Sensors and Actuators A 159 (2010) 24-32

journal homepage: www.elsevier.com/locate/sna

Contents lists available at ScienceDirect

Sensors and Actuators A: Physical

Electromagnetic fields distribution in multilayer thin film structures and the
origin of sensitivity enhancement in surface plasmon resonance sensors

Atef Shalabney, Ibrahim Abdulhalim*

Department of Electro-Optic Engineering, Ben Gurion University, Beer Sheva 84105, Israel

ARTICLE INFO ABSTRACT

Article history:

Received 6 October 2009

Received in revised form 8 January 2010
Accepted 7 February 2010

Available online 13 February 2010

Keywords:

Surface plasmon resonance
Optical sensors

Surface waves

The performance of surface plasmon resonance (SPR) sensors depends on the design parameters. An
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for several cases, e.g. field enhancement due to resonance, the sensitivity dependence on the wavelength,
the influence of prism refractive index on sensitivity, and the effect of the layers materials and thicknesses.
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1. Introduction

Surface plasmon resonance (SPR) sensors are widely recognized
as valuable tools for investigating surface interactions and sensing
of gases and biomaterials [1]. A surface plasmon wave is a longi-
tudinal compressional charge density wave that can propagate at
the interface between a metal and a dielectric media under certain
conditions. One of the most common techniques for plasmon exci-
tation is the Kretschmann configuration shown in Fig. 1(a) in which
the resonance realized by a dip in the reflectivity versus incidence
angle or alternatively in the reflectivity versus wavelength. Since
the dip location depends on the substrate (analyte) features, one
can measure tiny fluctuations in the refractive index of the analyte
by tracking either the shift in the resonance angle or the shift in the
resonance wavelength [2-4].

Due to the pioneering works of Kretschmann [5] and Otto [6],
practical devices were proposed for chemical and biological sensors
applications. Several parameters and features define the perfor-
mance quality of SPR sensor: (1) reflectance profile shape (dip depth
and width), (2) chemical stability of the metal layer, (3) sensor reso-
lution, and (4) sensor sensitivity. The sensor’s sensitivity is defined
as the ratio between the resonance angle or wavelength shift per
analyte refractive index unit. Gent et al. [7] defined the sensitivity
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as the ratio between the shift and width of the dip. This definition is
somehow misleading and questionable because several algorithms
can be applied to determine the dip position with high accuracy
even with moderate resolution. The later definition was considered
by Golosovsky et al. [8] recently. They demonstrated that the sensi-
tivity of SPR technique in the infrared range using Fourier transform
infrared (FTIR) spectrometry is not lower compared to the sensitiv-
ity of the SPR technique in the visible range. In the present work
we define the sensitivity as the dip shift per sample refractive index
unit and will ignore dip width aspect in the sensitivity definition.
In the last two decades few methods were proposed to improve
the SPR sensor sensitivity. Using long range SPR (LRSPR) sensor
[9,10] where the excitation of two SP waves on the interfaces of
the metal layer placed between two dielectric layers increases
the propagation distance on the surfaces and correspondingly
increases the sensitivity. Although many works reported sensitiv-
ity enhancement by measuring phase instead of intensity [11-14],
recent study [15] showed that these reports are questionable and
the accuracy in phase measurements is limited by the accuracy of
intensity measurements. Another method to enhance SPR sensor
sensitivity was using periodic metallic structures combined with
TIR Kretschmann configuration [16,17]. Also the use of bimetallic
layers [18-20], and modification of prism refractive index [21,22]
were proposed in order to enhance SPR sensor sensitivity. Lahav
et al. presented for the first time the nearly guided wave SPR
(NGWSPR) configuration that is similar to the conventional con-
figuration with the addition of 10-15nm dielectric layer with a
high refractive index between the metal layer and the cover mate-
rial (the analyte to be sensed) [23,24] as shown in Fig. 1(b). The
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Fig. 1. (a) Schematic of single layer Kretschmann configuration and (b) schematic of double layer Kretschmann configuration.

authors choose silicon (Si) to accomplish the task because Si has
high real part of refractive index. Lahav et al. configuration has two
prominent advantages: first the sensitivity was enhanced by few
times compared to conventional SPR sensor, and second the sta-
bility of the metal layer was improved because the silicon served
as protection layer for the silver which suffers from a poor chem-
ical stability. When the addition of a thin dielectric layer with
a high refractive index on top of the metal layer is considered,
one should emphasize that the added layer is very thin (typically
10nm). One should distinguish this case from the case of coupled
plasmon-waveguide resonance (CPWR). CPWR biosensors incorpo-
rate a thick waveguide layer (typically 500 nm) beneath the surface
of the conventional SPR biosensor [25,26]. Unlike the conventional
SPR biosensors, whose reflectivity demonstrates a dip only in the
TM mode, the interference in the waveguide layer causes a dip both
in the TE and TM modes in the CPWR device [27]. Although CPWR
sensors exhibit sharp dips and improve significantly the SNR of the
measurement, their sensitivity is less than that of conventional SPR
devices by an order of magnitude since the biosensing surface is
located at a considerable distance from the SPs which exist on the
interface between the metal and the waveguide layer [28,29]. The
contribution of a thin dielectric top layer to the sensitivity enhance-
ment of SPR sensor was reported for the first time by Lahav et al.
Because the nm-thick layer does not support guided modes, it was
called nearly guided wave SPR (NGWSPR) sensor.

In the present work we investigate the sensitivity enhancement
mechanism of SPR sensors by electromagnetic field and energy
distribution considerations. Since the SPR is accompanied by an
enhanced evanescent field in the metal-analyte interface region,
the sensor sensitivity for a perturbation in the analyte is determined
by the field distribution in this region. According to Abdulhalim
[30], the shift in the wave vector is proportional to the overlap inte-
gral which in turn is proportional to the interaction volume Vj, (see
Appendix A):

) S¢-E* .E; . dr
51<~%’f""" i (1)

g-Ef-E-dr
fV i

where E;, k; are the electrical field and its wave vector before the
variation in the analyte refractive index took place, while E; is the
field after the index perturbation and &k is the associated shift in
the wave vector due to a change from ¢ to £+3J¢ in the analyte
dielectric constant. Since 5k expresses the change in the incidence
angle or alternatively the change in the wavelength, then §k/§¢ rep-
resents the sensitivity of the sensor, which is proportional to the
overlap integral in the numerator of Eq. (1) normalized to the total
energy. Hence to maximize the sensitivity one needs to maximize

this integral which can be accomplished by increasing the inter-
action volume, that is the evanescence depth, the SP propagation
length along the surface or by increasing the field intensity in the
analyte region. One of our purposes in this paper is to demonstrate
that sensitivity enhancement mechanisms are accompanied with
field enhancement and correlated with the overlap integral in the
analyte region.

Full description of the electromagnetic field in multilayer struc-
tures within the SPR modes context was done by Davis [31] where
the purpose was obtaining the eigenfunctions of the differential
equation for the magnetic field distribution and simultaneously the
eigenvalues were derived from the dispersion relation. Chin et al.
[32] presented calculations for electromagnetic field distribution
by matrices approach to extract the reflectivity for the multilayer
structure. In both previous works [31,32], they used propagation
matrices to calculate the two components of the forward and back-
ward propagating magnetic field amplitudes in arbitrary layer from
the boundary values of the aforementioned amplitudes. Ohta et
al. [33] proposed a method to calculate the forward and backward
propagating electric field without using inverse matrices; however,
he described the full fields by exponential expressions which may
be problematic due to some numerical instability. Ekgasit et al. [34]
and Hansen [35] used the characteristic matrices approach and
the total transmission coefficients for explaining their SPR spec-
troscopy experiments; however, they only emphasized absorbance
aspects in multilayer system. The uniqueness of our work is in that
it involves a detailed simplified algorithm for electromagnetic field
distribution and full comprehensive investigation for the evanes-
cent field role in sensitivity enhancement which was never done
before to the best of our knowledge.

2. The algorithm for field distribution

We consider the general case of plane wave radiation interact-
ing with a stack of N—1 layers as shown in Fig. 2 so that we have
N interfaces. The layers are homogenous and isotropic with plane
boundaries, the optical properties of each layer are characterized
completely by two constants which are functions of wavelength,
e.g. the dielectric constant ¢; = nj2 where n; the refractive index
for layer-j and the magnetic permeability is ;. The constants g;,
n;, u; are complex in the general case. Under the SPR conditions,
the electric field must have a component which is perpendicular to
the surface; hence the incident light should be TM polarized. We
take the plane of incidence to be the XZ-plane and the Z-axis is the
direction of stratification. For TM wave, Hy=H,=0 and E, =0. The
non-vanishing components of the field vectors into each layer-j are
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of the form:

Hy;(x, z, t) = Hy;(z) exp {i(koajx — wt) } ,

Eyi(x, Z, t) = Eyj(2) exp {i(koajx — wt) } , (2)
E;j(x, 2, t) = Ez(2) exp {i(koa;x — wt)}

here Hy;(z), Exj(2), E;j(z) are the amplitudes of the appropriate fields
in layer-j that are in general complex functions of z; «;=n;sin0;
when 0; the propagation angle and ko =27/Ao the wave number in
vacuum. According to Snell’s law one can consider the following:

a; = 1n; sin6; = const = a = ng sinfy (3)

When the general structure shown in Fig. 2 constitutes an SPR
sensor, the substrate and the ambient will represent the ana-
lyte and the prism, respectively, to be consistent with Fig. 1. As
was mentioned in the introduction, methods for calculating field’s
distribution in N layered structure were presented by several inves-
tigators [33-35], however, as algorithms we found them not clear
enough and difficult to use particularly for researchers from the bio-
sciences and bio-technology. In the present section we introduce a
detailed and simplified algorithm for field distribution calculation.
Our description completely detailed to allow convenience numer-
ical implementation in three steps.

Step 1: Calculating total characteristic matrix, reflection and trans-
mission coefficients for the whole structure. The magnetic and electric
fields amplitudes in the entrance of each layer are connected to the
corresponding amplitudes at a distance z inside the layer by the
well known Abeles [36] matrices:

i .
H;)j ] =M;. H,;(2) cos f; 7 sin B; Hy(z)
_Eo | Y | ZE, - _E.;
Exj EX](Z) 7lq] Sinﬂj cos /3] EX](Z)
(4)

H}?j, Egj are the amplitudes of Hy;, Ey;, respectively, at the appropriate
boundary z=Z; of layer-j, M; is called the characteristic matrix for
the layer-j and it is determined by the optical properties and the
layer thickness (d;) where: B;=kon;d; cos6;; q; = /(j/€j) cos6;.
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Fig. 2. Interaction of plane wave with a multilayer system, the stack composed of
(N—1) homogenous and isotropic media with N interfaces that bounded by two
semi-infinite homogenous, isotropic, and dielectric media.

For a multilayered structure the field amplitudes at the first
boundary are connected to those at the last boundary by the total
characteristic matrix:

H& H%
o | = Mror - o |
7Ex1 7EXN

The complex reflection and transmission coefficients r and t can be
expressed in terms of the elements of the total characteristic matrix
of the whole system Mj;:

j=N-1
Mror = H M; (5)
=1

er/ef _ (M11 +Mz12 -qn) - qo — (M21 + M2 - gN)

r= - =
Hire (M1 +Miz - qn) - qo + (M21 + M2z - Gn) 6
0
— Hyn _ 2-qo
Hire (M1 +Miz - qn) - qo + (M21 + M2z - qn)

Hine, H)r,ef are the incident and reflected magnetic field amplitudes,
H}E’N is the transmitted magnetic field amplitude and simultane-
ously the amplitude at the last interface (z=2y).

Step 2: Calculating the field within the 1st layer:

Hy(2) | _ (1+71) inc <z <
{521(2)} =P)- {qo(lr)} Ry, Zr=<z<2 (7)

where P;(z) is given by:

i
cos(kgnqz cos 6 — sin(kgnyz cos O
Py(z) (kony 1) a0 (kony 1) (8)

iqq sin(kgnizcos0,)  cos(kgnqyzcosbq)

And the incident magnetic field amplitude maybe taken as
unity: H}",”C =1 for normalized magnetic field, while if one needs
to normalize the electric field to the incident electric field ampli-
tude, the following substitution Hi' = E'“/qq should be used in
equations (7) and (9).

Step 3: Calculating the field distribution within layer-j > 2 from the
following expression:

1
Ho(2) (1+1) inc
{—gij(l)] =Ph2): 11]11)1(2 Sara ) {%(1 - r)} &8

Zj<z<Zj, 9)
where P;j(z) is the propagation matrix for the layer-j (inverse of the
characteristic matrix M;(z)) and it is given by:

i .
P(2) = [ cos(kon;j(z — Z;) cos 6;) q—jsm(konj(z —Z;)cos 0]-)1

iq; sin(kon;j(z — Z;j)cos 0;)  cos(kon;j(z — Z;) cos ;)

One should be careful when distinguishing between Pj(z) and
P((z=Z;+d,) that appear in Eq. (9). While the first is z-dependent
as was defined through Eq. (10), the second is the propagation
matrix for the layer-I with thickness d;, which is constant for layer-
I. Normalizing to the incidence magnetic field amplitude could be
achieved by setting H},"C to unity. Since in many cases the SPR sensor
structure is composed of a single metal layer which is embedded
between two semi-infinite dielectric media, namely, the prism and
the analyte, the distribution expression in this case was separated
and represented by step 2.

For TE polarization all the expressions for the characteristic and
propagation matrices and reflection or transmission coefficients are
valid simply by replacing the expression for q; = | /(14;/€;) cos 6;

. . E,:
with p; = /(&;/u;) cos 0; and the field column for TE is | ¥
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3. Applications

Our 2nd purpose in this work is to investigate the origin of
sensitivity enhancement in SPR sensors based on Kretschmann con-
figuration. From Eq. (1) the sensitivity proportional to the ratio
between the energy flow in the analyte region and the total energy.
In this sense we intend to examine the correlation between sensi-
tivity enhancement and the field’s distribution for several cases.
In part of the cases, we deal with the conventional configuration as
shown in Fig. 1(a), and afterwards with the improved configuration
as shown in Fig. 1(b).

In the simulations the resonance angle was calculated with
accuracy of A@=0.001° and the variation in the analyte refractive
index was Ang =0.01 RIU. Hence the sensitivity accuracy obtained
to be AS=0.01°/RIU. For field calculations, the amplitudes were
computed in steps of Az=0.5nm.

3.1. Evanescent field treatment for the standard Kretschmann
configuration

First we consider the basic configuration shown in Fig. 1(a). The
surface plasmon wave at the metal/dielectric interface is excited if
the wave vector in X-direction of the incident wave matches that of
the surface plasmon. When the surface plasmon is excited, a sub-
stantial decrease in reflectance is observed at the resonance angle,
0, as shown in Fig. 3(a). The resonance angle, 8, depends on the
analyte refractive index, ng = /&4 so that a change in the refrac-
tive index causes an appropriate shift in the resonance angle, see
Fig. 3(b). The ratio between the angle shift and the refractive index
change is defined as the angular sensitivity Sy (Sy = d6,/dng).

At the resonance, the reflectivity R reaches its minimum value,
the intensity of the electromagnetic field reaches its maximum
at the surface, see Fig. 4. Near the resonance angle, an extremely
strong evanescent field at the metal/dielectric interface is gener-
ated by the surface plasmon wave. The unique characteristic of
generating evanescent filed, where the field amplitude is greatest
at the interface and exponentially decaying as a function of dis-
tance from the metal/dielectric interface, makes the SPR signal very
sensitive to changes at the vicinity of the metal surface.

The X-component of the electric field is continuous; however,
the Z-component is discontinuous. Due to the small dielectric con-
stant of the analyte (&,) compared to that of the metal (|en]), |Ez|
has a strong enhancement at the metal/analyte interface. As shown
in Fig. 4(a) and (b) the enhancement of the electric field is largest
at the resonance compared to the cases near the resonance, where
the resonance angle in this case is 05 =54.619°.

Since there is a need sometimes of detecting at various wave-
lengths, sensitivity versus wavelength investigation is essential. As
shown in Fig. 5(a), the sensitivity of the configuration described
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in Fig. 1(a) decreases when the wavelength increases. This result
was presented by Homola [37] for the Kretschmann configuration
without physical interpretation. Now in terms of the evanescent
field, we can attribute the high sensitivity for lower wavelength
to the larger interaction of the electric field in the analyte region.
Although for larger wavelengths there is a larger penetration depth
into the analyte region, the amplitude becomes smaller, which indi-
cates that sensitivity is not governed only by the penetration depth,
see Fig. 5(b), rather by both the interaction region and the energy
distribution as expressed by the overlap integral of Eq. (1).

The sensitivity versus wavelength was calculated after per-
forming optimization of the metal layer thickness. The silver
layer thickness was chosen such that the resonance condition
is preserved for each examined wavelength and the reflectivity
at the dip is less than 0.01. As seen from the caption of Fig. 5,
the silver thickness is decreasing when increasing wavelength.
The losses in the metal increases with wavelength, and in order
to overcome these losses and preserve resonance condition, the
thickness should be reduced. In this case the sensitivity is approx-
imately constant for large wavelengths, because in the IR range
the sensitivity is mainly governed by the difference between
the prism refractive index and the analyte refractive index Sy =

(d@/dna)x—» (1/4/n3 — nZ)(rad/RIU).

3.2. Evanescent field treatment for SPR sensor with nm-thick top
dielectric layer

As pointed our before, the addition of a thin dielectric layer
with a high real part of the refractive index causes substantial
enhancement in the sensor sensitivity. Silicon was chosen for
its high real part of the refractive index because the sensitivity
enhancement was found [23,24] to increase with the real part
of the dielectric constant of the top layer. As an optimization
process for the silicon layer thickness, ds;=10.5nm is the opti-
mum thickness for maximum sensitivity as shown in Fig. 6(a). The
evanescent field distribution demonstrates that for this silicon layer
thickness, maximum enhancement ratio for the amplitude Ey is
obtained. The addition of the silicon layer increases the sensitiv-
ity by threefold, e.g. 67.5°/RIU sensitivity without the silicon layer,
compared with 200°/RIU sensitivity with ds; =10.5 nm silicon top
layer.

The optimum silicon thickness of ds;=10.5 nm was chosen for
43 nm silver layer thickness because it gave the highest sensitiv-
ity enhancement. As done before with the standard Kretschmann
configuration, one can perform an optimization for the improved
sensor with the silicon dielectric layer. The sensitivity dependence
on the wavelength has been examined for the improved sensor, and
the same proportion was obtained. As shown in Fig. 7(a) and (b), a
similar behavior for the sensitivity versus wavelength is obtained,
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Fig. 3. (a) Reflectivity as a function of incidence angle for the configuration shown in Fig. 1(a). (b) Reflectivity versus analyte refractive index for the configuration shown in
Fig. 1(b). A=633 nm, dy, =43 nm, n, =1.732, 6, =54.61°, n, =1.325 (blue curve), ny =1.335 (red curve), silicon refractive index at 633 nm is ny =3.8354 + 0.0245i and the silver
refractive index is ng =0.1325 +4.0203i. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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except that in the case with the silicon layer the sensitivity starts
from a higher value compared to the case without the silicon layer.

The origin of the sensitivity enhancement with decreasing the
operation wavelength is basically related to the metal behavior.
Both the real part and the imaginary part of the metal refractive
index are responsible for the transparency features of the metal
layer and they become larger when increasing the wavelength.
Increasing the real part makes the metal more reflective from
the initial prism/metal interface, whereas increasing the imagi-
nary part makes it more absorptive and as a result of the double
effect the evanescent field experiences more attenuation when it
propagates through the whole system. When the refractive index
of the metal changes from 0.12 +3.75i at 600 nm wavelength up to
0.53+10.43i at 1500 nm, the amplitude of the fields at the analyte
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interface are significantly attenuated and consequently the sensi-
tivity of the structure becomes moderate. Although the penetration
depth was found to be 94 and 697 nm at 600 and 1500 nm wave-
lengths, respectively, in the conventional Kretschmann SPR sensor
configuration, the sensitivity is still larger for smaller wavelength.
The values were calculated from the following expression of the
penetration depth:

A Ea+ Emr

Sg=-——
4= a7 —&2

(13)

Here §, is the penetration depth inside the analyte layer, A, €4, €mr
are the wavelength, analyte dielectric constant, and the metal real
part dielectric constant, respectively. This last fact indicates that
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Fig. 6. (a) Sensitivity versus silicon layer thickness corresponding to the configuration in Fig. 1(b). (b) Density distribution of the electric field X~-component for different Si

layer thicknesses.
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1000 and 1600 nm, respectively, and (n,=1.33, n, =1.732). The silver and silicon thicknesses in this case were chosen under the resonance condition Ry, <0.01 for each

wavelength. Table 1 shows the corresponding thicknesses and sensitivities for (b).

Table 1

Silver and silicon layers thicknesses that were chosen for each wavelength that appear in Fig. 7(b) in order to preserve Ry, <0.01 as a condition for resonance. The sensitivity

and the Ey intensity at the analyte interface were calculated for each wavelength.

A (nm) wavelength dp (nm) metal thickness

dg (nm) silicon thickness

Sensitivity (°/RIU) Field intensity at the analyte interface

740 45.5 17
780 44.5 20
1000 40 25
1600 29 54

204 103
210 141
105 36

82 S

sensitivity as it was defined in the present study is not governed
only by the penetration depth. Absorption considerations will be
further discussed in Eqgs. (14) and (15) in Section 3.3. Sensitivity
versus wavelength with the silicon top layer was calculated when
the structure was optimized to fulfill the resonance condition at
each wavelength. Table 1 shows the combinations (dm, ds) of the
silver and the silicon thicknesses that maintain the structure at
resonance, with reflectivity dip level of Ry, <0.01.

3.3. Sensitivity enhancement due to prism refractive index
modification

The prism refractive index has an important role in the sensi-
tivity determination of the SPR sensor based on TIR configuration.
Two works [21,22] were recently published on this issue, and both
showed that the sensitivity increases with decreasing the prism
refractive index. The first work was on the sensitivity enhancement
with the angular interrogation mode [21], in which the authors
demonstrated the prism influence without giving any physical
explanation for the phenomenon. In the second work which was
done by Yulk et al. [22], the spectral interrogation mode was con-
sidered and the sensitivity enhancement was attributed to the large
penetration depth obtained in the case of small prism refractive
index. Under the last hypothesis, the sensitivity for a large wave-
length should be larger than the sensitivity for smaller wavelength
for all the cases, while we showed the opposite in the former
discussion when we examined the wavelength influence on the
sensitivity. Hence the explanation that was given by Yulk et al. is
inadequate in our opinion. Our approach is based on the correla-
tion between sensitivity and overlap integral in the analyte region.
Larger enhancement for the electric field at the metal/dielectric
interface for smaller prism refractive index was observed as shown
in Fig. 8.

Fig. 8(a) and (b) clearly demonstrates the correlation between
the sensitivity enhancement and the field enhancement. The
case demonstrated by Fig. 8(a) and (b) relates to fixed opera-
tion wavelength (A =632 nm) while the variation is in the prism

refractive index which in turn varies the incidence angle. The
sensitivity versus prism refractive index was calculated when
the metal layer thickness is optimized under the resonance con-
dition (R, <0.01), where Ry, is the dip level at resonance.
Considering the Kretschmann configuration, the resonance condi-
tion obtained by equating the SP wave vector and the emerging
light wave vector which can explicitly be written as kon, sinf =

kor/(emrnZ /(emr + n2)) where nq and np are the analyte and the

prism refractive indices, respectively, and &y, is the real part of the
metal refractive index. By analyzing the last condition one can con-
clude that the coupling condition is fulfilled if |&;r| is higher than
the quantity n = (n2 - n3/(ng — n2)) which corresponds to having
the resonance angles 6 <90°. For a fixed wavelength, the last con-
dition creates a singularity in the sensitivity for a prism refractive
index which allows the quantity n to approach |e;r| at the given
wavelength. The last interpretation properly explains the dramatic
increase in the sensitivity for np ~ 1.41 in Fig. 8(a) for a wavelength
of 633 nm. In a similar manner the influence of the prism refrac-
tive index was investigated for the NGWSPR, and similar behavior
of the sensitivity versus prism refractive index was found as the
conventional SPR sensor. Results are shown in Fig. 9(a) and (b).

In the case of NGWSPR, there is a shift in the cut-off wavelength
which can be clearly seen in the resonance angle positive shift due
to the addition of the silicon layer. Basically, the incident light feels
a higher refractive index beyond the metal layer and therefore, an
appropriate modification in the dispersion relation of the SP. Since
the wavelength is kept fixed, the resonance condition is satisfied
at larger angle. The sensitivity in the NGWSPR case was calculated
when the silver-silicon structure is optimized to maintain the res-
onance condition (R, <0.01); the values correspond to the field
intensity distribution in Fig. 9(b) are given in Table 2.

Enhancing the fields at the metal interface increases the absorp-
tion as well as increasing the sensitivity of the structure. For
conventional SPR sensor without dielectric layer, the only absorb-
ing medium in the system is the metal film. When adding the silicon
layer, the absorption will be both in the metal and the silicon layer.
The absorption in the whole system can be expressed by the fol-
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Fig. 8. (a) Sensitivity versus prism refractive index for the basic configuration shown in Fig. 1(a). (b) Density distribution for the electric field X-component through the
layers for the same configuration given in Fig. 1(a) at different prism indices. The wavelength, silver layer thickness, and analyte refractive index are: A =632 nm, dj, =43 nm,

ng =1.33. The metal layer thicknesses that were chosen to obtain resonance for each prism refractive index are: 41.5, 47.5 and 47 nm for 1.41, 1.61, and 2.5 prism refractive
index, respectively.
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Fig. 9. (a) Sensitivity versus prism refractive index for the SPR sensor with silicon top layer given in Fig. 1(b). (b) Density distribution for the electric field X-component
through the layers for the configuration given in Fig. 1(b) at different prism refractive indices. n, = 1.33, . =632 nm. The silver and silicon thicknesses in this case were chosen
under the resonance condition Ry, <0.01 for each prism refractive index. Table 2 shows the corresponding thicknesses and sensitivities for (b).

lowing approximation [34]:

dm dm-+ds
a=2x L Im(em)- [E[*-dz+ [ Im(es)-|E|*-dz p  (14)
~ ke
0 dm

where here dp,, ds are the metal and the silicon layers thicknesses,
kzp the Z-component of the wave vector in the prism. Under the
TIR, the transmittance T equals zero, and the reflectance can be
expressed by the field’s distribution according to: R(8)=1—A(6).
When the prism refractive index decreases, the dip becomes wider
and the resonance is obtained at larger angles. Decreasing prism
refractive index enhances the fields both in the metal and at the
analyte interfaces, and the absorption in the metal becomes larger
via the integral in Eq. (14) which causes widening to the dip nearby
the resonance.

The overlap integral combines the enhanced amplitude in the
analyte interface and the penetration depth into the analyte region,

Table 2

in such a way that the sensitivity may not be governed by only one
of them. In order to verify the relation between the sensitivity and
the overlap integral, we have calculated the integral of |Ex|2 in the
analyte region. Since the component of the electric field in the X-
direction is a function of the vertical distance z into the analyte, the
following integral was calculated which represents basically the
overlap integral:
zy=Zaq+\

0 |Ex(2)|” dz

1
3 (15)
21=Zq
where z; and z, are the borders of the integral, and they are equal
to Z, and Z, + A, respectively, as shown in Fig. 1(b) where here Z; is
the silicon/analyte interface distance from the prism interface, and
Zq+ A is placed at a one wavelength depth into the analyte region.
The integral borders were determined in this way due to the fact
that the electric field in the analyte region is evanescent, and after
one wavelength distance it decays approximately to zero (Fig. 10).

Silver and silicon layers thicknesses that were chosen for each prism refractive index that appears in Fig. 9(b) in order to preserve Rp;, <0.01 as a condition for resonance.
The sensitivity and the Ey intensity at the analyte interface are calculated for each wavelength.

np prism refractive index dm (nm) metal thickness

ds (nm) silicon thickness

Sensitivity (°/RIU) Field intensity at the analyte interface

1.41 41.5 0
1.49 47.5 3
1.53 47.5 D)
1.77 47 8
2.49 47 8

380 108
193 53
197 58
111 36

48 28
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Fig. 10. The overlap integral for the electric field intensity in the X-direction and
the sensitivity as a function of wavelength. Both the overlap integral, and the sensi-
tivity were calculated using the parameters: d,;, =43 nm, ds = 10.5 nm for the silver
layer and the silicon layer thicknesses, respectively. n, =1.33, n, =1.732051 are the
analyte refractive index and the prism refractive index, respectively.

Although the overlap integral was evaluated for a one case, the
chosen case involves the silicon layer with the optimum thickness
in addition to the silver layer. This structure is in the centre of
our interest when we investigate the NGWSPR sensor. The max-
imum value for the overlap integral was obtained at a wavelength
of 625 nm whereas the counterpart value for the sensitivity was
obtained at 630 nm. Apart from this small difference, both the sen-
sitivity and the overlap integral demonstrate the same behavior as
a function of the wavelength. This small difference can be simply
due to the fact that the sensitivity as described by the overlap inte-
gral in Eq. (1) is an approximate expression based on the 1st order
perturbation theory [30].

4. Conclusions

The evanescent field produced at the analyte interface is the
main characteristic of the surface plasmon resonance phenomenon
as itis responsible for the sensing process that occurs at the analyte
region. For the purpose of investigating the distribution of the field
intensity within the layers in the SPR sensor, a practical and detailed
numerical algorithm was developed. The algorithm may serve to
understand the energy flow behavior as well as absorption and
propagation of the surface plasmon waves generated at the metal
surface. Such algorithm can be used for the case of long range SPR
(LRSPR) configuration, which we plan to investigate in the future.
The sensitivity of the SPR sensor in the Kretschmann configuration
is governed by the ratio between the overlap integral in the ana-
lyte region, and the total energy of the propagating mode. The later
expression constitutes a novel approach which provides an explicit
physicalinterpretation for the SPR sensitivity concept. Based on this
last new interpretation combined with the algorithm we devel-
oped one can evaluate the SPR sensor sensitivity for different cases
and structures. Sensitivity enhancement versus wavelength, prism
refractive index, and the optimum dielectric layer thickness in the
GWSPR configuration was examined. The correlation between the
rigorous calculations of the sensitivity and the overlap integral was
verified. The enhancement factor does not scale linearly with the
wavelength as one might expect from the increase of the interaction
volume, simply because the metal becomes more absorptive in the
infrared region. Our theoretical study may help in the improvement
and optimization of sensors based on SPR.

Appendix A.

Most of the optical sensing techniques are based on the exis-
tence of evanescent wave in the region where the analyte to

Evanescent field

Confinement region | i,

Substrate | /s

Fig. A.1. Schematic of the evanescent wave sensor based on planar optical waveg-
uide.

be sensed is located. Examples are: TIR, ATR, SPR, fibers and
waveguides, LSPR, micro-resonators, grating waveguide resonant
structures, and resonant mirror sensors. Evanescent waves arise
when there is a confinement region in which the majority of the
optical density exists, however, outside this region a tail of the
optical field exists forming the evanescent wave. Fig. A.1 shows a
general schematic of the confinement region and the two bounding
regions called substrate and cover or analyte.
The dielectric function of the structure can be written as [30]:

2
8={nw reVy (A1)

n2s ré¢Vy
where ng, ny, ns are the refractive indices in the analyte, in the
confinement (waveguide) region, and the substrate region, respec-
tively, with V,, being the space volume of the confinement region.
Assuming a particle with refractive index np is added to the analyte
and caused a variation 8¢ = nZ — n2 in the dielectric function of the
analyte within the volume of the particle Vj,. The wave equation
before the addition of the particle is:

VxVxE=k¢E (A2)

where E;, k; are the electric field and the wave vector before the
addition of the particle. After the addition of the particle, the electric
field, the dielectric function and the wave vector changes to: Ef,

gr=¢c+ 8¢, kg=k; +0k, so that the wave equation becomes:
VxV xE =k}-e-E (A3)

Multiplying by E;, subtracting Eq. (A.2) from Eq. (A.3) and integrat-
ing over the entire volume leads to:

(kiz—kfz)/Ef~8~E;‘dr:kf2-/E;‘-Be-Ef-dr (A4)
Vp
Using first-order perturbation theory in k, we get:
) 8¢ -E* . E-dr
Sk ~ % R (A5)

&-Ef-E;-dr
JveE

Hence the dielectric perturbation in the evanescence region caused
ashiftin the guided wave vector determined by the overlap integral
normalized to the mode energy integral.
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