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This thesis proposes to increase the sensitivity of an angular interrogation-
based surface plasmon resonance sensor by employing divergent beam illumination.
A small divergent beam illumination produced within the prism with a 4f optical setup
which is provided a linear response of refractive index measurements. Experiments
show that the proposed method works by changing the amount of glycerol between

0 and 10% w/w.
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CHAPTER |
INTRODUCTION

1.1  SURFACE PLASMON RESONANCE SENSOR

Surface plasmon resonance (SPR) is an optical phenomenon that happens
when parallel (p) polarized laser light is incident at an angle greater than the critical
angle of a dielectric medium and a metal layer (Schasfoort, 2017). To generate a
resonance state of surface plasmons at the media interface, the incident photon must
have the wave vector and momentum that match with the plasmon. This resonance
condition can be met by altering the incident angle of the photon. At a specific angle
called the resonance angle, a sample put on top of the metal layer absorbs the
incident photon's energy due to the plasmon resonance. Therefore, a dark band occurs
on a specific portion of a pattern of reflected light. Due to wave vectors rely on
refractive indices, it is possible to evaluate the refractive index of a dielectric material
by detecting the dark band with light sensors.
There have been reports of SPR sensor applications in several domains, including
medicine (Fathi et al., 2019) and biochemistry (Kabashin et al., 2009). In addition, it is
real-time detection of the changes in refractive index of the sample (Bak et al., 2018;
Wang et al,, 2014). SPR sensors are label-free (Kodoyianni, 201 1) and noninvasive
(Firdous et al., 2018). SPR sensors can detect small changes in the refractive index of
low-volume samples with shorter preparation time compared to conventional
chemical methods (Liu et al.,, 2018). SPR sensor is useful for healthcare monitoring
(Puiu et al,, 2016), including ovarian cancer diagnosis (Szymanska et al.,, 2021) and
assessment of morphine specificity in urine samples (Ke et al,, 2020). Recent reports
indicate that the detection of ligan, antigen-antibody, and CO2 reactions for indoor
and outdoor applications have been successful. (Mudgal, 2020; Pérez-Ocon et al,,
2021).

The Kretschmann configuration, which comprise of a prism, a thin metal layer

as a sensor chip, and a dielectric sample to be studied, is a suitable way for developing



SPR sensors. The beam which is incident reaches the sensor chip's interface from within
the prism in the Kretschmann design. When the conditions for plasmon resonance are
achieved, the energy of the photon from the incident beam is absorbed, causing a
decrease in the intensity of the reflected light at the resonance angle. Since the
resonance angle relies on the refractive index of samples, altering the incidence angle
of photons allows for the detection of various types of samples. An angular
interrogation is a type of SPR sensor since it evaluates samples in accordance with the
angular sensing response. It can be achieved by rotating either a light laser source or
the prism, which produces an increase in the sensor system's complexity and size (Lan
et al., 2015; Ruemmele et al., 2008). To solve this problem, a LED (Chinowsky et al.,
2003), a cylindrical lens (Chan et al., 2014), a quantum cascade laser (Herminjard et al.,
2009) and a laser diode (Isaacs et al., 2015) have been applied to create the SPR sensor.
This is because the diverging beam is composed of a collection of light rays traveling
at different angles. However, it provides a Gaussian distribution beam profile, which
may not generate a well-defined SPR reflectivity drop.

A Powell lens, also called a laser line generator, produces a uniform distribution
of light energy from laser beams (Powell, 1989). Several approaches have been
presented for implementing SPR sensors using Powell lens SPR sensors. An
implementation of a multichannel SPR has been presented by translating a small
divergent beam created at the interface of the prism and the metal layer where an
array of samples is positioned. A translation stage is utilized to translate the beam by
moving the Powell lens attached to a laser source (Chen et al.,, 2015; Hu et al., 2016).
Consequently, this method has the same mechanical scanning issues as the
conventional ones. The second concept utilizes the Fourier transform feature of a thin
lens to refract parallel beams from different positions in a front focal plane with
respect to a back focal plane. When a spatially shifted parallel beam illuminates the
lens, the output beam will be refracted at a different angle of refraction. The revolving
slit is used to scan the input divergent beam and the metal layer is placed at the BFL
of the lens, angular interrogation can be implemented (Patskovsky et al., 2013).
However, the mechanical rotation of the motor generates noise and vibration which

reduces measurement accuracy. A method for improving the SPR system utilizing a



Powell lens without mechanical movement was reported as a solution to this issue
(Widjaja et al,, 2021). This is easily accomplished by illuminating the three-layer
Kretschmann setup directly with a divergent beam produced by a Powell lens. In
addition to being free of noise and vibration, a broad evanescent wave production
provides an advantage over earlier methods in that numerous samples' refractive
indices may be evaluated in real time using a simple setup. However, internal and
external refraction of the beam enlarges the output beam size incident on the light

detector. This demands a costly and large-sized image sensor.

1.2 SIGNIFICANCE OF THE STUDY

In this work, we propose a novel methodology for enhancing SPR sensitivity by
applying a small divergent light beam detected by a small image sensor. Conversely
to the prior method (Widjaja et al., 2021), the Powell lens produces the beam output
which is imaged within the prism utilizing a 4f optical setup, resulting in a small incident
beam on the gold sensor chip. In addition to keeping a wide divergence angle of the
generated beam within the prism, the 4f arrangement provides a linear response to
refractive index measurements and enhances the SPR sensitivity. By measuring the
refractive indices of glycerol with concentrations ranging from 0 to 10% (w/w), the
experimental viability of the suggested method for building a multi-channel SPR sensor

is demonstrated.

1.3  RESEARCH OBJECTIVES
1.3.1 To design and implement the SPR sensor with the readout beam that
diverges inside the prism.

1.3.2  To evaluate the sensitivity of the proposed SPR system.

1.4  SCOPE OF THESIS
1.4.1  To measure refractive index of glycerol from 0 - 10% w/w concentration
1.4.2  To verify experimentally the feasibility of the proposed SPR system.
1.4.3  To evaluate the sensitivity of the proposed SPR system.



1.5 ORGANIZATION OF THE THESIS

The thesis contains five chapters. The first chapter covers the research
motivation, significance, aims, and scope of the study. The theories of surface plasmon
resonance and refractive index mixture rules are covered in Chapter 2. The proposed
SPR sensor is discussed in Chapter 3. Chapter 4 discusses the experimental
measurements of glycerol refractive index and the sensitivity performance. The final

chapter summarizes the present research work.



CHAPTER Il
THEORY

2.1  GENERAL THEORY OF SURFACE PLASMON

The surface plasmons are electron oscillations with a well defined frequency
and wave vector that exist at the interface of a metal-dielectric interface. The
plasmons will resonate when an external electric field is applied to the interface with
the wave vector matching the parallel wavevector of the plasmon (Schasfoort, 2017).
This condition is only satisfied by p-polarized light, in which the electric field vector is
parallel to the plane of incidence. On the other hand, s-polarized light cannot support
the generation of the surface plasmon resonance because the wave vector condition
is violated. In addition, the surface plasmon resonance using s-polarized light requires

magnetic materials with different polarities that cannot be found.

z P+ /
Orrs

:-. /H
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v

Figure 2.1 P-polarized wave incident to the interface between two mediums,

nl and nz.



Figure 2.1 shows the p-polarized wave incident to the interface between two
media 1 and 2 having the refractive indices of N; and N,, respectively. The angles
Q;,a, and @ represent the incident, refracted, and transmitted angles of the three
waves, respectively. ki, kr and kt are the wave vector of the incident, refracted, and

transmitted wave that can be expressed by

k =k sina,a, +k cosaa, , (2.1)

k =k sing,a —k cosa,a, (2.2)
and

k =k sina,a, +k cosa,a, (2.3)

Here, a, , 5; and @, are the unit vectors. The electric fields of the incident

and transmitted waves that are parallel to the incident plane or x-z plane are given by

E (x.2)=E, (-a, cose, +a,sina; |exp[— jxk;sin e Jexp[ - jzk; cos o ] (2.9)
and
E (x2)=E, (—a cosa, +a,sing, )exp[— jxk sin o ]exp[—jzk cos e, ] (2.5)

with E, and E, are the amplitude of incident and transmitted fields,
respectively. The corresponding magnitude of the incident and transmitted magnetic

fields which are perpendicular to the electric fields can be written as

—

. E
H,(x,2)= akat exp[- jxk; sin g, |exp[— jzk; cos | (2.6)
Th

And

—_—

_— E
H, (X 2)= %exp[— jxk, sin e Jexp[ - jzk, cos e | 2.7)
2



where 1), and 7], are the instinsic impedances of the mediua 1 and 2,

respectively.

2.2 EVANESCENT WAVE
When the incidence angle of the p-polarized light is larger than the critical angle,
the external electric field, also known as an evanescent wave, will occur (Tang, 2019).

According to Snell's law of refraction, the critical angle @, can be expressed

mathematically

i sin{%} (2.8)
1

with Ny > N, . At this specific incidence angle, the incident light is reflected by the
incident medium. For the refracted wave, it is converted into a so-called evanescent
wave that propagates along the surface boundary with exponentially decreasing
amplitude as the propagation depth increases. When the incidence angle is larger than

the critical angle,

. Pl |
sine, =n—15|n Q. (2.9)
p

2
cos ¢, —ij\/(%sinaj -1, (2.10)
2

the transmitted electric field of Eq. (2.5) or the evanescent wave can be expressed as

By expressing

E (x2)=E, (—aﬁxcomt +a,sin ozt)exp{—jxkt %sin ai}
2

2
xexp| £k, [%sinaij 1 (2.11)

2

and can be simplified to



E (x2)=E, (—EX' cosa, +a, sina, )exp[— jkx]exp[-Az]  (2.12)

The function A is

2
A=k, [&sinaij -1 (2.13)

and
ngl
k, =k —=sing;, (2.14)

N,

which is the evanescent wave’s wave vector.

2.3 SURFACE PLASMON

To achieve the SPR, the p-polarized light is required as mentioned in section

V4
)'i>_ *

2.1.

E Dielectric
n, layer ;z>0
7 A~ Interface; z=0
. A9
- n& 75 %l n n"uxaﬂas Gold thin
H_... oLz layer ; z< 0

Figure 2.2 Propagation of the P-polarized wave along the interface

between the metal and the dielectric layers.

Figure 2.2 shows the diagram of the p-polarized wave travels at the interface
between the gold and the dielectric layers at z=0. The evanescent waves at each

medium are given by



—_—

E.(x2)= Em(—gx'cos(xtﬁgz'sin &, )exp[- ik X]exp[Az]for z<0  (2.15)

and

—_—

E,(%2)=E, (—Ex'coswt2 +a,sin atz)exp[—jkxx]exp[—Azz]for 2>0 (2.16)

According to the wave equation, the evanescent wave propagation through the gold

layer follows

8ZE(X,Z)+aZE(x,z)+GQE(x,z) 0°E,(x,2)

= —_— 2.17
X 2y 77 Ty (217

Substitution of Eq. (2.15) into Eq. (2.17) gives

~K2Ey (%, 2)+ A’E, (X 2) =~ e, Ey (X, 2). (2.18)

—

Division of both sides in Eq. (2.18 ) by Ey results in

A*=k?-0ue,. (2.19)

In similar fashion, the following relation is obtained from the evanescent wave

propagation in the dielectric medium 2,
A=k -0’ me,. (2.20)

The magnetic fields of the evanescent wave in the two media, can be expressed as

(Maier,2007)

- ja)glEn(X, Z)

(2.21)
-A

ﬁtl(x, Z) =

and

- jwe, Ew(X,2)

A

He(x,z) = , (2.22)
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respectively. According to the boundary condition of the wave propagation, both
tangential components of transmitted electric field and magnetic field in the two media
are continuous, yielding the relationship

—ja)glEu(X, z) _ —ja)SZEtZ(X, Z)

(2.23)
! A,
Equation (2.23) can be simplified by cancelling common factors to
&
A=—Jﬁi. (2.24)

gr2

This equation shows that the surface plasmon occurs only at the interface between
two media having different signs of the relative permittivities. Substitution Eq. (2.24) to

Eq. (2.19) gives

2
[_MJ 3 kx2 - a)zlulgl_ (2.25)

5r2

Consequently, the wave vector of the surface plasmon can be derived from Egq. (2.25)

2,2
@ | nn
kK, =—.| 5 (2.26)
c\n +n;

2.4  SURFACE PLASMON RESONANCE

In the prism-based Kretschmann configuration, the p-polarized wave incident
on the gold layer is originated from the prism. Consequently, the incident wave vector

is
ki =n,ac (2.27)

where N, is the refractive index of the prism. In terms of the incident angle, the wave

vector of the evanescent wave is

k, =n,acsing;. (2.28)
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Matching of the two wave vectors can be done by controlling the incident angle of the

illuminating light. Since the wave-vector matching causes a resonance of the surface

plasmon resonance, the incident angle Qgy is defined as

2,2
[ 1 | nin

U =SINT| — [ |, (2.29)
n, \|n¢ +n;

which also called the resonance angle.

When the surface plasmon resonance occurs, the electrons in the metal will
absorb the photon energy of the incident light. As a result, a sharp dark band
associated with a minimum intensity appears in the reflected light. An angle Qg is a
result of detected dark band, which can then be used to evaluate the sample’s
refractive index by using Eq. (2.37). The SPR angle is useful for the sample detection
and also for the design of SPR system components such as the suitable prism and

metal for each sample.

2.5 POWELL LENS

Powell lens is also called the laser line generator (Powell, 1989). It is the lens
that can convert a Gaussian-shaped laser beam into a uniform line-shaped light beam
distribution. The unique shape of the Powell lens is designed to have two surfaces
that are the primary surface and secondary surface. The primary surface is conic that
diverges paraxial rays with a wider angle than marginal rays. The lens surface is defined

by (Powell, 1989)

2

cy
Z= ’
1+1-(1+Q)c?y?)

(2.30)

where, ¢ and Q represent the apex curvature and the conic constant, respectively.
Equation (2.30) expresses the z-component of the surface displacement at the distance
y from the optical axis. Furthermore, the small curvature provides the wider fan angle
and longer of uniform beam distribution. The secondary surface is a plane surface that

further diverges the beam based on a simple light refraction phenomenon. Figure 2.3
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(a) shows a diagram of light rays from a laser source which starts to diverge by the first
surface of the Powell lens. Due to the refraction effect, the rays are transmitted from
the second surface with bigger refractions angles. Figure 2.3(b) shows a 1-D cross-
sectional intensity distribution transmitted by the Powell lens, which has better

uniformity than a cylindrical lens.

Powell Lens

Beam \%{\roof

Primary surface

(a) E/|\x Secondary surface
- ¥ Fan Angle

Powell Lens

(b)

Intensity

Position

Figure 2.3 (a) Ray diagram of Powell lens and (b) the plot of 1-D
intensity distribution of the divergent beam transmitted
by the Powell lens. (http://m.s-laser.com/info/the-

requirements-of-laser-lines-for-3d-scannin-49281473.html).

2.6  REFRACTIVE INDEX OF BINARY MIXTURE

The refractive index n is a value obtained from the ratio of the speed of light
in a vacuum to that in another dielectric medium. It is a fundamental property of pure
liquids and their solutions (Reis et al., 2010), which depends on ambient temperature
and pressure at measurement time. However, most handbooks of refractive indices list
only pure substances at a particular temperature. The refractive index of the binary

mixture N of two pure substances with refractive indices, N; and N, , can be


http://m.s-laser.com/info/the-
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mathematically calculated by using Newton's theoretical rule (Gayathri et al., 2018)

defined as
(n2-1)=¢(nf -1)+¢,(ni-1), (2.31)

where @ and @, are the volume fractions of the first and second substances,
respectively. They are defined as ¢ = W1/,01 and @, =W, /,02 that are the ratio of the
weight W to the density of pure substance respectively.

Let consider the calculation of the refractive index of a glycerol mixture by
using the Newton theory. In practice, commercially available substances have purities
or concentrations stated in the unit of % volume/volume (v/v). In order to calculate a

refractive index of the glycerol solution with a concentration1.0% (w/w) using the

Newton theory, the volume fractions ¢§,(y and ¢W are calculated as follows. Assume
the commercial glycerol has a label of the purity 99.7% (v/v) which indicates that in a
100 ml of the glycerol solution, the volume of glycerol vy, is 99.7 ml and water v, is

0.3 ml. The first step is to find masses of glycerol wg, and water w,, in 100 ml solution

that can be calculated as wy, = 99.7 ml x Oy, (¢/ml) and w,, = 0.3 ml x O, (g&/ml),
respectively. Secondly, in order to have the concentration 1.0% (w/w) of the glycerol

solution, the required mass of water w,,..., can be calculated as

ngy

ngy + Ww—req

1% (w/w) of glycerol solution =

In terms of volume, the required volume of water vy, oq is M,,..o/ O, Hence, the weight

by volume (w/v) of glycerol and water can be calculated as

ngy
1% (w/v) of glycerol =
gly +Vw—req
and
WW
water =———,
gly +Vw—req

respectively. Consequently, the volume fraction of glycerol is found to be
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¢g|ycem| = W /[(Veyy + Viyreg)Pay), while water is ¢Water = W /[(Veyy + Viyreg)Oul. The

refractive index for other concentrations can be calculated by the same steps above.



CHAPTER IlI
RESEARCH METHODOLOGY

3.1  PROPOSED SPR SENSOR USING DIVERGENT BEAM ILLUMINATION

The optical configuration for implementing the proposed Kretschmann-based
SPR sensor with a narrow divergent beam illumination is depicted in Fig. 3.1. The
illuminating beam's plane of incidence is parallel to the xz plane. In the configuration,
an index-matching liquid is added between the gold-evaporated glass plate and the
prism to reduce multiple light refractions, and a test sample is placed on the ¢old

plate. @ , yand ¥ are the angles of the apex and the vertexes A and B of the prism,

respectively.
Sample n,
A D g Metaln, g p
~ ‘4 Biz /! oo x1x :x-w
Z 010 YiZ: aiz, 13L\\\ ; N
*¢¢ \‘<gr3 :
y X ’ S ‘-:
(22 o Yi3\‘\ T S
G = <
4-f optical =25~ ~250 U @
setup XONI-" \ A% VA
% “Va ! vy &
ll;." H \}0
b W Pn @0
P ) :,\’ 'B’i oM
ﬂil, /[ \"\\ K Q
- 5 Prism n, Pagly
_ g 1.2 M
p-polarized
light &
g o Powell lens L1 besy
C

Figure 3.1 Schematic representation of the proposed SPR sensor

employing the 4f optical configuration.
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In the experimental setup, a Powell lens is employed to generate a uniformly
diverging line beam with an angle of divergence #. The beam is transmitted into the
prism through a 4f optical system comprised of two cylindrical lenses. The focal point
of the Powell lens is aligned with the front focal plane of the first cylindrical lens,
whilst the front focal plane of the second lens is positioned at the appropriate point
O within the prism. However, as a result of prism refraction, the focal point changes
to point O'. After light has been refracted by the prism, the rays GF and /D illuminate
the prism-gold interface at angles @, and B,, respectively. These two angles

correspond to the detectable variation in refractive index between n, and n,, where

n, is greater than n,. In addition, the angle 7, is the incidence angle of the center ray

HE. Note that the three angles must be larger than the prism's critical angle. The FL
and DK reflected rays are refracted into the air and collected by a CMOS image sensor
array. The collected SPR reflectivity pattern is then quantitatively evaluated to
determine the resonance angle and the associated refractive index.

To satisfy the required resonance angles, &, and [}, are defined as the incident

angles, which cover all the measurement range. The divergent angle of the illuminating

beam can then be determined by using triangles ADFO’, that is

=¢+o=0a;,- 5. (3.1)
As a result, the laser light source has to be oriented by the angle

 D-ay+f,
2

‘Y (3.2)

with regard to the horizontal direction of an optical axis. In Eq. (3.2), @ and f; are
the incident angles of the surface-transmitted rays QG and R/ on the surface #AC,

which can be expressed as
a, =sin~'[n_sin(y —a;,)] (3.3)
and

By =sin"[n_sin(y - B,)], (3.4)
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respectively. The two equations give the relationship of the incident angles at two
different prism surfaces that are #AC and #AB. Besides their dependency upon the
apex angle, the two angles of incidence @;; and B, are determined by the transmitted
divergent beam QR from the lens L2. Consequently, the widths of the beam input G/,
the beam at the sensing plate DF and the beam output KL depend on the angles of
incidence @ and f,. Here, the positive and the negative angles are defined as the
angles formed by a clockwise and a counterclockwise rotation of the incident ray with
respect to the normal line, respectively. Therefore, the optical configuration depicted
in Fig. 3.1 must be aligned as follows. First, the distance PH must be less than the back
focal length of the second lens. Second, the beam spot size at the focal point has to
be larger than the beam width DF, which is divergent and incident at the gold sensing
component on surface #AB. Without the prism, the angle QOP of the convergent beam

is given by
o=2tan™" QR/2
BFL
=Pnta;. (3.5)

By placing the prism behind the lens L2 with the separation distance PH, the beam

size Gl that depends on the distance PH can be expressed as

GI = GH + HI

BEL = PH sin (;j BFEL —PH sin (Z)

= + . (3.6)
cosa;, cos B,

After AG which is the location of the incident beam on the surface #AC is defined, the

size of the divergent beam DF at the sensing plate can be calculated by

DF =(AGc03aﬂJ_{(AG +Gl )COSﬂtl]

cosa;, cos 3,
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AG cos{sin‘{smai1 ]:l (AG+GI)COS{sin‘1[Si”ﬂi1H
= b i (3.7)

ST &)

Equation (3.7) determines the required size of the gold sensing plate for implementing

the proposed SPR sensor, which has to be placed at the distance

AG +Gl)cos S,
Ccos f.,

(AG+Gl )cos{sinl {S":ﬂﬂ
- P (3.8)

fi 2]

from the vertex A on the surface #AB of the prism.

AD=(

When the diverging beam is reflected from the prism's interface with the gold
layer, it becomes even more divergent. The divergent beam width KL at the surface

of #BC can be expressed as

_(AB-AD)cos 5, (AB—AD-DF)cosa;,
cos(y - 8,) cos(y —a,)

(AB—AD) COS{;(—(S";ﬂ”H (AB—AD - DF)co{z—[Siz%ﬂ

KL

iflata P (3.9)

cos{y/;g{smﬂ'lﬂ cos[y/;ﬁ(sma'lﬂ
np np

where AB is the length of the prism hypotenuse. As a result of the prism refraction,

the refracted beams KM and LN strike the sensor plane at different angles.
To achieve a uniform distribution of the incident angle of all refracted rays on

the detection plane, the plane has to be tilted by the angle &

§:90°—y/+(—'6‘3;at3)



19

— 90 _VH(@)' (3.10)

with respect to the vertical axis. Here, ¢ and B, are equal to the angles & and By
, respectively. By aligning the first and last pixels of the image sensor with the rays KM
and LN, respectively, the whole SPR reflectivity pattern may be captured by utilizing
the full width MN of the image sensor. The alignment requires the distance of

separation

MN cos(%;ﬂ“j ~KLcosa,,

Qs — Pis
Sin(Bs — ) COS( 2 j
KV =
Cos(ﬂw +at3j
2

MN cos| %~ Pu —KLcosa,

2 Cos(ail _:Buj

sin(B, —a;) 2
(3.11)

cos(ﬂ”;a”]

with respect to the prism. In contrast, the separation distance KV can be used to

compute the needed sensor width. In this situation, the width of the sensor is found

to be

KV sin(f, —at3)cos(ﬁt3;a‘3j

COS(O[IS _ﬁtsj
2
MN =

Cos(ats _ﬁt3)
2

+ KLsin(90" + o;)
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KV sin(g, — ;) cos (ﬂllgallj
cos (all_ﬂll)
2
cos(ail_ﬂilJ
2

Equation (3.11) provides the condition for the complete use of the image

+KLsin(90" + ;)

(3.12)

sensor's known width MN, whereas Equation (3.12), for a given separation distance KV,
specifies the criteria for choosing the image sensor. Since the width of the reflected
beam KL is known, it is possible to determine the pixel position of the SPR dip intensity,
producing measurements of the resonance angle and the corresponding refractive

index.

3.2 DESIGN OF THE PROPOSED SENSOR

Consider that the proposed sensor will be used for measuring refractive indices
of liquids with variation from 1.0462 to 1.3841. When the sensor is implemented by
using an equilateral prism fabricated from N-SF11 (n, = 1.785) and a gold layer (n, =
0.1728+j3.4218) (Yamamoto, 2002), Eqg. (2.29) gives their corresponding resonance
angles of 38° and 58°, which define the range of the angles f, and @, of the divergent
beam incident on the gold sensing plate DF, respectively. The divergent beam is
produced by the 4f optical setup which has the back focal length BFL equals to 17.74
mm and the beam size OR is equal to 12.3 mm. According to the specifications of the
optical components, it provides the incident angles at the surface #AC equal to f; =
41.96° to o =-3.57°. Without the prism, the angle O of the convergent beam is 38°.
Consequently, the illuminating ligsht needs to be oriented at the angle 0'= 53", while

the orientation angle O of the sensor plane is 40°. Furthermore, the size of the beam
Gl incident on the prism that depends on the distance PH can be calculated by using
Eq. (3.5). In order to detect the whole SPR reflectivity signals, the distance FB, BL, and
KC must be greater than zero. This condition can be satisfied, provided that the suitable

distance PH and incident position AG are determined.
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Table 3.1 Beam sizes G/, AG, DF, KL and MN as a function of the illumination distance
PH for By = 41.96°, &, =-3.57° and OR = 12.3 mm.

PH G/ AG (mm) DF (mm) KL MN
(em)  (mm) min max min max (mm) (mm)
1.4 2.9 6.5 7.5 1.2 1.9 1.9 38.0
1.5 2.1 55 7.5 1.4 2.8 2.7 38.8
1.6 1.3 4.0 7.5 1.3 3.7 3.5 39.6

Table 3.1 shows the beam sizes on different prism surfaces and the sensor as
a function of the distance PH. They are calculated by using the equations derived in
the previous section. In order to be experimentally realizable, the distance PH was
varied by 1 mm, giving the size of the beam GI. It is apparent that due to the fixed
shape of the illuminating divergent beam, the beam size G/ incident on the prism
becomes smaller as the distance PH increases. Consequently, the smaller the beam
size Gl the broader the range of the incident beam position AG. As a result, the gold
plate with the size DF and the position AD can be obtained by using Egs. (3.7) and
(3.8) as a function of the possible incident position AG, respectively.

Next, the resultant beam size KL on the prism exit surface can be calculated
by using Eq. (3.9). By taking the size of commercially available CMOS sensors into
account, the distance KV is set to 56 mm. Consequently, the output beam pattern
that maps the incident beam with the angle range of By =41.96° to & = -3.57° can
be detected by using the sensor with the size of MN defined as Eq. (3.12). The values
of KL and MN are presented in the last two columns in Table 3.1. In summary, the
longer the distance PH, the larger the beam sizes DF and KL. The table can be used
as guidelines for designing the SPR setup.
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Figure 3.2 Plots of the beam sizes G/, DF and KL as a function of

the incidence angle ﬂil.
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Figure 3.3 Plots of the beam size at the detection plane MN as
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According to Table 3.1, this resonance sensing could be implemented by
setting the separation distance PH to 15 mm and the incident beam position AG of 5.5
mm. They caused the beams G/, DF, KL and MN became equal to 2.1 mm, 1.4 mm,
2.7 mm and 38.8 mm, respectively. Figure 3.2 and 3.3 shows the variations of the
beam size GI, DF, KL and MN as a function of the angle of incidence ﬂil. Since the angle
of the incident beam DF varies from f, to @, the graph in Fig. 3.2 and 3.3 will also
vary the beam as a function of the angle of incidence B, to &;. The beam sizes inside
and outside the prism linearly increase as the incident angle B, becomes bigger.
Therefore, the designed SPR sensor could linearly distribute the beams on the
interface of the gold sensing plate and the detector plane as a function of the incident
angle &;. This is important for the detection of the SPR reflectivity curve recorded by

using the array sensor.



CHAPTER IV
EXPERIMENTAL VERIFICATIONS

4.1  GLYCEROL SOLUTIONS FOR SENSING VERIFICATIONS

In order to demonstrate the viability of the proposed methodology, several
concentrations of glycerol (ng, = 1.4707) (Rheims et al,, 1997) were measured
experimentally at 25° C using the proposed SPR apparatus depicted in Fig. 4.1. The
use of glycerol as a solution sample was because it is non-toxic (Becker et al., 2019)
and hard to evaporate at room temperature (Yong et al,, 2017). On the basis of the
Newton theoretical rule (Gayathri et al., 2018), the concentrations of glycerol varied
from 1 — 10% weight per weight (w/w) by diluting with water (n,, = 1.3317) (Hale et
al., 1973).

Table 4.1 Refractive index and resonance angle calculated as a function of glycerol

concentration.

Glycerol Concentration (%) Refractive Index n,  Resonance Angle (°)
0 138 [ 54.104
1 1.3329 54.189
2 1.3340 54.266
3 LPB52 54.351
4 1.3364 54.435
5 1.3375 54.513
6 1.3387 54.599
7 1.3399 54.684
8 1.3410 54.763
9 1.3423 54.856

10 1.3435 54.942
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The computed refractive index is displayed in Table 4.1 as a function of the
glycerol concentration. It is evident that the refractive index varies linearly with the
concentration change by a mean interval of approximately 0.0012. The final column
of Table 1 displays the calculated resonance angle using Eq. (2.29). The Abbe
refractometer (Atago, 1220 NAR-2T) with a measuring range of 1.3000 to 1.7000 and
resolution of 0.001 RIU was used to measure the refractive index compared to the
proposed SPR sensor to verify the accuracy and credibility. The experimental
measurements of the refractive index were done on three sets of samples. Each

concentration was repeatedly measured ten times.

4.2 EXPERIMENTAL SETUP

Figure 4.1 The experimental verification setup for the proposed

divergent-beam-based SPR sensor.

Figure 4.1 shows the optical setup for the experimental verification of the
proposed method. The plasmon resonance was produced by sandwiching a gold-
evaporated glass plate (Nano SPR, BA1000) with a refractive index of n, =
0.1728+j3.4218 (Yamamoto, 2002) between the sample and a 15 mm N-SF11
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equilateral prism (n, = 1.785) (Edmunds, #49-432). The index matching liquid (Series
A; Cargille-Sacher Laboratories, Inc.) was used to fill the space between the prism and
the gold plate. A laser light source with wavelength equals to 635 nm (Thorlabs,
#CPS635) was passed through a half-wave plate (Thorlabs, #WPH10E-633) to produce
a p-polarized beam. The optical axis of the illuminating light was fixed at the angle 0
' = 53°. After passing through a Powell lens with a 45° fan angle (Thorlabs, #PL0145),
the 4f optical relay configuration with a 25 mm focal length focused the uniformly
diverging beam on point O. The AG and PH distances were set to 5.5 mm and 15 mm,
respectively. However, as a result of prism refraction, the focusing point was relocated
to point O’ and the divergent beam incident on the sensing region had angles ranging
from 38° to 58°, which are equal to f; = 41.96° to @, = -3.57° as mentioned in
section 3.2. In order to measure the refractive index of each glycerol concentration,
the CMOS sensor (Basler, daA2500-14um) with 2592 pixel x 1944 pixel in an area of
57 mm X 4.3 mm was tilted in relation to the vertical axis by an angle O of

approximately 40°. The distance KV was adjusted at 56 mm, whereas MV was 12.5

mm.

4.3 UNIFORM DIVERGENT BEAM USING POWELL LENS
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Figure 4.2 The divergent beam generated by using the cylindrical lens and

(b) its intensity scanned along the horizontal direction.
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Figure 4.3 The divergent beam generated by using the Powell lens and

(b) its intensity scanned along the horizontal direction.

As discussed in section 2.5, the Powell lens was used to generate the uniform
divergent beam illumination. In order to understand the advantage of the Powell lens
compared to the cylindrical lens, their beam outputs are compared as follows. Figure
4.2 (a) shows the intensity pattern of the divergent beam generated by using a
cylindrical lens. The beam was recorded at a distance of 16 cm behind the lens, while
the laser source was 14 cm in front of the lens. Figure 4.2 (b) plots its intensity scanned
along the horizontal axis. It is apparent that the beam intensity profile is localized
around its origin. This is because a laser beam has an inherently Gaussian electric field
profile. When the beam is used for the illumination of the SPR sensor, the dip intensity
of SPR reflectance may be degraded by the Gaussian distribution nature of the laser
beam. Figure 4.3 (a) shows the intensity pattern of the divergent beam generated by
using the Powell lens by using the same laser illumination setup. The beam was
recorded at the distance of 6 cm behind the lens. It is obvious that the Gaussian beam
profile is eliminated. Besides having better uniformity, the divergent beam becomes
broader because of the conic surface of the Powell lens. In the plots, the scanned

intensities were normalized by the maximum intensity of the laser source.
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4.4 VALIDATION OF THE SETUP
To verify the alignment of the experimental setup, the beam sizes at different
parts of the setup were estimated by using the millimeter paper graph. The estimated

beam sizes were shown in Table 4.2.

Table 4.2 The beam sizes at different parts of the setup with the distances
PH = 15 mm, AG = 55 mm, f, = 41.96° to &, = -3.57".

Beam size Theory (mm) Estimation (mm) % Error
BFL 17.74 18 1.5
OR 12.35 12 2.8
Gl 2.11 2 5.2
DF 1.41 2 42
KL 2.68 3 12

4.5 DETECTION OF SPR DIP INTENSITY
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Figure 4.4 Plots of the number of pixel as a function of the incidence angle f3,.
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In order to measure the refractive index of the glycerol solutions, the
relationship between the angle of incidence of the light rays in the gold sensing chip

DF and the pixel of the array sensor with the size MN is determined by

[MNJ X (Qspr~fi2)

pixel size

B —

Detected pixel = (4.1)
where ,Biz and @, are the range of the sample resonance angle that can be measured.
In the case of the measurement of the samples in Table 4.1, the angles B, and
were set to be equal to 53° and 56°, respectively. To detect the SPR dip intensity
using the Basler image sensor, the sensor was aligned in such a way that the first and
2592th pixels detected the light rays with the angle of incidences of 53° and 56°,
respectively. Figure 4.4 shows the theoretical relationship between the pixel position
of the SPR dip intensity detected at the Basler image sensor as a function of the
incident angle B,. After the SPR angle is obtained by detecting the dip intensity, it
can be used to find the refractive index of the sample. In comparison with curve fitting

in Appendix A, the detection of the minimum dip intensity gives better accuracy.

4.6 MEASUREMENT OF GLYCEROL’S REFRACTIVE INDEX
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Figure 4.5 (a) Droplets of water and 10% glycerol above the gold plate and
(b) the corresponding SPR reflectivity pattern by using p-polarized
light.
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In order to minimize measurement errors, each glycerol sample was tested
concurrently with a calibrating sample of water. Figure 4.5 (a) depicts two droplets of
water and 10% glycerol solution placed next to one another on the y-axis of a gold
plate with a 10-microliter pipette (Brandtech, Transferpette S Pipette). The alignhment
of the samples along the y-axis reveals that the proposed arrangement is suitable for
multichannel measurements. Figure 4.5 (b) depicts the pattern of SPR reflectivity
matching the samples. The x and y-axis of the captured pattern correspond to the

horizontal and vertical directions of light distribution on the gold plate.
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Figure 4.6 The average SPR reflectivity pattern of water and 10% glycerol

along the vertical direction of Fig. 4.5.

Figure 4.6 illustrates the cross-sectional SPR reflectivity of the water and
glycerol solutions depicted in Fig. 4.5 (b). Each reflectivity scan provides an average
vertical intensity of fifty pixels. The SPR reflectivity dip intensities of water and glycerol
appear at around 54° and 55°, respectively. Due to its greater refractive index,
glycerol's reflectivity curve is kind of wider than that of water. The results of the
experiment validated the viability of the proposed method for single-shot

measurement of multichannel refractive index.
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Figure 4.7 The average SPR reflectivity pattern of water and 10% glycerol
along the vertical direction was measured by using p+s polarized

light.

Figure 4.7 plots the SPR reflectivity pattern of water and 10% glycerol solution
obtained by using p+s polarized light. This polarized ligsht was generated by rotating
the half-wave plate by 22.5°. When this polarized light was used for the illumination,
the s-polarized wave was totally reflected, distorting the reflectivity caused by the p-
polarized light. The dip minimum intensity became shallow and appeared at a wrong
angle. It can also show the SPR angle of water and 10% glycerol but it is not accurate

as the graph in Fig. 4.6.
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Figure 4.8 Average positions of the experimentally detected dip intensity

and their SDs as a function of the refractive index.

As mentioned in Table 4.1, Figure 4.8 displays the average position of the
experimentally detected SPR dips as a function of the sample refractive index with the
standard derivation appear as bar in the graph. The circle indicates the average dip
position, whereas the solid line is the best-fitting linear regression line y = 61067x-
80364. The calculated coefficient of determination R* gives 0.99896. This implies that
there is a positive linear relationship between the intensity position of the recorded
dip and the increase in the sample's refractive index. The SD shows that the
measurements are closely localized around the average positions of the detected

pixels (see Appendix B). Therefore, the proposed SPR system is reliable. As determined

by the regression line, the sensitivity of the proposed sensor is 1.6375 X 10° RIU/pixel.

In terms of the angle, the angular sensitivity can be expressed as

Range of measurement angle

Angular Sensitivity =
Number of image sensor pixel X Sensitivity (RIU/pixel)

30
2592 pixel x 1.6375 x 10-5 RIU/pixel

70.681° /RIU
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which is higher than the previous method (Widjaja et al., 2021). According to Homola
(Homola et al, 1999), the proposed system has a theoretical sensitivity of
approximately 70.089° /RIU. Consequently, the entire length of the sensor can detect
the light beam incident on the gold plate at an angle between 53° to 56° on the ¢old
plate, yielding the angular resolution of 0.00116°/pixel, as calculated by

Angular Resolution = Angular Sensitivity (°/RIU) X Sensitivity (RIU/pixel)

= 70.681 (°/RIU) X 1.6375 X 10° (RIU/pixel)
= 0.00116°/pixel.

The resolution of the proposed method is approximately 2.5 times better than the
previous divergent beam-based SPR sensor, which had a resolution of 0.00289° (Widjaja
et al., 2021). After averaging the detected dip places, the resulting value was utilized
to calculate the resonance angle. Finally, the sample's refractive index was determined

by solving Eq (2.29).

Table 4.3 The mean absolute errors by using the proposed methodology and the
refractometer, the ten samples were measured for their resonance angles

and refractive index.

Glycerol Theory Refractometer Proposed Method
concn RI Asrr RI % Aspr % RI %
(%) (°) Error () Error Error
0 1.3317 54.104 13318 0.008 54.110 0.01  1.3318 0.008
1 1.3329 54189 13331 0.02 54201 0.022 1.3331 0.02

1.3340 54.266 13342 0.01 54280 0.026 1.3342 0.01
13352 54351 1.3354 0.01 54340 0.020 13351  0.007
1.3364 54435 13363 0.007 54440 0.007 1.3364 0.00
1.3375 54513 13380 0.04 54519 0.01 1.3376  0.007
1.3387 54599 13390 0.02 54610 0.020 1.3389 0.01
1.3399 54.684 13403 0.03 54681 0.005 1.3399 0.00

co ~N o U A~ VLN

1.3410 54.763 13413 0.02 54780 0.031 1.3412 0.01
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Table 4.3 The mean absolute errors by using the proposed methodology and the
refractometer, the ten samples were measured for their resonance angles

and refractive index. (Continued)

Glycerol Theory Refractometer Proposed Method
concn RI Aspr RI % Aspr % RI %
(%) (©) Error (9) Error Error
9 1.3423 54856 13430 0.05 54.871 0.027 1.3425 0.01
10 1.3435 54942 13442 0.05 54931 0.020 1.3434 0.007

The mean absolute errors in measurements of sample refractive indices and
corresponding resonance angles using the proposed method and refractometer are
displayed in Table 4.3. In the table, Rl represents the refractive index, whilst the
resonance angles were derived using the experimentally determined position of the
dip intensities. Using the proposed method and the refractometer, the mean absolute
errors in measuring the refractive index of varied glycerol concentrations tend to be
less than 0.1%. It is essential to remark that the overall errors of the suggested method
never exceed those of the refractometer. In conclusion, the experimental findings
confirm the dependability and validity of the suggested divergent beam generation

within the prism for deploying SPR sensors.



CHAPTER V
CONCLUSIONS

5.1  CONCLUSIONS

This thesis has proposed and experimentally verified a new method for
enhancing the SPR sensitivity using a small divergent beam illumination inside the
prism via the optical relay setup. In comparison with the conventional 3-layer SPR
sensors, the proposed SPR system can be implemented by using a commercial array
image sensor without any mechanical movements. Experimental verification of the
proposed method was done by simultaneously measuring two channels of the glycerol
refractive index with different concentrations from 0 to 10 % w/w.

The experimental results show that :
® The thesis has proposed and experimentally verified the compact and
low-cost SPR sensing system by using a commercially available CMOS

image sensor and without mechanical scanning.

® The proposed SPR system can be implemented for multichannel
sensors.
® The proposed method could improve the SPR angular resolution to

about 1.16 mdeg/pixel and sensitivity to about 1.6375 X 10~ RIU/pixel
or 70.681°/RIU.

° The mean absolute errors in measuring the refractive index of various

glycerol concentrations tend to be less than 0.1%.

5.2 FUTURE WORK
This thesis has accomplished the goals of reducing beam output size and
increasing the sensitivity. In future work, the proposed method will be applied to

bacteria and gas detection.
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APPENDIX A

DETECTION OF SPR DIP INTENSITY USING CURVE FITTING
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Figure Al SPR reflectivity pattern of water and 10% glycerol averaged along the
vertical direction of Fig. 4.5 and its corresponding curve fitting with the
polynomial function order = 3 from 40 data points around the

minimum dip intensity of the reflectivity patterns by using MATLAB.
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polynomial function order = 3 from 80 data points around the
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In this Appendix, the detection of the SPR dip intensity discussed in Chapter 4
is compared with a polynomial curve fitting. The obtained SPR reflectivity signals were
polynomially fitted by using polyfit(x,y,n) function of MATLAB program. The function

employs the polynomial model

p)=p X +p X1 Le +p x4p, (A1)

The fitting gives the coefficients for a polynomial p(x) of order n that is a best fit for
the data in y.

Figure A1l and A3 show the SPR reflectivity pattern of water and 10% glycerol
averaged along the vertical direction of Fig. 4.5 and its corresponding curve fitting with
the polynomial function orders = 3 from 40 and 80 data points around the minimum
dip intensity of the SPR reflectivity, respectively. Although higher accuracy of curve
fitting can be obtained from a small number of data points, this Appendix fitted the
SPR resonance angle from 40 and 80 data points around the minimum dip intensity.
This is because fitting with fewer data points failed to detect the resonance angle. In
comparison with Figs. Al and A3, Figs. A2 and Ad show that the more data points that
are fitted, the higher order of the polynomial fitting is required.

Tables Al and A2 show the SPR angles and the RIs detected from 40 data points as a
function of the fitting orders, while Tables A3 and A4 are the detection results from 80
data points. The four tables show that the 80 data points with the fitting order of 4
have an average error and SD detection results that are smaller than 0.1%. In the case
of 40 data points, the best detection needs to be done with the third order of the
fitting. In conclusion, the result of the curve fittings confirms the validity of the

minimum dip detection in the experimental verifications.


https://www.mathworks.com/help/matlab/ref/polyfit.html#bue6sxq-1-x
https://www.mathworks.com/help/matlab/ref/polyfit.html#bue6sxq-1-y
https://www.mathworks.com/help/matlab/ref/polyfit.html#bue6sxq-1-n

Table A1 SPR angle detected by curve fittings with different orders of polynomial function from 40 data points around the minimum dip

intensity calculated with MATLAB.

Glycerol 2" order 3" order 4™ order 5™ order
Theoretical SPR
conen % SPR % SPR % SPR %
SPR angle ancle SD SD SD SD

(%) 8 error angle error angle error angle error

0 54.104 54.063 0.075 0.040069 54.115 0.020 0.025665 54.110 0.01 0.027084 54.116 0.022  0.027092
1 54.189 54.173 0.030 0.019799 54.212 0.043 0.011898 54.214 0.046  0.013275 54.214 0.046  0.013736
2 54.266 54.233  0.061 0.019328 54290 0.043 0.029691  54.283 0.031 0.031948  54.287 0.039  0.031379
3 54.351 54.290 0.11  0.039127 54.33 0.036 0.031478 54.333 0.033 0.031633 54.341 0.019  0.024554
4 54.435 54.368 0.12 0.046198  54.424  0.020 0.029781  54.423 0.023  0.033069  54.423 0.021  0.032968
5 54.513 54.484 0.053 0.019799 54.518 0.009 0.007071 54.517 0.007  0.010801 54.523 0.017  0.008219
6 54.599 54.602  0.005 0.000471  54.622  0.043 0.014817  54.621 0.040 0.016997  54.621 0.040 0.016872
7 54.684 54.656  0.051 0.025456  54.693 0.02 0.026196  54.692 0.01  0.029033  54.694 0.018 0.028178
8 54.763 54.739 0.044  0.002828 54.767 0.008 0.017327 54.732 0.057 0.041963 54.769 0.01 0.018625
9 54.856 54.825  0.057 0.009428  54.866 0.02. 0.030243  54.865 0.016 0.032782  54.869 0.024  0.029132
10 54.942 54.927 0.028 0.000943 54.929 0.023  0.004989 54.929 0.024  0.005715 54.929 0.024  0.006128

12%



Table A2 RI detected by curve fittings with different orders of polynomial function from 40 data points around the minimum dip

intensity calculated with MATLAB.

Glycerol 2" order 3 order 4™ order 5™ order
conen Theoretical % % % %
RI RI SD RI SD RI SD RI SD

(%) error error error error
0 1.3317 1.3311 0.05  0.000566 1.3319 0.01  0.000368 1.3318 0.008  0.000374 1.3319 0.01 0.000368
1 1.3329 1.3327 0.02  0.000283 1.3332 0.03  0.000189 1.3333 0.03 0.00017 1.3333 0.03 0.00017
2 1.3340 1.3335 0.04  0.000283 1.3343 0.02  0.000403 1.3343 0.02 0.00045 1.3343 0.02 0.000432
3 1.3352 1.3343 0.07  0.000566 1.3349 0.02 0.00045 1.3349 0.02 0.00045 1.3351 0.01 0.000309
q 1.3364 1.3355 0.070  0.00066 1.3363 0.01 0.000419 1.3362 0.01 0.000464 1.3362 0.01 0.000464
5 1.3375 1.3371 0.03  0.000283 1.3376 0.005 9.43E-05 1.3376 0.005 0.00017 1.3376 0.01 0.000125
6 1.3387 1.3387 0 0.00012 1.3390 0.02  0.000216 1.3390 0.02 0.000216 1.3390 0.02 0.000216
7 1.3399 1.3395 0.03 0.00033 1.3401 0.01 0.000368 1.3400 0.007  0.000408 1.3400 0.01 0.000411
8 1.3410 1.3406 0.03 4.71E-05 1.3411 0.005 0.000262 1.3406 0.03 0.000579 1.3411 0.005  0.000283
9 1.3423 1.3419 0.03  0.000141 1.3424 0.01 0.00045 1.3424 0.01 0.00045 1.3425 0.01 0.000374
10 1.3435 1.3433 0.01 0.00045 1.3433 0.01 4.71E-05 1.3433 0.01 8.16E-05 1.3433 0.01 8.16E-05

)



Table A3 SPR angle detected by curve fittings with different orders of polynomial function from 80 data points around the minimum dip

intensity calculated with MATLAB.

Glycerol 2" order 3 order 4™ order 5™ order
conen  TheOTEHCAl T spR g, SR % SR % SPR %
SPR angle angle SD SD SD SD
(%) error angle error angle error angle error
0 54.104 54.109  0.009 0.010198  54.117  0.023 0.009031  54.114  0.019  0.006799 54.116 0.022  0.008287
1 54.189 54.204  0.028 0.015513  54.208  0.034 0.002867  54.205  0.030  0.004028 54.207 0.034  0.002867
2 54.266 54.256 0.018 0.03193 54.267 0.002 0.032934  54.270 0.008  0.034663 54.272 0.01 0.034567
3 54.351 54324  0.050 0.016418 54.342  0.016 0.008994  54.342  0.017 0.009416 54.340 0.020  0.011324
a4 54.435 54.436 0.001  0.04485 54.446 0.021 0.033039 54.442 0.013  0.043653 54.446 0.020  0.042898
5 54.513 54.497  0.029 0.021602  54.510  0.006 0.015107  54.506 0.01  0.017913 54.509 0.008  0.015923
6 54.599 54.594 0.009 0.004546  54.629 0.056  0.013597 54.619 0.037  0.019866 54.621 0.040 0.019328
7 54.684 54.691 0.01 0.006944  54.690 0.01  0.013597 54.693 0.02 0.008179 54.696 0.021  0.009286
8 54.763 54770  0.013 0.008641  54.767  0.007 0.005793  54.764 ~ 0.002  0.004497 54.766 0.006  0.005312
9 54.856 54.831 0.045 0.015923  54.818 0.070 ~ 0.023228 54.821 0.063 0.017211 54.818 0.070  0.015195
10 54.942 54929  0.023 0.013474 54926  0.029 0.003559  54.928  0.026 0.0017 54.928 0.026  0.000943

o



Table Ad RI detected by curve fittings with different orders of polynomial function from 80 data points around the minimum dip

intensity calculated with MATLAB.

Glycerol 2" order 3 order 4™ order 5™ order
Theoretical
concn % % % %
RI RI SD RI SD RI SD RI SD
(0/0) error error error error
0 1.3317 1.3318 0.005  0.00017 1.3319 0.01  0.000125 1.3318 0.01 9.43E-05 1.3319 0.01 0.000125
1 1.3329 1.3331 0.02  0.000245 1.3332 0.02 4.71E-05 1.3331 0.02 4.71E-05 1.3332 0.02 4.71E-05
2 1.3340 1.3338 0.01 0.00045 1.3340 0 0.000455 1.3340 0.002  0.000499 1.3341 0.005  0.000464
3 1.3352 1.3348 0.03  0.000216 1.3351 0.01  0.000125 1.3351 0.02 0.000125 1.3350 0.01 0.00017
q 1.3364 1.3364 0 0.000638 1.3366 0.01 0.00045 1.3365 0.007  0.000638 1.3365 0.01 0.000618
5 1.3375 1.3373 0.02  0.000309 1.3374 0.005 0.000189 1.3374 0.007  0.000216 1.3374 0.007  0.000216
6 1.3387 1.3386 0.007  8.16E-05 1.3391 0.03 0.000205 1.3390 0.02 0.000283 1.3390 0.02 0.000283
7 1.3399 1.3400 0.007  8.16E-05 1.3400 0.007 0.000216 1.3400 0.007 9.43E-05 1.3401 0.01 0.000125
8 1.3410 1.3411 0.007 0.000141 1.3410 0 9.43E-05 1.3410 0 9.43E-05 1.3410 0 4.71E-05
9 1.3423 1.3420 0.02  0.000205 1.3418 0.04 0.00033 1.3418 0.03 0.000249 1.3418 0.03 0.000205
10 1.3435 1.3433 0.01  0.000205 1.3433 0.01 4.71E-05 1.3433 0.01 0 1.3433 0.01 0

LY



Table A5 Comparison of % error and SD of SPR angle with different orders of polynomial function for 40 and 80 data points around the

minimum dip intensity.

2" order 39 order 4™ order 5% order
Average Values
40 80 a0 80 40 80 40 80
% Error 0.058 0.022 0.025 0.025 0.027 0.022 0.028 0.025
SD 0.020313 0.017277 0.020832 0.014704 0.024936 0.015266 0.021535 0.015084

Table A6 Comparison of % error and SD of RI with different orders of polynomial function for 40 and 80 data points around the

minimum dip intensity.

2" order 39 order 4t order 5t order
Average Values
40 80 40 80 40 80 40 80
% Error 0.033 0.013 0.015 0.015 0.016 0.013 0.015 0.015
SD 0.000339 0.000249 0.000297 0.000207 0.000347 0.000213 0.000294 0.000209

8v



APPENDIX B

STANDARD DERIVATION OF THE MEASUREMENT



Table B1 Average and SD of detected pixels by using the proposed methodology.

Average positions of detected Measured positions
Glycerol
SPR dip (pixel) (pixel)
concentration
1tset of 2"setof 39setof Average SD
(%)
samples samples samples
0 1008 955 915 959 46.65119
1 1048 1039 1023 1037 12.66228
2 1117 1096 1104 1106 10.59874
3 1166 1168 1141 1158 15.04438
4 1268 1242 1223 1244 22.59056
5 1325 1312 1303 1313 11.06044
6 1407 1389 1376 1391 15.56706
7 1475 1452 1430 1452 22.50185
8 1557 1533 1524 1538 17.05872
9 1632 1611 1604 1616 14.57166
10 1693 1671 1644 1669 24.542438




APPENDIX C

COMPARISON OF OTHER IMPLEMENTATIONS
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As stated in the first chapter, introduction, Surface Plasmon Resonance, or SPR,
is widely used in various fields. In this discussion, the prism coupling or Kretschmann
configuration will be discussed. The fourth chapter of this thesis evaluates the

performance of the suggested setup based on sensitivity and resolution which are

1.6375 X 107 RIU/pixel or 70.681°/RIU and 1.16 mdeg/pixel, respectively.

In the angular interrogation by using the chopper rotation (Patskovsky et al.,
2013) as discussed in previous section. The laser source is He-Ne laser with wavelength
of 632.8 nm. The sample to be measured are air, Ar and N, which have refractive index
equal to 1, 1.000281 and 1.000298 were injected by the flow cell which can

demonstrate the system for gas detection. Despite, the system being complex but is

provides a sensitivity better than 10 RIU. The An from Ar to N, is around 1.7X10” RIU
which is better than the proposed system because it can detect very small change of
refractive index.

Furthermore, the Kretschmann configuration can be used in the wavelength

interrogation (Bak et al., 2018) which is scanned the wavelength of the incident light

and detected by CMOS camera with 2048 X 1088 pixel and pixel size 5.5LLm X 5.5m.
It is achieved by using the wavelength-swept laser in the NIR region without mechanical
movement and can detect a wide range of samples since the setup provides the beam
with a 56 mm width. The wavelength-swept laser provides the single wavelength with
a continuously sweeping wavelength by 50 nm from 770 nm to 820 nm (NIR range)
with frequency 10 Hz. The samples to be detected are NaCl concentration 0-4%
corresponding to refractive index 1.3330 to 1.3402 and SPR angle 54.196° to 54.706 .
The refractive index varies linearly by an average interval of about 0.0018 as the
concentration change which is higher than the proposed method that is 0.0012. The

system can increase sensitivity up to 6501 nm/RIU and equal to

Angular Sensitivity = A6 54706 54196 _ 44 gaz/piy

An  1.3402-1.3330

which is slightly same as the proposed system. The resolution about 1.89 X10° RIU

with high dynamic range equal to 7.67X10° and multichannel by using flow-cell. In

addition, it demonstrates interesting real-time measurements which can further use in
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biomolecules and chemicals. Since the wavelength is longer provide the higher

sensitivity than the proposed SPR system.
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Abstract — Development of an opto-electronic biosensor
based on surface plasmon resonance phenomenon is proposed
by using an optical relay setup. The relay setup constructed
using a 4-f optical architecture provides small divergent beam
illumination inside a prism and resonates surface plasmons
along an interface of dielectric and metal layers. Since size of a
reflectivity output signal pattern is small, a compact sensor can
be implemented by using a commercially-available small CMOS
array image sensor.

Keywords— Surface plasmon resonance, opto-electronic
sensor, refractive index sensor, biochemical sensor.

I. INTRODUCTION

Surface plasmon resonance (SPR) sensor is the important
optical biosensing technologies in many areas such as
biochemistry [1], and medical sciences [2]. This is because it
is a real-time [3], label-free [4], and also noninvasive nature
[5]. In the SPR sensing, a small refractive index change of
biochemical samples can be accurately detected. In this sense,
SPR is widely used for detections of binding of the analyte to
a ligand and antigen-antibody reaction [6]. To do this
detection, parallel (p) polarized laser light is irradiated to an
interface of a prism and a thin metallic film, where a
biochemical sample being studied is placed [1]. When p-
polarized light is incident on a certain angle greater than a
critical angle on the interface of the prism and the metal, its
energy is absorbed by free electrons in the metal’s conduction
band this resonates surface plasmons [7]. Consequently,
totally reflected output light intensity becomes minimum.
This incident angle is called the resonance angle [8].

In order to detect different samples, the irradiating laser
light must be able to incident at various angles. Instead of
mechanically rotating the laser orientation, the surface
plasmons can also be resonated by irradiating divergent light
beam onto the prism [9]. In the divergent beam configuration,
the sample refractive index varies with respect to the spatial
position of the sensing area. However, the drawback of this
method is that the reflectivity output light intensity becomes
very broad, causing difficulty in finding cheap and large-size
array light sensors.

In this work, a new method for implementing divergent
beam illumination is proposed by using an optical relay setup.
The relay setup is constructed by using a 4-f optical
architecture. It provides a small divergent illumination by
focusing the illuminating beam inside the prism through a
convex lens. When the focal plane of the lens is set closed to
a sensing area, the resultant divergent beam size is small. As
a result, commercially-available array image sensors can be

978-1-7281-3076-7/20/$31.00 ©2020 [EEE

used for the resonance detection. In addition, an angular
sensitivity, which is defined as a ratio of the spatial change of
the resonance angle to the change of the refractive index, is
enhanced. Therefore, the relay setup solves major drawbacks
of our previous SPR system [9], which is bulky and costly. In
order to verify our proposed relay setup, the present work
demonstrates experimentally the SPR sensing of air.
Preliminary experimental results are in good agreement with
the theory.

II. SURFACE PLASMON RESONANCE

The SPR is an optical phenomenon that occurs when
photon energy of the incident light is absorbed by free
electrons of the metal, resonating of the surface plasmons
[10]. This can be achieved when the light incident on the
prism produces an evanescent wave at the dielectric-metal
medium [7]. This implies that the angle of incidence 6 of the
laser light must be greater than the critical angle or the total
internal reflection occurs. When SPR occurs, the intensity of
the totally reflected beam reduces drastically [8].

To achieve this resonance condition, the parallel wave
vector of the evanescent wave

2.
K = 71117 sin@ (1)

must be equal to the wave vector of the surface plasmon

where n AT and n, are refractive indices of the prism, the

s
dielectric sample, and the metal, respectively [8].
Consequently, the matching wave vector K, and K,

gives

—cin!
Ospg =sin

3)

with Gsppis the resonance angle for the dielectric sample.
When this angle can be measured, the refractive index n, of
the sample is obtained by solving (3) [8].
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III. PROPOSED SPR SENSOR

Fig. 1 shows a schematic diagram of the proposed opto-
electronic SPR sensor using the optical relay setup. The

sensing part consists of a prism, a gold-evaporated glass and
a biochemical sample. The optical relay setup and a CMOS
array image sensor act as the illumination and the detection
parts, respectively. In the sensing part, the sample to be
analyzed and a gold evaporated glass plate are placed in
contact on top of an equilateral prism. In the relay setup,
instead of Gaussian profile, Powell lens generates uniform
beam distribution, while the 4-f optical setup focuses the
beam in its rear focal point inside the prism. After passing the
focal point, the beam is further diverged with its divergence
angle determined by the beam size in the lens and its focal
length. Furthermore, by aligning the focal point closed to the
sensing area, the diverging beam size can be kept small,
enhancing its sensitivity.

Sample n,|

Prism

{ ; \J ;
Laser Light S
A= 635 nm, \ 4 fd

7

Fig. 1. Schematic diagram of the proposed opto-electronic SPR sensor using
the optical relay setup.

The angle of incidences of the beams OD and OF, [, and
@, , must cover resonance angles of the refractive index
changes between 1, and n, of the sample to be analyzed.

To satisfy the resonance angle requirements, the divergence
angle of the incident beam is set to

a+b=0,-B,. )

As a consequence, the optical axis of the laser light source
must be oriented with the angle

0'= é +% (5)
with respect to the horizontal axis. Here, y;1is given by

¥ :sin'l(np sin(a— o, +x)) . (6)

When the convex lens with a focal length f'is positioned at
a distance PH from the prism side AC, the size of beam GI is
given to
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(BFL-PH) sing

Gl =2 1 B
sin(90— (sin™" (1, (x — 3,,))))

@)

where BFL is the back focal length of the convex lens. As a
result, the size of the sensing and the detection areas are
determined by the beams DF and MN, respectively. They are
given by

_ AGsin(90+ ¢, —x)
sin(90-a,)

DF

i (AG—-GI)sin(90-x+f3,,)

sin(90- 3,) ®

The output beam is

(Bs+as)

KL cos a3 sin~——~
2
MN =

cos (B : D) & (B ‘:ars)

KVcos('g's — ;3 )(cos a5 —cos f3)
2
} = )
cos (Bs+as) sin(ﬂ'z +0;3)
2 2

where
By= sin‘l(np sin' (v -,)) (10)

and
@5 =sin™ (n, (sin ™ (&, ~ 1)) . an

respectively.

In the experimental verifications of the proposed SPR
sensor, 15 mm N-SF11 equilateral prism was used as a
medium to generate the evanescent wave. A gold-evaporated
glass plate (Nano SPR, BA1000) placed on top of the prism
was used as the sensing chip. The p-polarized beam was
obtain by passing laser light with wavelength 635 nm through
a combination of a polarizing beam splitter and a half wave
plate. The optical axis of the illuminating light was set at 6’
= 78.8°. Uniform laser beam profile was obtained after the
light passed through Powell lens with a fan angle of 45°. The
convex lens of focal length 25 mm placed of the distance PH
= 10 mm focused the uniform beam at the point O, giving the
divergent beam DF incident on the sensing chip. After the
total internal reflection, the output beam MN had the length
of about 3.3 mm, which could be detected by 1/2.5 inch
CMOS camera. In this experiment the output beam was
projected onto a screen and captured by a camera.
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Fig. 2. Image of the SPR reflectance of air obtained by setting the half-wave
plate to 0°.

Fig. 2 shows the image of the SPR reflectance of air by the
p-polarized beam illumination which was obtained by setting
the angle of the half wave plate to be 0°. The vertical dark
line is the minimum dip reflectance caused by photon
absorptions during the surface plasmon resonance at the gold-
air interface.

Fig. 3 (a) and (b) are the reflectance intensities obtained
by setting the half-wave plate to 22.5° and 45°, respectively.
When the half-wave plate is set at 22.5°, the illuminating
beam does not only have the p-component, but also the s-
polarized component. Although the p-polarized wave energy
is absorbed, the s-polarized component is totally reflected.
This component reflection increases the total reflected
intensity. Finally, in the last setting angle, the beam becomes
the s-polarized wave. Therefore, it fails to resonate the
surface plasmons.

®)

Fig. 3. Images of the SPR reflectance of air obtained by setting the half-wave
plate to (a) 22.5° and (b) 45°, respectively.

Fig. 4 shows 1-D cross-sectional scans of the SPR
reflectance shown in Figs. 2 and 3 as a function of the incident
angle on the sensing chip. The solid, the dash-dotted and the
dashed lines represent the intensities generated by the p-, the
dual p-s- and the s-polarized lights, respectively. Comparison
of the three reflected intensities show that the minimum dip
intensity produced by the p-polarized light is clearly lower

than that of the p-s-polarized wave. In the case of the s-
polarized wave, the minimum dip cannot be observed. These
experimental results verify that the proposed optical relay
setup can be used to resonate surface plasmons.

Intensity (a.u.)

—P-polarizod wavo, 0° 2 wave-plate
---Sq Wwave, 45° N2 wave-piate.
~=-P+$ polanzed wavo, 22.5° N2 wave-plale.

Angle (degree)
Fig. 4. 1-D cross sectional scans of the reflectance shown in Figs. 2 and 3

Furthermore, Fig. 4 reveals that the experimental
measurement of the resonance angle of air is equal to 37.62°.
The difference between the experimental result and the
theoretical value of 35.86° may be caused by misalignments
of the relay setup and in particular the sensing chip. The
resonance angle is shifted when the sensing chip is not
uniformly placed in contact to the prism.

IV. CONCLUSIONS

We have proposed a new method for implementing the
opto-electronic SPR sensor by using the optical relay setup.
The relay setup is constructed by using the 4-f optical
architecture. The proposed method has been experimentally
verified by sensing the refractive index of air. The
preliminary sensing result is in good agreement with the
theory. The advantage of this set up is that the detected beam
size is smaller than the previous work. Therefore, compact
SPR biosensor can be implemented by using a cheap CMOS
SEensor.
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ARTICLE INFO ABSTRACT
Keywords: Sensitivity enhancement of an angular interrogation-based surface plasmon resonance sensor by
Surface plasmon resonance sensor using divergent beam illumination and digital interpolation is proposed. A small divergent beam

Angular interrogation
Powell lens

Divergent beam illumination
Sensitivity enhancement
Digital linear interpolation

of illumination generated inside a prism with a 4f optical setup provides a linear response of
refractive index measurements, while a digital interpolation of surface plasmon resonance
reflectance captured by using a moderate resolution image sensor enhances the angular resolution
and the sensitivity without significantly increasing errors in the measurement. The proposed
method is experimentally verified by varying glycerol concentrations from 0 % to 10 % w/w. The
experimental results show that the sensitivity of about 10~ RIU could be achieved without so-
phisticated interferometric instrumentation and computational complexity.

1. Introduction

Surface plasmon resonance (SPR) is an optical phenomenon that occurs when parallel (p) polarized laser light is incident on an
interface of a dielectric medium and a metal layer at an angle greater than the critical angle of the twomedia [1]. In order to producea
resonant state of surface plasmons at the media interface, the incident photon must have the same wave vector and momentum as those
of the plasmons. This resonance condition can be satisfied by adjusting the photon incident angle. At a particular angle known as the
resonance angle, the plasmon resonance results in the absorption of the incident photon’s energy by a sample placed on top of the
metal layer. As a result, a dark band forms on a particular part of a reflected light pattern. Since wave vectors depend on refractive
indices, a detection of the dark band using light sensors could be used for measuring the refractive index of the dielectric sample.

Useful applications of SPR sensor in a variety of fields, including medicine [2] and biochemistry [3] have been reported. Besides
being able to detect changes in sample refractive index in real time [4,5], SPR sensor is label-free [6] and noninvasive [7]. SPR sensors
can detect minute changes in the refractive index of low-volume samples with less preparation time than other chemical approaches
[8]. SPR sensor is useful for healthcare monitoring [9], such as ovarian cancer diagnosis [10] and measurement of specification of
morphine in urine samples [11]. Recently, successful detection of ligan and antigen-antibody reactions and CO; for indoors and
outdoors were reported [12,13].
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One of useful methods for implementing SPR sensors is the Kretschmann configuration, which consists of a prism, a gold thin layer
as a sensor chip, and a dielectric sample to be analyzed. In the Kretschmann configuration, the incident light beam reaches the sensor
chip’s interface from inside the prism. When the plasmon resonance condition is met, photon energy from the incident beam is
absorbed, resulting in a dip intensity in the reflected light at the resonance angle. Since the resonance angle depends on the refractive
index of samples, different types of samples can be detected by varying the incident angle of photons. This SPR sensing is known as the
angular interrogation method, because it analyzes samples based on the angular sensing response. The angular interrogation can be
accomplished by rotating either a light laser source or the prism, which causes an increase in the sensor system’s complexity and size
[14-17]. Instead of the rotation systems, a vibrating mirror has also been used to change the angle of the illuminating laser beam [18].
The rotation and vibration scanning systems are bulky, and the scanning repeatability may cause backlash errors. To tackle this
problem, a light emitting diode [19], a cylindrical lens [20] and a quantum cascade laser [21] and a laser diode [22] have been
employed for implementing the SPR sensor. This is due to the fact that the diverging beam is made up of a bundle of light rays traveling
at different angles. The beams, however, have a Gaussian electric field profile, which may degrade the SPR reflectance, resulting in a
curvy dark band pattern rather than a well-defined SPR reflectivity dip.

A Powell lens, sometimes known as a laser line generator, generates a uniform line-shaped convergent beam from laser light [23].
Several methods for implementing SPR sensors using Powell lens SPR sensors have been proposed. An implementation of a
multi-channel SPR has been proposed by translating a small divergent beam generated at the interface between the prism and the metal
layer where an array of samples is placed. The beam translation is done by moving the Powell lens coupled to a laser source using a
translation stage [24.25]. Therefore, this approach suffers from similar mechanical scanning problems. The second proposal employs
Fourier transforming property of a thin lens to refract an incident parallel beam toward a back focal plane. When the lens is illuminated
by a spatially shifted parallel beam, the output beam will be refracted with different angle of refractions. Therefore, the angular
interrogation can be implemented by scanning the input divergent beam with a rotating slit and placing a metal layer on the back focal
plane of the lens [26]. However, a rotating motor causes noise and vibration that affect measurement results. To solve this problem, a
method for implementing the SPR system using a Powell lens without mechanical movement was reported [27]. This is simply ach-
ieved by directly illuminating the three-layer Kretschmann setup with a divergent beam generated from Powell lens. Besides being free
from noise and vibration, a broad evanescent wave generation has an advantage over the previous methods in that different refractive
indices of multiple samples can be simultaneously measured in a real time by using the simple setup. However, refraction of the beam
occurred both inside and outside the prism broadens the output beam size incident on the light detector. This requires an expensive and
large image sensor size.

In the present work, we propose a new method for enhancing the SPR sensitivity using a small divergent beam illumination and a
digital interpolation technique detected by using a commercial image sensor. Unlike the previous method [27], the output beam from
Powell lens is imaged inside the prism using a 4f optical setup, producing a small incident beam on the gold sensor chip. Besides
preserving a broad divergence angle of the generated beam inside the prism, the 4f setup provides a linear response of refractive index
measurements and increases the SPR sensitivity. In conjunetion with interpolating digitally the SPR reflectivity signals captured using
a moderate resolution image sensor, the proposed method could further enhance the SPR angular resolution and sensitivity without
using sophisticated interferometric instrumentation or advanced computational algorithms [25-30]. A feasibility of the proposed
method for implementing multi-channel SPR sensor is experimentally verified by measuring refractive indices of glycerol with con-
centrations 0-10 % (w/w).

2. Theory
2.1. Kretschmann prism configuration

In the three-layer Kretschmann configuration, the gold layer is sandwiched between the prism and the dielectric sample. When a
wave vector of the illuminating light incident on the prism-gold interface matches to the plasmon wavevector [31].

/
Ko = (Zn/l) v‘nfni/(nf +n2), (1)

along the gold layer, the plasmons will resonate. Here 4, n; and ng are the wavelength of the incident light, the refractive indices of the
dielectric sample and the gold layer, respectively. The matching condition can be satisfied by controlling the incident angle of the light
at an angle that is larger than the critical angle. As a result, a refracted wave becomes an evanescent wave that propagates along the
surface boundary and decays exponentially in amplitude along a path in the normal direction. From the above matching condition, the
wave vector of the evanescent wave can be written as [32].

Kevan = (2n/A)npsina;, ©

where n, is the refractive index of the prism and  is the incident angle. Since the matching condition of the two wave vectors [1].

Ksp = Kovan (6]

causes the resonance of the surface plasmon, this particular incident angle known as the resonance angle can be mathematically
expressed as
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aspg = sin™! [(l/llp) nfn_g/(nf + n;) ] (€]

When the surface plasmon resonance occurs, the incident photon energy is absorbed by the electrons in the gold layer. As the result,
the reflected light has a distinet dark band representing a minimum intensity. Detection of the dark band position results in the
resonance angle agpg, which can then be used to calculate the refractive index of the sample according to Eq. (4). The resonance angle is
useful not only for detecting samples, but also for designing SPR system components like types of prisms and metals that are
appropriate for detecting certain sample.

2.2. Proposed SPR sensor using divergent beam illumination

Fig. 1 shows a schematic diagram of an optical setup for implementing the proposed Kretschmann-based SPR sensor by using a
small divergent beam illumination. The plane of incidence of the illuminating beam is parallel to the xz plane. To reduce multiple light
refractions, index matching liquid is fill between the gold-evaporated glass plate and the prism, while a sample to be tested is placed on
top of the gold plate. &, y and y are the angles of the apex and the vertexes A and B of the prism, respectively.

In the setup, Powell lens emits a uniform divergent line beam along the x axis with the angle of divergence . The beam is relayed
into the prism by using the 4f optical system, consisting of two cylindrical lenses. The front focal plane of the first cylindrical lens is
aligned with the focal point of the Powell lens, while that of the second lens is set at the desired point O inside the prism. However, due
to the prism refraction, the focusing point shifts to the point O'. After the light refraction by the prism, the rays GF and ID shine the
prism-gold interface at the angles a;; and fj,, respectively. These two angles correspond to the measurable refractive index variation
between ny gng np, withn; < n,. Moreover, the angle y;, is the angle of incidence of the central ray HE. Note that the three angles must
be greater than the critical angle of the prism. The reflected rays FL and DK are refracted into air and captured by a CMOS array image
sensor. The captured SPR reflectivity pattern is then numerically analyzed in order to extract the resonance angle and the corre-
sponding refractive index.

To satisfy the required resonance angles, a;; and f;5, the illuminating beam is set to form an angle at the focusing point inside the
prism that can be obtained by considering triangles ADFO’, which is

b+o=az—py ®
where ¢ +¢ is the angle at the shifted focal point. As a consequence, the optical axis of the laser light source must be oriented at the
angle

g =(®—ay+p,)/2 (6)

with respect to the horizontal axis. In Eq. (6), a;; and f; stand for the incident angles of the transmitted rays QG and RI on the surface
#AC given by

ay = sin” [nysin(y —an))| @
and

B = sin™" [mysin(y —B,)] ®)
respectively.

Furthermore, the optical setup must be aligned as follows. First, the distance PH must be smaller than the second lens’ back focal
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Fig. 1. Schematic diagram of the proposed divergent beam-based SPR sensor.
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length (BFL). Secondly, the divergent beam width DF, which is the incident beam at the gold sensing part on the surface #AB, must be
larger than the beam spot size at the focal point. From the two conditions, the input beam size GI can be derived by using the triangular
AOGH and AOIH

GI = GH + HI = {BFL — PHsin[(f};, — a;,)/2]}/(1/cosa; + 1/cosf; ) 9)

When the incident position of the beam on the surface #AC is defined as AG, the size of the divergent beam DF at the sensing plate
can be expressed as

DF = [(AGcosay; )/(cosap)] — [(AG + GI)cosp, ]/ (cosp, )] (10)
As a consequence, the sensing gold plate with the length DF has to be placed at the distance
AD = [(AG + GI)cosf, ] [cosp an

from the vertex A on the surface #AB of the prism.
When the divergent beam is reflected from the boundary between the prism and the gold layer, it further diverges. At the surface
#BC, the width of the divergent beam can be derived as

KL = {[(AB — AD)cosp,,]/cos(y — B;) }
—{[(AB — AD — DF)cosa;]/cos(y — a;3) } 12)

where AB is the length of the prism hypotenuse. Due to the prism refraction, the refracted beams KM and LN are incident at different
angles on a detection plane. In order to obtain uniform distribution of the incident angle of all refracted rays on the sensor plane, the
plane must be inclined with respect to the vertical axis by the angle &

6=90—y+[(Bs+ as)/2]. 13)

Here, a;3 and f;; are equal to the angles @;; and f;;, respectively. The whole SPR reflectivity pattern can be captured by using an
image sensor with a width MN. When the first and the last pixels of the image sensor are aligned with the rays KM and LN, respectively,
the separation distance KV can be expressed as

KV = {MNcos|(as — f3)/2] — KLcosa; }

x{cos((as — ) /2 /sin(B; —as) }/cos|(as —ps)/2] a4

with respect to the prism. On the other hand, the required sensor width may be determined by setting the separation distance KV. In
this case, the sensor width is found equal to

MN = {KVsin(f; — ag)cos|(as + f)/2]}/ /cos2|(az-B;3)/2]
+ (KLcosay )/ cos|(an-f)/2] 1s)

Eq. (14) sets the condition for the full utilization of the image sensor with the width MN, while Eq. (15) provides the condition for
selecting the image sensor for a given separation distance KV. Since the width of the reflected beam KL is known, the pixel position of

Fig. 2. Photograph of the optical setup for performing experimental verifications of the proposed divergent-beam-based SPR sensor.

4
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the SPR dip intensity can be determined, yielding the measurements of the resonance angle and the corresponding refractive index.
3. Experimental verifications

In order verify feasibility of the proposed method, glycerol (ng, = 1.4707) [33] with different concentrations were experimentally
measured at room temperature of 25 °C by using the proposed SPR setup shown in Fig. 2. On the basis of Newton theoretical rule [34],
the concentrations of glycerol were varied from 1 % to 10 % weight per weight (w/w) by diluting with water (n,, = 1.3317) [35].
Table 1 presents the calculated refractive index as a function of the glycerol concentration. It is apparent that the refractive index varies
linearly by an average interval of about 0.0012 with respect to the concentration change. The last column of Table 1 gives the cor-
responding resonance angle calculated by using Eq. (4). To evaluate validity and reliability of the proposed SPR sensor, the refractive
index measurements were compared with an Abbe refractometer (Atago, 1220 NAR-2T), which has a measurement range of
1.3000-1.7000. The experimental refractive index measurement of each concentration was repeated ten times.

The plasmon resonance was generated by sandwiching the gold-evaporated glass plate (Nano SPR, BA1000) with the refractive
index ng = 0.1728+j3.4218 [36] between the sample and a 15 mm N-SF11 equilateral prism with n, = 1.785, Edmunds, #45-950. The
index matching liquid (Series A; Cargille-Sacher Laboratories, Inc) was fill in the gap between the prism and the gold plate. The
p-polarized beam was obtained by passing a laser light with a 635 nm wavelength (Thorlabs, #CPS635) via a half wave plate
(Thorlabs, #WPH10E-633). The illuminating light's optical axis was fixed at the angle # = 59°. After passing through Powell lens with
a 45° fan angle (Thorlabs, #PL0145), the 4f optical relay setup with 25 mm focal length focused the uniform divergent beam to the
point O. The distances AG and PH were set equal to 5.5 mm and 15 mm, respectively. However, due to the prism refraction, the
focusing point shifted to the point O’ and the divergent beam incident on the sensing area had the angles varied from 33° to 58° This
range of incident angles gave beam width DF of approximately 1.5 mm at the gold plate.

To minimize measurement errors, each glycerol sample was simultaneously measured with water as a reference for calibration.
Fig. 3(a) shows two droplets of water and 10 % glycerol solution placed side-by-side in the y-axis on top the gold plate by using a 10-
microliter pipette (Brandtech, Transferpette S Pipette). The alignment of the samples along the y-axis demonstrates that the proposed
setup can be utilized for multi-channel measurements. The corresponding SPR reflectivity pattern of the samples is depicted in Fig. 3
(b). The x- and y-axes on the pattern captured by the sensor correspond to the horizontal and the vertical directions of light distribution
on the gold plate. Since the beam incident on the gold plate diverges in the x direction, the angle of incidence of the light beam on the
gold plate is mapped to position along the x-axis of the pattern. The vertical size of the pattern was about 200 pixels. It is apparent that
there are two dark bands appeared in different positions along the x and the y directions. The top dark band corresponds to the SPR dip
intensity of water, while the bottom one is caused by 10 % glycerol solution. The bright intensity pattern between the dark bands
corresponds to the light reflected from the area between the two sample droplets in Fig. 3(a). Their horizontal positions reveal that the
resonance angle of water is smaller than that of the 10 % glycerol solution. They are in agreement with Table 1.

Fig. 4 plots cross-sectional SPR reflectivity of water and glycerol solution shown in Fig. 3(b). Each scanned reflectivity represents
the average intensity of fifty pixels along the vertical direction. The dip intensities of the SPR reflectivity of water and glycerol appear
around the angles of 54° and 55°, respectively. The reflectivity curve of glycerol is slightly broader than that of water, because its
refractive index is higher. The experiment result demonstrated the feasibility of the proposed method for single shot measurement of
multi-channel refractive index.

In order to measure the refractive index of each glycerol concentration, the CMOS sensor (Basler, daA2500-14 pm) with 2592 pixel
x 1944 pixel in an area of 5.7 mm x 4.3 mm was inclined with respect to the vertical axis at the angle & of about 39°. The distance KV
was set to 56 mm with the distance MV was 7 mm. As a result, the whole length of the sensor could detect the light beam incident at the
angle of 53° to 56° on the gold plate, yielding the angular resolution of 1.1574 mdeg/pixel. The resolution of the proposed method is
improved by about two and half times compared with 0.00289° of the previous divergent beam-based SPR sensor [27].

Fig. 5 plots the average position of the experimentally detected SPR dips as a function of the sample refractive index presented in
Table 1. The circle represents the average dip position, while the solid line is the linear regression line y = 60,996x — 80,269 that best
fits the detected dip positions. The calculated coefficient of determination R? gives 0.99896. This indicates that the detected dip in-
tensity position has a positive linear relationship with the increase in the sample refractive index. According to the regression line, the

Table 1

Calculated refractive index and resonance angle as a function of the glycerol concentration.
Glycerol Concn. (%) Refractive Index n, agpg ()
0 1.3317 54.104
1 1.3329 54.189
2 1.3340 54.266
3 1.3352 54.351
4 1.3364 54.435
5 1.3375 54.513
6 1.3387 54.599
7 1.3399 54.684
8 1.3410 54.763
9 1.3423 54.856
10 1.3435 54.942
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Fig. 3. (a) Droplets of water and 10 % glycerol on top of the gold plate and (b) the corresponding SPR reflectivity pattern.
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Fig. 4(. a) SPR reflectivity pattern of water and 10 % glycerol averaged along the vertical direction.
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Fig. 5. Average positions of the experimentally detected dip intensity as a function of the refractive index.

proposed sensor has the sensitivity of 1.6395 x 10 ° RIU/pixel equivalent to 70.595°/RIU, which is higher than the previous method
[27]. According to Homola [37], the theoretical sensitivity of the proposed setup is about 70.089°/RIU. After averaging the detected
dip positions, the resultant average value was used to obtain the resonance angle. Finally, the refractive index of the sample was
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calculated by solving Eq. (4). Besides the sensitivity, which is the most significant performance parameter of the SPR sensor, the full
width at half-maximum (FWHM) of the SPR reflectance curve and the efficiency of the energy transfer of the electromagnetic wave to
the surface plasmon wave [38,39] were calculated to give better insight into the performance of the proposed sensor setup. The FWHM
of water and of the 10 % glycerol are 1.97° and 2.14°, respectively. Water has a narrower FWHM than 10 % glycerol solution because,
for the lower refractive index sample, the transfer of photon energy occurs in the narrower range of the angle of incidence. The SPR
reflectivity curve is consequently sharpened. This is in agreement with the theory, which states that the FWHM is inversely propor-
tional to the prism RI and the cosine of the sample resonance angle [39]. Finally, the transfer efficiency of the photon energy is found to
be greater than 70 % both for water and glycerol solution.

Table 2 presents the mean absolute percentage errors (MAPEs) in measurements of the sample refractive indices and the corre-
sponding resonance angles using the proposed method and the refractometer. In the table, Rl stands for the refractive index, while the
resonance angles were calculated by using the experimentally detected position of the dip intensities. A comparison of the mean
absolute errors in measuring the refractive index of different glycerol concentrations via the proposed method and the refractometer
shows that they tend to have small values of less than 0.1 %. It is worth pointing out that the overall errors of the proposed method
never exceed those of the refractometer. Therefore, the experimental results verify the reliability and the validity of the proposed
divergent beam generation inside the prism for implementing SPR sensors.

The experimental results presented in Table 2 show that the proposed method has small errors in the measurements of the glycerol
refractive indices. This can be understood as follows: Although the proposed method has the same physical mechanism of resonance
sensing as the conventional 3-layer configuration, the main difference between them is that the proposed method employs the uniform
line-shaped divergent laser beam illumination generated by the Powell lens. The beam provides an infinite bundle of fan-shaped light
rays with a uniform field distribution that impinges simultaneously on the sensing area at different angles. When the sample refractive
index varies spatially along the sensing area within the range of the designed resonance angles a;, and f;5, the bundle of light rays
provides a simultaneously infinite number of detectable resonance angles. Since each reflected light ray will be further diverged during
the propagation through free space, the minimum dip positions will be separated from each other at the image sensor plane.
Furthermore, the reflectance linearity obtained using the proposed method plays a crucial role in the detection accuracy of the dip
minimum intensity. This is because the degradation of the SPR reflectance caused by the Gaussian beam issue is eliminated. Therefore,
in conjunction with the conventional resonance optimization methods [37-43], the proposed method can facilitate further
improvement of the performance of the SPR sensors.

Due to the positive linear relationship between the detected dip intensity position and the sample refractive index, the detectable
dips can be improved by enhancing the angular resolution and the sensitivity of the SPR sensous. This can be implemented by using a
linear interpolation technique. In the present work, the resultant 1-D scanned SPR signals were digitally interpolated by factors of ten,
twenty and thirty using the interp1 function in Matlab 2018b. Since the interpolation increases the sample rate of the input signal, the
total number of pixels of the interpolated SPR reflectivity became 25,920, 51,840 and 77,760, respectively. As a consequence, the
resultant angular resolutions improved to 0.11574, 0.057870 and 0.038580 mdeg/pixel, respectively. Finally, the pixel position of the
interpolated dip SPR intensity was detected in order to determine the resonance angle that gave the measured refractive index value.
Fig. 6 shows plots of the average positions of the detected dip intensity obtained without and with the interpolations as a function of the
theoretical refractive index. The circle symbol corresponds to the detected pixels obtained without the interpolation as shown in Fig. 5.
The square, the diamond and the triangle symbols denote the detected pixels using the interpolations by the factors of ten, twenty and
thirty, respectively. It is understood that the slope of the linear regression line has becomes higher with increasing the interpolation
factor. The enhancement of the angular resolution and the sensitivity together with the mean absolute percentage error in the
refractive index measurement are summarized in Table 3. It is important to note that first, the interpolation with the factor of twenty-
fold improves the sensitivity to become about 107 RIU/pixel with the angular resolution of 0.05787 mdeg/pixel. Secondly, the errors
are always smaller than 1 %, regardless the interpolation factor. Finally, the enhancement of the angular resolution, the sensitivity, and
the measurement accuracy can be achieved by using a moderate image sensor resolution without sophisticated interferometric
instrumentation or computational complexity [28-30].

4. Conclusions

The new method for enhancing the SPR sensitivity using the small divergent beam illumination and the digital interpolation
technique has been proposed and experimentally verified. The small divergent beam of illumination generated inside the prism using
the 4f optical setup provides a linear response of the refractive index measurements, while the digital interpolation of the SPR
reflectivity signals captured by using the moderate resolution image sensor causes the angular resolution and the sensitivity en-
hancements without significantly increasing the error in the measurements. The proposed method was experimentally verified by
performing single shot refractive index measurements of two-channels of glycerol concentration varying from 0 % to 10 % w/w. The
experimental results show that the proposed method could provide the sensitivity of about 10 7 RIU without sophisticated interfer-
ometric instrumentation and iterative computational algorithms.
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Table 2
Mean absolute percentage errors in measurements of the resonance angle and the refractive index of the ten samples using the proposed method and
the refractometer.

Sample Concn. Theory Refractometer Proposed Method
L) RI aspr RI MAPE aspr MAPE RI MAPE
©) (%) ©) (%) (%)
0 13317 54104 1.3318 0.008 54.110 0.01 1.3318 0.008
1 1.3329 54.189 1.3331 0.02 54.201 0.022 1.3331 0.02
2 13340 54.266 1.3342 0.01 54.280 0.026 1.3342 0.01
3 13352 54.351 1.3354 0.01 54.340 0.020 1.3351 0.007
4 13364 54.435 1.3363 0.007 54,440 0.007 1.3364 0.00
5 13375 54.513 1.3380 0.04 54.519 0.01 1.3376 0.007
6 13387 54599 1.3390 0.02 54.610 0.020 1.3389 0.01
7 1.3399 54.684 1.3403 0.03 54.681 0.005 1.3399 0.00
8 1.3410 54.763 1.3413 0.02 54.780 0.031 1.3412 0.01
9 1.3423 54.856 1.3430 0.05 54.871 0.027 1.3425 0.01
10 1.3435 54.942 1.3442 0.05 54,931 0.020 1.3434 0.007
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Fig. 6. Average positions of the experimentally detected dip intensity as a function of the refractive index with and without interpolations.

Table 3
Enhanced angular resolution and sensitivity by using the linear interpolation technique and the resultant mean absolute percentage errors in the
measurements.

Interpolation Factor R-squared Angular Resolution Sensitivity MAPE
(mdeg/pixel) (RIU/pixel) (%)
0.99877 1.1574 1.6395E-05 0.008
10 0.99872 0.11574 1.6375E-06 0.009
20 0.99876 0.057870 8.1768E-07 0.01
30 0.99864 0.003858 5.4520E-07 0.01
Data Availability

The data that has been used is confidential.
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