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An alternating dielectric multi-layer device was fabricated and tested in the laboratory to show that dielectric mirrors of alternating
efractive index materials, based on the design of distributed Bragg reflector (DBR) for vertical cavity surface emission lasers (VCS
e used in designing SPR biochemical sensors. The thickness, number of layers, and other design parameters of the device used w
sing optical admittance loci analysis. The proof-of-concept device was fabricated with a symmetrical structure using Au/(SiO2/TiO2)4/Au.
Using a 632 nm-wavelength light source on a BK7 coupling prism, our laboratory tests showed that, under water, there was an◦ shift

n resonant peak position towards the critical angle (from 74◦ in a conventional single-layer Au film), and a 3.25 times decrease in FW
the half-peak width). Our design also resulted in a wider dynamic range of up to a 1.50 refractive index unit (RIU), compared to 1.
conventional single-layer Au film. Using glucose solutions in ddH2O, the calculated resolution was 1.28× 10−5. The calculated intensi

ensitivity was 10 000 a.u./RIU, about twice the improvement over the conventional single-layer Au film.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The behavior of free electrons or plasma near the interface
f a metallic-dielectric material has been widely studied. It

s known that high-density electron gas, when subject to col-
ective longitudinal excitation or oscillation, will manifest
article behavior. Analogous to phonos, magnons and exci-

ons, the phenomenon has been called “plasmon”[1,2]. This
henomenon was first observed in metal grating in the early
900s. Kretschmann used a metallic-film-coated (∼50 nm)

∗ Corresponding author. Tel.: +886 2 3366 5272; fax: +886 2 3366 5268.
E-mail address: cwlinx@ntu.edu.tw (C.-W. Lin).

prism to generate a surface plasmon resonance (SPR
nal [3]. Since then, the Kretschmann prism-coupling de
has been used extensively to study the optical properti
metallic thin films, including index of refraction (n), extinc-
tion coefficient (k), thickness (d), and roughness[4].

Typically, light or electrons is used to generate a surf
localized electromagnetic wave[5]. The electric field i
strongest at the interface, and diminishes exponen
along the sides of the penetration distance from the inter
The SPR signal can be used to probe the vicinity of
metallic–dielectric interface, in the range of several hun
nanometers. However, the generation of the SPR s
must satisfy the following conditions: (1) the real part of

925-4005/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2005.02.044
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complex dielectric constant of the surface active medium
must be negative (such as Au or Ag), and (2) momentum
matching between the excitation and the plasmon resonance
is required[6].

With a Kretschmann prism-coupling device, at an angle
depending on the metal and the surrounding medium, the low-
est point on the TM-wave reflectance curve can be located.
The changes in reflective intensity are recorded as the SPR
spectra. The SPR signal is highly sensitive to the optical prop-
erties of the dielectric material (e.g. bio-molecules) adjacent
to the surface of the metallic firm. Monitoring the shift in SPR
signal (the presence of immobilized or captured molecules)
can be used in the design of SPR biochemical sensors.

The unique characteristics of non-labeling and real-time
monitoring can be used in many biochemical and biophysi-
cal applications[7–13], for both prism- and fiber-based sys-
tems[14,15]. However, it is observed that using a 632 nm-
wavelength light source on a BK7 coupling prism, an SPR
device with a metallic–dielectric material immersed in water
would produce a large resonant angle (about 74◦). This can
cause image distortion and difficulties in optical alignment
during angle scanning measurements. Considering the opti-
cal system, a solution is to use a near-infrared light source, or
to use a higher refractive index coupling prism to lower the
resonant angle and sharpen the SPR curve[16]. Alternative
approaches, based on the use of dielectric materials and struc-
t so-
n so-
n s.
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ity of a p-polarized electric field at an interface normal to a
z-direction will induce fluctuations in surface charges, oth-
erwise known as surface plasmon waves. On a metal with
negative dielectric constantε2 and a dielectric material with
positive dielectric constantε1, theEz electric field at the in-
terface will have two opposite propagating directions. This
results in fluctuation of the surface charge density, and macro-
scopic oscillation of electric field in the two media. Both elec-
tric fields have components oscillating along thex- and the
z-directions. Since the surface density alternates in sign, the
spatial summation in thez-direction results in an exponential
decay in electric field. The positive dielectric material men-
tioned here can be multi-layered. To calculate its reflectance
and transmittance, the device can be studied theoretically as
an equivalent single-layer device. In this paper, we direct
our research on the oblique incidence of the electromagnetic
waves, as this is more relevant to the SPR devices of interest.

2.1.1. Single interface
The refractive index of a light beam propagating on a

medium isN = c/v, where constantc is the velocity of light
in a vacuum, andv is the light speed in the material. This can
also be expressed asn − ik, where the real numbern is the
refractive index, and the imaginary partk is the extinction co-
efficient.Fig. 1(a) shows the interface of two materials with
r
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ural design[17], include long-range surface plasmon re
ance (LRSPR)[18,19], coupled plasmon waveguide re
ance (CPWR)[20], or a combination of both configuration

Traditionally, multi-layer dielectric materials are fab
ated in quarter or half wavelength thickness, and are
n highly selective transmission or with reflectance with
pecific range of wavelength. The intrinsic optical prope
n multi-layer dielectric materials and the interference p
omenon are the basis for using a distributed Bragg refl
DBR) to achieve a desired quality of resonance. This in
erence phenomenon is often used to improve perform
f many optical coatings.

The purpose of our research is to determine whether o
ielectric mirrors of alternating high/low refractive index m

erials, based on the design of DBR for vertical cavity sur
mission lasers (VCSELs)[21], can be used in designing S
iochemical sensors. We designed and fabricated a m

ayer device to modulate the SPR signal, without chan
he light source or coupling prism. The proof-of-concept
ice and the test results, along with brief explanations o
dmittance loci design method, are given in the next sec

. Materials and methods

.1. SPR and equivalent admittance of thin film

Detailed discussions of surface plasmon near the inte
f a metallic medium and a dielectric medium can be fo
idely in the literature[2,3]. It is known that the continu
espective complex refractive indicesN0 andN1, where the
ight beams obliquely fromN0 to N1.

The total E field and H field can be expressed as

+
0I + E−

0r = E+
1T, H+

0I − H−
0r = H+

1T (1)

ote that the direction of theE field alongE‖ and H‖ is
ontinuous at the boundary, where a positive value (“+
esignated as the incident direction, and a minus value (−”)

s designated as the opposite direction. Furthermore, le
epresent the incident direction, “r” the reflected position
T” the transmitted direction. The optical admittance,y, is

ig. 1. Schematic diagram and notation used for theoretical analysis
nterface of (a) two different materials, which have complex refractiv
icesN0 andN1; (b) multi-layer with thin film thicknessd with refractive

ndexN1 on substrate with refractive indexN2. The light beam is oblique
ncident fromN0 to N1, theE field direction is out of the paper, and theH
eld is continuous at the boundary.
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defined as

y = H

E
(2)

Combining Eqs.(1) and (2), the amplitude of the reflection
coefficientρ becomes

ρ = E−
0r

E+
0I

= y0 − y1

y0 + y1
(3)

The optical admittancey = NY0, whereY0 is the free space
admittance.Y0 = 1/377 simems. The reflectance is

R = ρρ∗ =
(

N0 − N1

N0 + N1

)2

(4)

As shown inFig. 1(a), when a light beam strikes obliquely at
angleθ0, the refractive angelθ can be calculated using Snell’s
Law as

N0 sinθ0 = N1 sinθ (5)

At different polarization states, the optical admittance of an
obliquely incident light beam changes to

p-wave (TM) : ηp = H

E cosθ
= N

cosθ
x (6)

s
H cosθ
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The above 2× 2 matrix is known as the characteristic matrix
(M1) of the thin film. We define the equivalent admittance
(Ye) as

Ye = Ha

Ea

(12)

Let Ye = C/B. Eq.(12)becomes[
B

C

]
=

[
cosδ1 i sin δ1/η1

iη1 sin δ1 cosδ1

] [
1

η2

]
(13)

With this equivalent admittance, determining the reflectance
of a multiple layer device on a substrate is similar to the
single-layer case. As shown inFig. 2(a), the characteristic
matrix can likewise be used to obtain an equivalent admit-
tance and reflectance:[

Ea

Ha

]
⇒

[
B

C

]
=

a∏
j=1

[
cosδj i sinδj/ηj

iηj sinδj cosδj

] [
1

ηsub

]

(14)

The reflectance can then be written as

R =
(

η0 − Ye

η0 + Ye

)2

(15)

Other than the reflectance, we can also design a multi-
layer device using the equivalent admittance approach above.
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-wave (TE) :ηs =
E

= N cosθ (7)

he reflectance at the interface can be determined by ins
he above into Eq.(3), i.e.y → η.

.1.2. Multiple interfaces
For a multi-layer device, we first consider the reflecta

f a thin film (N1) on a substrate (N2). The relationship ofE
ndH at the boundaries ofa andb, as shown inFig. 1(b) is

E+
a1 = E+

b1 eiδ1, H+
a1 = H+

b1 eiδ1; E−
a1 = E−

b1 e−iδ1,

−
a1 = H−

b1 e−iδ1 (8)

he “+” sign means it is along the positivez-direction, the
−” sign designates the opposite direction, andδ1 is the phas
actor due to thin film layer 1. The phase factor is a func
f the refractive index, thickness, incident angle and w

ength. This is defined as

1 = 2πN1d cosθ1

λ
(9)

herefore, Eq.(8) can be rewritten either as

a = E+
b1 + E−

b1 = Eb cosδ1 + iHb

η1
sinδ1,

a = H+
b1 + E−

b1 = iη1 Eb sinδ1 + Hb cosδ1 (10)

n matrix form:

Ea

Ha

]
=

[
cosδ1 i sinδ1/η1

iη1 sinδ1 cosδ1

] [
Eb

Hb

]
(11)
hen an incident light emits from its surrounding med
nto a multi-layered device with substrateYsub, we can trea

t as if it is moving in a virtual reference plane from the s
trate admittance (Ysub), to the front surface of the multi-lay
aterial (seeFig. 2(b)).
The plot ofYe on the complex plane shows traces of th

hanges. Plots of these changes are called admittanc
rams or admittance loci[22]. The admittance loci allow u

o calculate the reflectance with the oblique incident a

ig. 2. (a) Equivalent admittance of multi-layer over-coatings, wherη0,

sub, andηe are the admittance of the surrounding medium, substrate
quivalent admittance, respectively, and (b) admittance loci treated
oving a virtual reference plane (Ref) from the substrate admittanceYsub)

o the front surface of the multi-layer.
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Fig. 3. A proposed model device with symmetrical structure of Au/(SiO2,
TiO2)n/Au (n = 4) for simulation.

(as in conventional SPR design), or with arbitrary structure
(as in the multi-layer design).

2.2. Design and simulation

The three major coupling methods for generating SPR sig-
nals are prism, fiber, and corrugated grating. Using a prism
coupler on a stack of alternative dielectric layers, the per-
pendicular component of the incident wave will manifest al-
ternating high/low refractive index. With a grating coupler,
the transverse electromagnetic wave propagating along the
surface of the grating material and the surrounding medium
will also manifest alternating high/low refractive index. Al-
though these configurations have been widely used in high-
performance anti-reflection or in selective band-pass optical
coatings with dielectric mirrors or DBR, they have not been
applied to the design of SPR sensors.

Fig. 3shows a diagram of the multi-layer SPR device we
proposed in this paper. The refractive index (n) and extinc-
tion coefficient (k) of the multi-layered device used to verify
our theoretical calculations are summarized inTable 1. We
compared our multi-layer SPR device with a conventional
single-layer metallic thin film made of 1 nm Cr/50 nm Au.

Our design goal was to bring the admittance loci at the
resonant angle as close to zero reflectance as possible. Th
n rials

T
O n and
v

M

G
A
S
S
T
C
H

and their thickness. A simulation program was developed
using MATLAB 5.3 (Mathworks Inc., USA). The results were
compared with the results obtained using Essential Macleod
8.5 (Thin Film Center Inc., USA.).

2.3. Materials

We used SuperFrost-100 (MENZEL-GLASER, German,
refractive index = 1.51), a standard microscopy glass slide,
as the substrate for metallic thin film deposition. The metal-
lic thin film used was gold (Au), the high/low refractive in-
dex materials used were TiO2 (n = 2.28) and SiO2 (n = 1.46),
with Cr for the surface layer. All deposited materials (SiO2,
TiO2, Cr, Au) used had purity >99.99%. The glucose solu-
tions used were prepared by series dilution ofd-(+)-glucose
(Sigma, USA) in ddH2O, with weight percentages of 10%,
20%, and 40%. The refractive indices were measured us-
ing KEM RA-130 (Kyoto Electronics, Japan), a refractome-
ter. The obtainedn values at room temperature were 1.3484,
1.3644 and 1.3968, respectively.

2.4. Fabrication

The glass slides were cleansed withpiranha solution
(H2SO4:H2O2 3:1) at 90◦C to remove organic debris. The
surface was then immersed in an ultrasonic water bath for

nally,
n the

f Cr,

was
enter

de-
mi-
dif-
e the
was
f the

n Au
cess

rian
ents

), an
nd
ea-

ed
umber of layers was optimized, given the available mate

able 1
ptical parameters of materials used for the theoretical calculatio

erification

aterials Refractive index (n) Extinction coefficient (k)

lass (BK7) 1.515 0
u 0.16195 3.20991
iO2 1.45705 0
i (crystal) 4.27 0.57688
iO2 2.27892 0.00015
aF2 (ir) 1.39672 0.001

2O 1.33169 0
e

10 min, and cleansed with detergent and acetone. Fi
ethanol and cotton paper were used to thoroughly drai
water.

The sequence of deposition for the Au film was 1 nm o
followed by 50 nm of Au at a pressure of∼1.6× 10−5 torr,
in an e-beam evaporator (9 kV). The deposition process
performed at the Precision Instrument Development C
in Hsinchu, Taiwan at 0.1–0.2 nm/s. The thickness of the
posited thin film was monitored using a quartz crystal
crobalance (QCM), which was carefully calibrated to the
ferent characteristics of deposited materials. To improv
quality of the thin films and its adherence, the substrate
heated at various temperature during the evaporation o
gold layer (100◦C) and the dielectric layers (300◦C). It is
generally known that better results can be obtained whe
and TiO2 are pre-melted. Hence, this is an essential pro
in making multi-layered devices.

2.5. Verification

Our multi-layer SPR device was tested on Cary 50 (Va
Inc., USA), a spectrophotometer for spectral measurem
in a transmittance mode; EP3 (Nanofilm Inc., Germany
imaging ellipsometer for optical properties of thin film a
SPR spectra. The following equation shows how the m
sured external angles (θATRe) are related to the calculat
internal angles (θATR):

θATRe = sin−1 [√
ε0 sin(θATR − Ψ )

] + Ψ (16)

In our experimental set-up,Ψ = 45◦.
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3. Results and discussion

Position, full-width-at-half-maximum (FWHM), and
depth are the three major features of an SPR spectrum. These
features are dependent on the incident wavelength, the inci-
dent angle, and the dielectric constant of the metallic medium
and the dielectric medium. To design a simple and low cost
device, we evaluated various combinations of dielectric ma-
terial and structure. We found that there are many ways to
modulate the resonant condition—by using a near infrared
light source or using a prism with higher refractive index.

Our SPR design uses dielectric mirrors of alternating
high/low refractive index materials, and is based on the the-
ory of distributed Bragg reflector (DBR) for vertical cav-
ity surface emission lasers (VCSELs). In a corrugated grat-
ing coupler, the transverse electromagnetic wave propagating
along the surface of the grating material and the surround-
ing medium will manifest alternating high/low refractive in-
dex. This method has been widely used in high-performance
anti-reflection or selective band-pass optical coatings with
dielectric mirrors or DBR. However, it has not been applied
in designing SPR sensors.

Our multi-layer SPR device was simulated theoreti-
cally using Fresnel’s equations for transmittance spectra
(400–1200 nm) and SPR spectra (θATRe from 40◦ to 90◦).
Fig. 4shows that by tweaking the nanostructure, the FWHM
c artic-
u tral
r

ling
p t
p
v ase
i d in
a unit
( yer

F pare
t hen
i e
t WHM
a nment
a

Au film. Using glucose solutions in ddH2O, the calculated
resolution was 1.28× 10−5. The calculated intensity sensi-
tivity was 10 000 a.u./RIU, about twice the improvement over
the conventional single-layer Au film.

During fabrication, the thickness of the deposited ma-
terials could deviate by as much as 33% from the quartz
crystal microbalance (QCM)-reported number. Deviations in
dielectric- or metallic-layer thicknesses shift the peak posi-
tion and change the peak intensity in the transmittance and
SPR curves. To alleviate this problem, we carefully calibrated
the QCM responses to different deposited materials.

The TEM image inFig. 5(a) shows a cross-sectional view
of the (SiO2/TiO2)4/Au/glass structure. The quality of the
thin film is essentially dependent on the condition of the sur-
faces of the metallic/dielectric media, and fabrication-related
variables. For example, a slow deposition rate, along with
substrate heating, resulted in stronger bonding and tighter
packing density, and consequently, enhancing the overall me-
chanical stability and increasing resistance to scratch.

Fig. 5. (a) TEM image of a fabricated device shows the cross-sectional
view of a (SiO2/TiO2)4/Au/glass structure, and (b) color emergences of the
fabricated device (multi-layer right-hand side vs. single-layer left-hand side)
were nearly the same in reflective images.
an be improved and resonant angle reduced. This is p
larly useful in optical alignment, and in improving spec
esolution.

With a 632 nm-wavelength light source on a BK7 coup
rism, our laboratory tests showed an 11.5◦ shift in resonan
eak position towards the critical angle (from 74◦ in a con-
entional single-layer Au film), and a 3.25 times decre
n FWHM (6.18 versus 1.92). Our design also resulte

wider dynamic range of up to a 1.50 refractive index
RIU), compared to a 1.38 RIU in a conventional single-la

ig. 4. The simulation results of the proposed model device when com
o a traditional SPR device in water with a BK7 as the coupling prism w
lluminated with a 632 nm wavelength light source.Note: the results indicat
hat the newly proposed device has a better performance in terms of F
nd angle shift towards a smaller resonant angle for easier optical alig
nd spectral resolution.
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Fig. 6. Measured transmittance spectrum (solid line) of fabricated multi-
layer device vs. theoretical calculation (dashed line) in the air. We obtain
two major transmission peaks: one at 500 nm and the other at 790 nm, which
contribute to their color appearance.

Then andk values of the deposited thin films, measured
using ellipsometry, turned out to be slightly different from
those of the raw materials. This is partially attributed to the
pores and cavities in the deposited thin films. The difference
can be used to estimate the packing density (p). For optical
thin films,p is typically in the range of 0.75–1.0.

In our test runs, thep values for 20 nm SiO2 and TiO2
were 0.96 and 0.82, respectively. Thep values for both 30
and 50 nm Au was about 0.98. Thep values for the thin films
are therefore within the acceptable range.

Fig. 5(b) compares the color emergences of the devices in
the air. The picture on the right shows the color emergences
of the multi-layer device, and the color emergences of the
conventional single-layer Au film is shown on the left. As
shown, the color emergences are nearly identical.

The solid line inFig. 6shows the measured transmittance
spectrum in the air of our multi-layer SPR device. The mea-
sured transmittance spectrum agrees well with our theoreti-
cal calculations, shown here in dashed line. There are clearly
two major transmission peaks: one at 500 nm and the other
at 790 nm.

The solid lines inFig. 7 show the measured SPR spec-
tra, in oblique incidence, under water.Table 2compares our
multi-layer SPR device with a conventional single-layer Au
film. Notice that the resonant angle shifted from 73.9◦ (open
circles) to 62.54◦ (open square). This agrees well with our the-
o and
m wed
t im-
p tion.

Fig. 7. Reflectance SPR spectra measured (solid line) from fabricated de-
vices (multi-layer as open squares, single-layer as open circles) and from
theoretical calculation of both devices (dashed line) in the water with BK7
and 632 nm wavelength light source.

Moreover, our multi-layer SPR device showed a wider dy-
namic range of up to a 1.50 refractive index unit (RIU), com-
pared to the allowable refractive index range of 1.331–1.38
in a conventional single-layer Au film.

Fig. 8shows the measured refractive indices of our multi-
layer SPR device in glucose solutions of weight percentages
0% (ddH2O), 10% (�), 20% (�), and 40% (©). The re-
fractive indices measured, at room temperature, using a re-
fractometer were 1.331, 1.3484, 1.3644, and 1.3968, respec-
tively. The corresponding SPR angles were 62.54± 0.021◦,

Fig. 8. Measurement results obtained at 10% (�), 20% (�), and 40%
(©) of glucose solutions (in weight percentage). Measured refractive in-
dices under room temperature were 1.331 (ddH2O), 1.3484, 1.3644, and
1 ◦
6 -
s n
c -
t

T
P

) R

S
N

retical calculations for both single-layer (broken lines)
ulti-layer (dashed lines) devices. Our test results sho

he HMBW decreased from 6.5 to 2. This is a 3.25 times
rovement of the damping factor for an interband transi

able 2
erformance comparisons of a traditional vs. new SPR device

SPR angle HMBW Dynamic rangea (RIU

ingle-layer Au 73.9 6.5 1.331–1.38
ew device 62.54 2 1.331–1.50
a RIU is the refractive index unit.
b Angular measurement of 10−3 angular resolution.
c Intensity change (0–255)/1◦ shift.
d Intensity change/1 RIU change.
.3968, respectively. The corresponding SPR angles were 62.54± 0.021 ,
3.55± 0.015◦, 64.7± 0.02◦, and 67.46± 0.017◦ (n = 3). The linear regres
ion of the calibration curve wasy = 75.617x − 38.288 with a correlatio
oefficientR2 = 0.9927, wherey is the SPR angle (in◦) andx is the refrac
ive index unit (RIU).

esolutionb (× 10−5 RIU) Intensity slopec Intensity sensitivityd

8.33 58.65 6900
1.25 127.5 10000
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Fig. 9. Reflective intensity measurement at a near resonant angle for real time
monitoring of the biochemical signals. New device (©) shows a shorter tran-
sition time and higher steady-state responses when compared to a traditional
one (�) at 5% and 10% glucose solutions.

63.55± 0.015◦, 64.7± 0.02◦, and 67.46± 0.017◦ (n = 3), re-
spectively.

The least-square linear regression equation for the calibra-
tion curve isy = 75.617x − 38.288, withR2 = 0.9927, where
y is the SPR angle (in degrees) andx is the refractive in-
dex unit (RIU). The highR2 value indicates a linear rela-
tionship between the SPR angle and the refractive index.
This has practical application in real time monitoring of bio-
chemical signals—by choosing a reflective intensity mea-
surement at a near resonant angle. Compared with a conven
tional single-layer Au film (�), our multi-layer SPR device
(©) has a shorter transition time and a higher steady-state
response at 5% (74.8± 0.22 versus 70.02± 0.29) and 10%
(165.5± 0.16 versus 143.6± 0.24) glucose solutions. This is
shown inFig. 9.

The resolution of an SPR sensor is the minimum change in
a measured parameter (RIU, thickness, or concentration) that
can be resolved by a sensing device. The angular resolution of
the instrument used in our laboratory is 0.001 degrees. From
our glucose tests, the least-square linear regression equation
between the SPR angle change (θ) and concentration (x in
weight percentage) isθ = 8.021x − 500.36. The resolution of
the angular measurement is therefore 8× 10−3% per angle
change. The least-square linear regression equation between
concentration (x) and RIU (y) is y = 0.016x + 1.3317. Hence,
the resolution is 1.28× 10−5 RIU. Since sensitivity is the par-
t ct to
R
i

4

use
o en-
h e its
r and

other design parameters of the material used were opti-
mized using optical admittance loci analysis. A proof-of-
concept device was fabricated with a symmetrical struc-
ture using Au/(SiO2/TiO2)4/Au. The measured transmit-
tance and SPR spectra agreed well with theoretical calcu-
lations.

Using a 632 nm-wavelength light source on a BK7 cou-
pling prism, our laboratory tests showed that under water,
there is an 11.5◦ shift in resonant peak position towards the
critical angle (from 74◦ in a conventional single-layer Au
film), and a 3.25 times decrease in FWHM (the half-peak
width). Our design also resulted in a wider dynamic range
of up to a 1.50 refractive index unit (RIU), compared to a
1.38 RIU in a conventional single-layer Au film. Using glu-
cose solutions, the calculated resolution was 1.28× 10−5.
The calculated intensity sensitivity was 10 000 a.u./RIU,
about twice the improvement over the conventional single-
layer Au film.

For fine tuning the SPR resonant conditions, we demon-
strated that the nano-structure of a dielectric mirror can be
represented by an equivalent admittance. Our test results on
transmittance, ellipsometry and SPR spectra indicate that
our device can be used for various biochemical applications.
We can apply this design to biomolecules by treating the
biomolecules as dielectric thin films. As part of a plasmon
resonance system, biomolecules interact with nano/micro-
m ngth,
a ings
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ial derivative of the SPR intensity parameter with respe
IU, the calculated intensity slope is 127.5 a.u./◦, and the

ntensity sensitivity is 10 000 a.u./RIU.

. Summary and conclusions

The principal feature of our SPR design is the
f alternating dielectric layers of dielectric mirrors to
ance the quality of the SPR signal and to modulat
esonant position. The thickness, number of layers,
-

etallic structures for a specific resonant angle, wavele
nd reflectance. As precision multi-layer optical coat
re relatively low cost, we can apply admittance loci de
ethodology and use our design as a tool in developing
lasmonics”.

Dielectric mirrors of alternating high/low refractive ind
aterials, based on the design of distributed Bragg refl

DBR) for vertical cavity surface emission lasers (VCSE
an be used in designing SPR biochemical sensors.
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