers within the
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metal surface, while it penetrates tens or hundreds nanome-
ters into the dielectric medium. Surface waves within both
the metal and the dielectric evanesce away from the inter-
face. The electric field of the SPW at the interface is very
strong and much enhanced in orders of magnitude. Conse-
quently, the SPR technique is very sensitive to environmen-
tal changes in the close vicinity of the interface. Any
changes in the chemical composition of the environment
that occur at the metal-dielectric interface can be moni-
tored by the SPR measurement. This allows the detection
of any pair of molecules that exhibits specific binding,
which could be an antigen and antibody, a DNA probe
and complementary DNA strand, or an enzyme and its
substrate [5-13].

The SPW arises from the energy transfer from the inci-
dent light wave (quantified as photon) into an electron
charge density wave or SPW (quantified as plasmon) at
the surface of a solid which has a free electron-like struc-
ture. When the energy of the light is coupled into the
metal’s surface, collective resonance of electrons can be
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generated. The energy transfer from photon to plasmon is
regarded as surface plasmon resonance (SPR) [14,15].

The most widely used method to excite SPR is known as
Kretschmann prism-coupler-based SPR, in which the inci-
dent light passes through an optically dense medium, usu-
ally a prism, to match the wave vector of the SPW. The
metal film is deposited directly onto the prism surface
[16]. The surface plasmons are excited at the metal/air
interface. Since the surface plasmon is transverse magnetic
(TM), SPR has to be excited by a light beam with p-polar-
ization (TM mode). The resonant condition is tuned by
either varying the angle of the incident light at fixed wave-
length or varying the wavelength of the incident light at
fixed incident angle; these are referred to as angular modu-
lation and wavelength modulation, respectively [14]. When
the resonant condition is satisfied, a sharp decrease in
reflectivity occurs where the energy of incident light is
almost completely absorbed and transferred from photon
to plasmon. The resulting dip in reflectance R vs. light inci-
dent angle 0 is often referred to as the SPR curve.

The SPR curve is usually characterized by three major
features: the resonant angle 0g, the minimum reflectance
or resonant depth R, and the width of the resonant curve
A0 [17,18]. In biosensor applications of the prism-coupler-
based SPR, the analyte under test is placed on the metal
interface performing as the second medium of the prism/
metal/analyte configuration. Any changes in refractive
index or thickness of the analyte result in changes of the
wave vector of the SPW, hence the changes of the reso-
nance curve features. From these changes, the changes of
the analyte can be elicited. All the features of the SPR
curve are dependent on the incident wavelength, dielectric
constant and thickness of metal film, and the refractive
index of the prism as well as the analyte [14]. There are
many ways to modulate the resonant condition by various
combinations of the above factors in a SPR configuration.
To achieve better performances of the SPR sensor, opti-
mized combinations of SPR configuration should be devel-
oped from case to case.

The technology of SPR biosensors based on the conven-
tional Kretschmann configuration has been well developed.
All kinds of means to improve its performances have been
widely studied. The achievements of all these studies have
been adapted and integrated into commercialized SPR sys-
tems. It has been said that there is not much room for fur-
ther improvement in traditional SPR sensors. Therefore
other development strategies and new approaches have to
be explored.

One recent effort is the application of the multiple-phase
Kretschmann configuration, in which an intermediate
dielectric layer is intercalated between the prism and the
metal film, as shown in Fig. 1. It has been confirmed that
the introduction of an intermediate dielectric layer results
in much larger propagation lengths of SPW along and per-
pendicular to the interface because the electric field of SPW
is significantly redistributed across the multilayer structure,
with a large fraction of the electric field existing in the less
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Fig. 1. Schematic of multilayer SPR.

low loss intermediate dielectric layer; while for its counter-
part, the conventional SPW decays rapidly within the high
loss metal. Consequently, the multilayer SPR would exhibit
a sharper resonance curve with a narrower resonance width
in comparison with the conventional SPR [19,20].

In general, in any measuring system utilizing the reso-
nance phenomenon, a sharper resonance behavior means
a greater sensitivity and a better resolution of the measure-
ment. In the case of SPR biosensing, a sharper SPR curve
(a narrower band width) would definitely result in greater
sensitivity and finer resolution. The exact relation between
the two factors is rather complicated. The sensitivity of a
SPR biosensing system is a colligated parameter relating
to many aspects of the measurements, such as the charac-
teristics of the system (resolution, noise level, etc.), the
measuring mode (measurants, fixed or variable angular
mode, fixed or variable wavelength mode, etc.), and phys-
ical and biological aspects of the analyte samples (gaseous
or liquids, film or bulk, etc.). It should be ideally investi-
gated from case to case, but here we used the width of
the resonance curve as a criterion to compare various
SPR configurations.

The widths of the SPR curves, as discussed above, are
affected by many factors. The dielectric constant and thick-
ness of the metal film have very strong effects on the fea-
tures of the resonant curve. It is widely recognized that
silver (Ag) results in the sharpest resonance curve [21].
The wavelength of the incident light also has a strong effect
on the resonant characteristics. A longer wavelength results
in a lower resonant angle and a sharper resonant curve.
Brink et al. [22] suggested that working in the near-infrared
range would result in greater sensitivity.

The refractive index of the prism also affects the reso-
nant behavior. Our experimental results and computer sim-
ulation revealed that a higher refractive index of the prism
results in a lower resonance angle and a sharper resonant
curve. To obtain a high-performance SPR biosensor, the
above three factors should all be taken into account. Ide-
ally, an SPR set-up using a prism with high refractive index
coated with a reasonable thickness of silver working under
a near-infrared wavelength would deliver the sharpest res-
onant curve and highest performance. However, there are
many practical restrictions. For example, most SPR sys-
tems use gold film instead of silver because of the high
chemical inertia and very good bioaffinity of the gold film.
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In this light, we were trying to explore alternative ways to
improve the sensing performance of the SPR system fur-
ther. Hopefully the findings from this study of an interme-
diate dielectric film in a multilayer SPR can be adopted in
various optimized SPR configurations and so improve their
performance. We are not trying to propose an optimized
SPR plot. Therefore, we worked on a common prism-cou-
pler-based SPR configuration working under a fixed wave-
length as our model system to reveal the effect of the
intermediate dielectric film.

In this study, with an SPR system working under a fixed
incident wavelength for the purpose of biosensing, a figure
of merit Q = /40 can be used to characterize the perfor-
mance of the system with various configurations, where Og
is the resonance angle and A6 is the width of the resonant
curve. The lower the resonant width A6, the higher the fig-
ure of the merit Q and the higher the sensitivity and reso-
lution of the system that can be achieved [21,23].

It should be noted that in the multilayer SPR geometry
the SPW is extended much further into the sample medium
attached to the sensing surface of the metal film due to a
greater penctration depth of the electromagnetic field,
which means much more field intensity is located in the vol-
ume of analyte to be tested. As a result, the sensitivity in
the monitoring of a bio-binding event can be improved
and the fluctuation of the measurement can be effectively
suppressed. This is especially significant for the detection
of large bacterial cells (usually 1 pm in diameter), because
these may remain outside the volume that can be probed
with conventional surface plasmon measurement.

Few studies have focused on multilayer SPR-based bio-
sensors. The theoretical effect of the intermediate dielectric
layer is still poorly understood. There are only a few
reports in the literature about the experimental evidence
of such plasmon resonance [20]. The discrepancies between
theoretical calculation and experimental results are quite
evident.

Under such circumstances, the major challenge in the
study of multilayer SPR biosensors is to determine the best
way to improve the performance of the system and to col-
lect first-hand experimental evidence to confirm the theo-
retical analyses. The major goal of this research is to
determine the effects of the intermediate dielectric film
materials in a multilayer configuration.

2. Effects of intermediate dielectric layers on SPR

The SPR curve of reflectivity R vs. incident angle 0 of a
multilayer SPR configuration can be calculated or simu-
lated based on the theoretical analysis of the Fresnel reflec-
tion. Various computer programs have been developed to
calculate the resonance behavior of the multi-phase config-
uration. Among those accessible in open literature is a cal-
culation program developed by the University of
California at Irvine based on the article by Hansen [24],
which has been widely used and has proved to be a simple,
powerful and trustworthy simulation program. However,

the original program was given in the form of a macro
for the software program IGOR PRO (Wavemetric’s,
Inc.). We transplanted it into a MATLAB environment,
making it more user friendly and enabling it to be operated
on any PC computer under MATLAB. To calculate the
resonance curve, the refractive indices n; and thicknesses
d; of each layer need to be known. The simulation program
used in this work in the form of MATLAB is available
upon request. With the help of this program, the SPR
behaviors of various complicated configurations can be
theoretically predicted.

To analyze the effects of the intermediate dielectric lay-
ers on the SPR curves, a simplified model as shown in Fig.
2 was used, where the prism with refractive index of n; is
represented as a semi-infinite medium 1, and the bio-ana-
Iyte with refractive index n, is counted as a semi-infinite
medium 2. The intermediate dielectric layer with refractive
index #; and thickness d;, and the metal film with refractive
index of n,, and thickness d,, are sandwiched between the
semi-infinite medium 1 and medium 2. Using this simplified
model the resonance curves of multilayer SPR configura-
tions with various refractive indices and thicknesses of
the intermediate dielectric layers can be calculated.

Fig. 3 shows that the resonance curves of a multilayer
SPR configuration with the refractive index of the prism
is 1.5163 RIU and the refractive indices of the intermediate
dielectric layers vary from 1.1 to 2.8 RIU, while the thick-
ness of the dielectric layers is fixed at 500 nm and the thick-
ness of the gold metal film is fixed at 45 nm. The refractive
index of the bio-analyte is taken as 1.0 RIU. It can be seen
from the figure that the resonant angles are only slightly
affected by the intermediate dielectric layers in all cases,
while the widths of the resonance curves are strongly
affected by the refractive indices of the dielectric layers.
When the refractive index of the intermediate dielectric
layer varied between 1.5 and 2.5 RIU, the variation of
the resonance width was not quite evident. However, when
the refractive indices of the dielectric layers decreased to 1.2
and 1.1 RIU, the resonance width decreases markedly. The
low refractive index of the intermediate dielectric layer
around 1.0-1.2 RIU results in a more or less symmetric
deployment of refractive index on the opposite side of the
metal film. It is widely recognized that a symmetric SPR

/_\/_\

Semi-infinite Medium 1 (Prism)

Semi-infinite Medium 2 (Air)
\/—\/

Fig. 2. Calculation model of a multilayer SPR configuration.
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Fig. 3. Resonance curves of the multilayer SPR configuration.

configuration is characterized by a long-range SPR with a
very sharp SPR curve [17,20]. Our results are in good
agreement with the reports in the open literature. Surpris-
ingly, the very asymmetric deployment of the intermediate
dielectric layer with a very high refractive index of 2.8 also
results in a sharp SPR curve, as shown in Fig. 3. A sharp
SPR resonance curve for an asymmetric configuration
was predicted by Zervas [25]. Our results also confirmed
the prediction.

Figs. 4-6 are the resonance curves of the multilayer SPR
configurations with various dielectric thicknesses ranging

from 100 to 800 nm at fixed refractive indices of 1.2, 1.5
and 2.83 (the refractive index of TiO, is 2.83), respectively.
The refractive index of the prism is 1.5163 RIU. The thick-
ness of the gold metal film is still fixed at 45 nm. It can be
seen from Figs. 4 and 6 that when the refractive index of
the dielectric layer is different from that of the prism, the
thickness dependence of the SPR behavior of the multi-
layer SPR configuration is quite evident. Sharper SPR
curves can be achieved at reasonable thicknesses of the
dielectric films. The optimum thicknesses are 300-500 nm
for the dielectric film with a refractive index of 1.2 RIU

4 — — Calculated: Prism+100nm Intermediate Layer (n=1.2)+45nm Au+Air
- Calculated: Prism+300nm Intermediate Layer (n=1.2)+45nm Au-+Air
Calculated: Prism+500nm Intermediate Layer (n=1.2)+45nm Au-+Air
1.0 4 —— Calculated: Prism+700nm Intermediate Layer (n=1.2)+45nm Au-+Air
0.8 4
R 0.6
0.4 1
0.2 1 =
0.0 ; : ;
20 60 70

Theta

Fig. 4. Resonance curves of the multilayer SPR configuration with various intermediate thicknesses ranging from 100 to 700 nm at a fixed refractive index

of 1.2.
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Fig. 5. Resonance curves of the multilayer SPR configuration with various intermediate thicknesses ranging from 100 to 700 nm at a fixed refractive index
of 1.5.
1.1
| — Calculated: Prism+100nmTiO, (n=2.83 RIU) +45nmAu-+Air
1.0 4 — — Calculated: Prism+200nmTiO, (n=2.83 RIU) +45nmAu-+Air
4 - - - - Calculated: Prism+500nmTiO, (n=2.83 RIU) +45nmAu-+Air
0.9 4 Calculated: Prism+800nmTiO, (n=2.83 RIU) +45nmAu-+Air
0.8
0.7
0.6
R i
0.5 |
0.4
. |
0.3 |
0.2
0.1
0.0 T T T T T T T T T T T
20 30 40 50 60 70
Theta

Fig. 6. Resonance curves of the multilayer SPR configuration with various intermediate thicknesses ranging from 100 to 800 nm at a fixed refractive index

of 2.83 (TiO»).

and 500-800 nm for the film with a refractive index of 2.8
RIU. However, when the refractive index of the dielectric
film is close to that of the prism (1.5 RIU in our case),
the thickness dependence of the resonance is negligible;
the SPR curves of the multilayer configuration with various
thicknesses of the dielectric film are almost the same, as
shown in Fig. 5. It can be easily understood that in such
a case the dielectric film can be considered as an extension

of the prism. However, the thickness dependence of the res-
onance curves with refractive indices far from that of the
prism seems rather complicated; some optical phenomena
other than the SPR might be superimposed to the SPR,
especially at the high angle side of the resonance.

It should be also noted here that the thickness of the
metal film also strongly affects the resonance behavior of
the multilayer SPR configuration. The resonance behavior
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can be further optimized by changing the metal film thick-
ness in each combination of refractive index and thickness
of the dielectric film.

3. Experimental
3.1. Experimental set-up

A home-constructed apparatus of SPR, based on
Kretschmann geometry, was built for this study. An out-
line of the experimental arrangement is given in Fig. 7.

The set-up consists of a green laser operating at
543.5nm for the excitation source of surface plasmon.
The power stability of the laser is better than +2.5% over
8 h, with noise below 1%. To enhance the quality of the
laser beam, a spatial filter is used to ““clean up” the laser
beam to a Gaussian profile. The diameter of the light beam
is around 0.8 mm, the beam divergence is better than
0.86 mrad. The p-polarization light mode is achieved by
passing the laser beam through a polarizer.

A half cylindrical prism with a refractive index of 1.5163
was used throughout this work. In this case, if the incident
beam hits the prism along the normal direction of the
round surface, then the incident beam remains normal
throughout the rotation of the prism. Therefore, the cou-
pling spot at the metal film is stationary and the measure-
ment is more consistent because of the fixed measuring
point. In addition, the use of a cylindrical coupler facili-
tates the positioning of the rotation axis and significantly
reduces the corresponding errors that are easily introduced
by deviation from the rotation axis. It also allows a much
wider range of angular scanning with a relative simple
design and operation.

Thin film samples are prepared on a glass substrate
with a refractive index of 1.515 and attached to the
prism by applying index-matching oil in between. The
prism/thin film sample complex is mounted on a self-
made 0 — 20 goniometer. The goniometer includes two
high-resolution rotational stages (Edmond Inc.) that are
connected together such that their axes of rotation are
collinear. An Astral AP30 silicon photodiode is assem-
bled onto the 20 stage to detect the reflected beam from
the sample.

Spatial Filter

al

3.2. Sample preparation

Generally, it would be better to deposit the multilayer
Kretschmann configuration directly onto the prism surface
in order to achieve the lowest insertion loss and highest
sensitivity. However, from the practical application point
of view, it is highly desirable to implement a separate test
sample into the system and keep the prism intact. Since
the glass prism is a key component of the test system, the
quality and mounting condition of the prism are very sen-
sitive to the test results.

Separate test samples with multilayer Kretschmann con-
figuration deposited onto a glass substrate are easy to pre-
pare and easy to use. Glass substrate samples are cheap
and disposable. It would be better to use glass substrates
with the same refractive index as the prism and keep the
sample substrate in close contact with the prism. To mini-
mize the mismatch effect of the air gap between the glass
substrate and the prism, matching oil with the same refrac-
tive index as the glass substrate and the prism is used to
mount the test samples into the test system. When high
temperature treatment is involved in the sample prepara-
tion process, high silica glass substrates are good candi-
dates for the applications. In this work, high silica glass
of size 12 x 12 x 0.5 mm?® was used as substrates. Both
sides of the substrates were well polished.

3.2.1. Deposition of dielectric films

The major goal of this research was to survey the dielec-
tric film materials in a multilayer SPR configuration. In
order to obtain revelatory information from such a study,
it would be better to make a systematic evaluation on a
group of dielectric materials with different dielectric and
optic behaviors. In this work 10 dielectric films were inves-
tigated, of which five were simple oxide/fluorides and five
were complex oxides. The refractive indices (at about
550 nm) of the 10 dielectric films covered very wide range,
from 1.19 to 2.80, as given in Tables 1 and 2. To manipu-
late the porosity of SiO; films it is possible to fine tune the
refractive index of the SiO, film within the range of 1.19—
1.43. To manipulate the PZT/SiO, ratio, it is possible to
tune the refractive index of PZTS film in the range of
1.48-2.39.

Photodetector —

N\

He-Ne Laser

i

Polarizer

Lens 1

Sample

Lens 2

Goniometer Stage

Fig. 7. Schematic of the prism-coupled Kretschmann set-up constructed for this work.
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The dielectric films of MgO, MgF, and TiO, were
deposited onto well-polished silica glass substrates by elec-
tron beam evaporation. Sol-gel and spin coating wet chem-
istry technology were used to prepare dense and porous
Si0,, PZT (Pb(Zr(sTip.5)O03), PLZT ((Pbg.g4Lag o6)(Zro.s
T105)O3), PZTS (PZT—SIOQ), BSZT ((Ba0_7Sr0,3)(Zr0,7
Tip3)03) and LNO (LaNiO3) films. The details of the depo-
sition techniques of various dielectric films can be found
elsewhere.

3.2.2. Deposition of the metal film

As mentioned above, gold is acknowledged to be the
best metal for SPR. In this work, standard 45 nm gold
was used in all the experiments.

The gold film was deposited either directly onto the sub-
strates for the single-layer SPR configuration or onto the
pre-deposited dielectric layer for the multilayer SPR config-
uration. In this work, an E-beam evaporator (Edwards,
Auto306) was used to deposit the gold film. The vacuum
of the deposition chamber was 5 x 107 Torr. The deposi-

tion rate of the gold film was about 1 As.

3.3. Experimental results

In order to examine the effect of intermediate dielectric
films on SPR for biosensor applications, surface plasmon
resonant curves of multilayer configuration with various
intermediate dielectric films were taken and compared with
that of the basic SPR configuration without the intermedi-
ate dielectric layer.

3.3.1. Reference R-0 curve for the basic SPR configuration

Fig. 8 shows the experimental result of the R—0 curve of
the prism/gold/air basic SPR configuration. The minimum
point of the reflectance is corresponding to the SPR angle
Or =46.0° and the minimum reflectance value R;, is
0.0517. This R—0 curve will be used as the basic reference
state against which are compared the results of various
multilayer configurations using various intermediate dielec-
tric layers. In order to compare the resonance feature of the
surface plasmon with various configurations, the difference
in the incident angles A8 of the resonance curve cutting
with R, + 0.2 are defined as the width of the resonance
curve and used as a reference parameter against which to
compare the resonance behavior of various configurations.
The experimental result of A of the basic SPR configura-
tion is 5.33°.

3.3.2. Resonance features of multilayer SPR configurations
Various dielectric materials listed in Tables 1 and 2 have
been evaluated as intermediate dielectric layers in the mul-

Table 1
Refractive indices of simple oxides and fluoride

Porous SiO, MgF, Dense SiO, MgO TiO,
n 1.19-1.43 1.3844 1.4316 1.741 2.829

Table 2
Refractive indices of complex oxides

PZT PLZT PZTS BSZT LNO
n 2.40 2.52 1.48-2.39 2.11 -

tilayer SPR geometry. Three major features of the SPR res-
onance curve are also calculated by using a MATLAB
simulation program. Table 3 lists the experimental and cal-
culated results of 10 tested materials.

It can be seen from the results that the experimental
resonance angle Og in all cases was around 46.0 + 0.3°,
which is quite close to the calculated results within
experimental errors. The intermediate dielectric layer
has no strong effect on the resonance position of the
SPR system.

The minimum reflectance R,;, of all the experimental
results was very low, in the range of 0.03-0.07. The inter-
mediate dielectric layer also had no strong effect on the
minimum reflectance and was in the same range as the cal-
culated results.

The width of the SPR curves was affected by the refrac-
tive index and thickness of the intermediate dielectric film.
The changing of the resonant width Af of experimental
results followed the same trend as the calculation results.
From the calculation results, a sharpening effect on the res-
onance behavior of the intermediate dielectric layer of such
materials as MgF,, TiO,, dense and porous SiO, and
PLZT can be expected. Of these materials, the porous sil-
ica, with a very low refractive index, forming a symmetric
configuration, and TiO», with a very high refractive index,
forming a very asymmetric configuration, are the most
elaborate. The width of the SPR curves obtained from
the experimental results is in general higher than the calcu-
lation results, except for the high refractive index films of
TiO, and PLZT. The measurements on the high refractive
index films are rather scattered. Further studies to obtain
more elaborate results are needed. However, it is clear that
they follow the same trend as the calculated ones. In Table
3, no calculated results are presented for PZT-SiO, and
LNO film as no reliable refractive indices of the samples
were available.

Some examples of the SPR curves are given and dis-
cussed in the following sections.

3.3.3. Examples of the SPR resonance curve with various
intermediate dielectric films

Fig. 9 shows the experimental R-0 curve of the prism/
MgF,/gold/air configuration with a 100 nm MgF, interme-
diate layer. MgF, is widely used as a coating film for opti-
cal lenses and components; hence, it was used as an
intermediate dielectric layer in the multilayer SPR studies.
Both theoretical analysis and experimental studies have
been conducted elsewhere [17,20]. In this work, MgF,
intermediate dielectric layers with different thicknesses were
studied experimentally.
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Fig. 8. Experimental R-6 curve of basic SPR of prism/gold/air configuration.

Table 3

Experimental and calculated results of SPR curves

# Sample configuration Or° Ruin AO°

Exp. Calc. Exp. Calc. Exp. Calc.

1 Prism/45 nm Au/air (as reference) 46.0 46.30 0.0517 0.0307 5.33 4.18
2 Prism/500 nm MgF,/45 nm Au/air 46.0 46.23 0.0335 0.0294 421 3.99
3 Prism/500 nm MgO/45 nm Au/air 46.1 46.25 0.0412 0.0283 5.70 4.19
4 Prism/500 nm TiO,/45 nm Au/air 45.7 45.97 0.0556 0.0911 3.12 3.21
5 Prism/500 nm denseSiO,/45 nm Au/air 46.1 46.27 0.0452 0.0318 5.75 3.99
6 Prism/500 nm porousSiO-/45 nm Au/air 46.3 46.00 0.0436 0.0723 3.52 2.43
7 Prism/500 nm PZT/45 nm Au/air 46.1 46.23 0.0386 0.0456 5.98 3.78
8 Prism/500 nm PLZT/45 nm Au/air 46.2 46.19 0.0360 0.0027 4.01 4.50
9 Prism/500 nm PZT-SiO,/45 nm Au/air 46.0 - 0.0679 - 7.44 -

10 Prism/500 nm BSZT/45 nm Au/air 46.1 46.10 0.0715 0.0103 5.59 4.24

11 Prism/500 nm LNO/45 nm Au/air 46.2 - 0.0515 - 4.92 -

The basic R-0 curve of prism/gold/air is also plotted in
Fig. 9 for reference. Comparing the experimental results of
prism/MgF,/gold/air configuration with those of the basic
SPR with gold only (Fig. 8), it can be seen that the incor-
poration of a 100 nm MgF, intermediate dielectric layer
has no significant effect on the resonance angle 0r and
the reflectance minimum R,,;,, while the width of the reso-
nant curve Af is reduced to 4.63, compared to the 5.33 of
the basic SPR. A sharper resonance curve means a better
resolution, hence a higher sensing performance for biosen-
sing applications. This result is consistent with the previous
research on the MgF,-based multilayer SPR.

Fig. 10 is the experimental R0 curve of the prism/
MgF,/gold/air configuration with a 500 nm MgF, interme-
diate layer. It is quite evident from the figure that the
experimental result of 500 nm MgF, is almost identical to
that in the 100 nm case. The thickness dependence of the
MgF, intermediate layer has no significant effect on the

SPR resonance. It can be seen from the experimental
results that the presence of an MgF, intermediate dielectric
layer effectively reduces the SPR resonant width.

Figs. 11 and 12 present the experimental R—6 curves of
the multilayer SPR configuration with dense and porous
silica intermediate layers, respectively. The basic R—0 curve
of the configuration without SiO, intermediate layer is also
plotted in the figures for comparison. The refractive index n
of the dense silica film is 1.4316, while that of porous silica
film is 1.1895 as measured from Filmtick F-20. The thick-
ness of the films is 500 nm.

The SPR resonant angle g, minimum reflectance Ry,
and resonant width A6 of the sample with dense silica films
are not significantly different from those of the basic SPR
configuration without silica film. Since the refractive index
of the dense silica film is quite close to that of the silica
glass substrate, this result can be easily understood. How-
ever, although the SPR resonant angle 0r and minimum



2024

0.9

M. Yao et al. | Acta Biomaterialia 4 (2008) 2016-2027

0.8

0.7 H

0.6

0.5

0.4+

R

0.3+

0.2 H

0.1 4

0.0

—e— Experimental: Prism+100nmMgF +45nmAu+Air
—o— Experimental: Prism+45nmAu-+Air

20 30 40 50 60

Theta

70

Fig. 9. Experimental R—0 curve of the prism/MgF,/gold/air configuration (100 nm MgF,).

0.8

—o— Experimental: Prism+100nmMgF,+45nmAu+Air
—— Experimental: Prism+500nmMgF,+45nmAu+Air

0.7

0.6 —

0.5 —

R

0.4

0.3

0.2

0.1

0.0 . , . ,

20 30 40

T T T T T
50 60 70

Theta

Fig. 10. Experimental R—0 curves of the prism/MgF,/gold/air configuration with different thickness (100 and 500 nm MgF,).

reflectance R, of the sample with porous silica film are
almost the same as for the basic SPR configuration, the
width of the resonant curve A0 is lower, which means a bet-
ter sensing performance.

The shape of the R—0 curve of the multilayer SPR with a
porous silica intermediate dielectric layer is different from
most of the other experimental R—6 curves. The maximum
reflectance value at a low incident angle is greatly sup-
pressed, at only 0.64, while in most of other cases, the cor-

responding maximum reflectance is in the range 0.7-0.8. In
addition, the reflectance at high incident angles beyond the
SPR angle 0gr increases rapidly and keeping at the high
level of 0.7-0.8. Both effects can be accounted for by the
porous structure of the silica films. The porosity of the por-
ous silica film is around 53% as calculated from the refrac-
tive index. The pore size distribution of the porous silica
film is very wide, covering the range from tens to hundreds
of nanometers. The light scattering of the porous structure
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Fig. 11. Experimental R—6 curve of the multilayer SPR configuration with a dense silica intermediate layer.
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Fig. 12. Experimental R—0 curve of the multilayer SPR configuration with a porous silica intermediate layer.

is very high. When the incident angle is low, the scattering
loss of the light beam is high, causing a lower reflectance.
When the incident angle is high, the scattered light col-
lected by the detector along the direction of the reflection
beam will also be high, therefore resulting in a high
reflectance.

Fig. 13 shows the experimental R0 curve of the multi-
layer SPR configuration with PLZT [(Pbg.gslag o¢)(Zro 5.

Tip5)O3] as the intermediate dielectric layer. It is well
known from studies of the PZT ceramic family that doping
with La®" to substitute part of the Pb*" in Pb(Zr,Ti)O5 can
improve the optical behavior of the ceramic. It was
therefore interesting to see whether the PLZT intermediate
dielectric layer would be able to improve the SPR perfor-
mance. PLZT film was prepared by sol-gel synthesis and
the spin coating process. The refractive index n of the PLZT
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Fig. 13. Experimental R-0 curves of the multilayer SPR configuration with PLZT as the intermediate dielectric layer.

film was 2.52, which is higher than that of the pure PZT film
due to the chemical doping of lanthanum. The thicknesses
of film were around 500 and 800 nm. The SPR resonance
width A0 was 4.01 and 3.55, respectively, for PLZT thick-
nesses of 500 and 800 nm. The results are much improved
over the PZT case as well as the basic SPR configuration.

4. Summary

It is concluded from the above investigations that the
intermediate dielectric film in a multilayer SPR configura-
tion has no significant effect on the SPR resonant angle
and minimum reflectance at the resonance point. Interme-
diate dielectric films such as MgF,, TiO,, porous silica and
PLZT are able to reduce the width of the SPR resonant
curve, resulting in a sharper resonant curve. Better perfor-
mances in sensitivity and resolution of the multilayer SPR
biosensor with these intermediate dielectric films can be
expected. From the above investigation it can also be seen
that the difference in the refractive index between the inter-
mediate dielectric film and the glass substrate/prism plays a
major role in the resonance behavior of the multilayer SPR
configuration. To achieve a higher performance of the SPR
for biosensor applications, intermediate dielectric films
with either low or high refractive index are preferable.
The experimental results were confirmed and found to be
in good agreement with the calculated ones.

Based on the experimental study on the effect of inter-
mediate dielectric layer, it is important to note here that
the microstructure and lattice defects of the intermediate
dielectric films in a multilayer surface plasmon configura-
tion could have a profound effect on the SPR behavior.
So far, such an effect has not been taken into account in

the theoretical analysis and simulation calculation of the
SPR phenomena. In almost all the analyses and calcula-
tions, only the refractive index and thickness of the inter-
mediate dielectric film have been involved. The atomistic
nature and lattice nature of the films as well as their micro-
structures and defects have also been ignored. This situa-
tion is obviously unsatisfactory, and should be improved
in future investigations. The lattice and microstructure nat-
ure and defects of the dielectric films are considered to be
responsible for the higher resonance width obtained from
experiments in comparison with the theoretical calculation.
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