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In equation (2-12) the first approximation is that the film has no signification change in
the plasmon dispersion and no coupling between the front and back surfaces of the metal

film.

In this thesis, the wavelength to refractive index sensitivity is defined as,

_AA

S_An

(2-13)

Where AAZ is the peak wavelength shift of the SPR spectra and n is the refractive index
of the surrounding environment with dielectric constant e; = n?. According to the

deduction process attached in Appendix 1, we can get the following equation,

Aeln  _ Am &m

SRt T n (2-14)
Where A,, is the resonance wavelength, whether minima or maxima in the transmission
spectrum. By analyzing equation (2-14), it’s not difficult to tell that the wavelength to
refractive index sensitivity is not determined by the geometry or structure of any

particular nanohole arrays if the incoming light is normal (6 = 0).

Since |ep,| > n? at visible and near infrared region, equation (2-14) can be simplified

as S = A,,/n. In water where n=1.3330, the equation can be further simplified as
S =~ 0.751,, (2-15)

Since many previous SPR experiments are carried on periodic nanohole arrays,”™* this
thesis will mainly experiment the sensitivity of quasiperiodic nanohole arrays and see

whether the sensitivities of quasiperiodic nanohole arrays agree with equation (2-15).

2.3 Resonance Wavelength Analysis

As for periodic nanohole arrays, previous research has developed equations to predict

P Emed

JiZ+j2\ eqmteq

resonance wavelengths, e.g. 1,, = for square lattice nanohole arrays’,
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(c)
Figure 5-12 Microscope image of solid R6G (a) and both original (b) and baseline
corrected (c) Raman Scattering spectra of solid R6G
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According to Figure 5-12, it is obvious that solid R6G has really strong Raman Scattering
signals with very narrow bandwidth. Figure 5-13 shows the Raman scattering spectrum

of nanohole arrays immersed in R6G aqueous solutions.
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Figure 5-13 Microscope image of nanohole arrays immersed in R6G solution (a) and

both original (b) and baseline corrected (c) Raman Scattering spectra
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Table 5-2 is given to compare the peak positions of patterned gold immersed in R6G

solutions in figure 5-13(c) and solid R6G in 5-12(c). Please note that 520 cm™?! is not

included Table 5-2 as 520 cm™?! is from silicon.

Table 5-2 Raman scattering peak positions of R6G on nanohole arrays and solid

R6G

R6G on nanohole arrays (cm™1)

Solid R6G (cm™1)

611 611
773 768
1183 1179
1310 1314
1361 1362
1509 1516

Although the peaks of the two graphs are not exactly the same, it is still safe to say that

R6G is detected in that random errors may exist in the measurement and that the peaks

are picked out manually which will inevitably cause some error.

To demonstrate that there was Raman scattering enhancement on nanohole arrays,

unpatterned gold film worked as the control experiment and the result was shown in

Figure 5-14.
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Figure 5-14 Microscopic image of R6G on unpatterned gold (a) and both original (b)
and baseline corrected (c) Raman Scattering signals of R6G on unpatterned gold
film

It is obvious that intensity of R6G on unpatterned gold film is much weaker than that of
nanohole array patterned gold film. Another point is that the signal to noise ratio is too
low and there are no very obvious peaks. That means R6G is not detected on the third
substrate of R6G experiments. Similar to the result in 4-MP experiments, the Raman
Scattering spectra of R6G on nanohole arrays cannot be caused by the nanohole arrays
itself. It is concluded that the Raman scattering is enhanced on nanohole arrays.

5.5 Conclusion

In summary, 4-MP and R6G self-assembled monolayers (SAMs) are formed on nanohole
array substrates and unpatterned gold substrates and the Raman scattering spectra on
nanohole array substrates are much stronger than that on unpatterned gold substrates.
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Raman scattering enhancement is found on gold films milled with nanohole arrays and

this enhancement can be used in low concentration Raman spectroscopy.
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Chapter 6

6 Thesis Summary and Future Direction

This thesis focuses on two important features of nanohole array based surface plasmon
resonance spectra: wavelength to refractive index sensitivity and resonance wavelength.
Mathematical equations are deduced to analyze the two features and theoretical analysis
is supported by experimental data. In the last part of the thesis, nanohole array is
demonstrated to be able to enhance Raman scattering. The contents of this thesis are
summarized according to the structure of the thesis and future directions of related

research are also discussed.

6.1 Thesis Summary

This thesis mainly researches two important features of surface plasmon resonance
transmission spectra of quasiperiodic nanohole arrays, namely wavelength to refractive
index sensitivity and resonance wavelength. Mathematical equations are established to
calculate the sensitivity and resonance wavelength and the theoretical analysis is further
validated by experimental data. At the end of this thesis, surface-enhanced Raman
Spectroscopy of nanohole array is also demonstrated.

Chapter 2 introduces the basic theory of surface plasmon resonance and resonance
equation is established according to Bragg condition for any two dimensional nanohole
lattices. The mathematical equations to calculate wavelength to refractive index
sensitivity and resonance wavelength are developed respectively based on Bragg
condition. The mathematical expression of refractive index sensitivity shows that
sensitivity roughly linearly increase with resonance wavelength and is not associated with

the specific pattern of the nanohole array.

In chapter 3, inflation method to design 12 fold quasiperiodic nanohole array and

generalized dual multigrid method to design 5 five Penrose tile nanohole array are



73

described. The nanohole arrays are fabricated using electron beam lithography which is
followed by gold sputtering. The patterned gold film is then mounted onto the tip of
optical fiber with a 3D printed transferring kit. Two optical fibers which are connected
with light source and spectrometer respectively were aligned by a flow cell. DI water and
NaCl solutions with different concentrations were flown by the surface of nanohole
arrays and the transmission spectra were collected for data analysis.

In Chapter 4, the spectra obtained by the experiments in Chapter 3 were analyzed and
compared with theoretical analysis. First, the sensitivities of quasiperiodic nanohole
arrays together with sensitivities of periodic nanohole arrays are used to validate the
wavelength to refractive index sensitivity equations developed in Chapter 2. It is found
that even though the nanohole pattern varies (periodic or quasiperiodic) and the
parameters of the pattern (diameter, pitch, thickness) vary, the experimental sensitivities
are in a pretty good linear trend and the pattern does not affect the sensitivity at all.
Second, the mathematical equation to calculate resonance wavelength is validated with
experimental data and the errors turn out to be within 2.3%. The acceptable errors
demonstrate the feasibility of the applying the mathematical equation to calculate

resonance wavelengths.

Other than surface plasmon resonance, another important application of nanohole array,
surface enhanced Raman Spectroscopy is demonstrated in Chapter 5. Self-Assemly
Monolayers (SAM) of 4-MP and R6G are formed on patterned gold film and show much

enhanced Raman scattering on the control experiments on unpatterned gold film.

In conclusion, this thesis deduces mathematical equations to calculate resonance
wavelengths and wavelength to refractive index sensitivities and these equations are
validated with experimental data. Raman Scattering enhancement is also demonstrated on

nanohole arrays.
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Insert equation (3) into equation (4) and we can get,
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Thus

Please note that even if there is no approximation that ; = n? which is illustrated by

equation (6-8), we can still get a similar deduction, which is shown below,

A eneg \ A Em B Em &\ Agy
Mn\ep+eq) On\ém 4] (1 g,’n)z g2 ) An
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Furthermore, even if &, changes with refractive index n, we can still get the following

equation,
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Appendix 2 MATLAB Program to generate vertice coordinates of 5

fold Penrose Tiling

clear all;

A =load('../Penrosedata.txt');

vars=fieldnames(A);

B =zeros(length(vars),2);
for n=1:length(vars)

B(n,1)=A(n,1)*cos(0)+A(n,2)*cos(2*pi/5)+A(n,3)*cos(4*pi/5)+A(n,4)*cos(6*pi/5)+A(n,
5)*cos(8*pi/5);

B(n,2)=A(n,1)*sin(0)+A(n,2)*sin(2*pi/5)+A(n,3)*sin(4*pi/5)+A(n,4)*sin(6*pi/5)+A(n,5
)*sin(8*pi/5);

end

save result B;
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Appendix 3 MATLAB Program to Calculate Predicted Resonance
Wavelength

clear all;
A =load('scattering order.txt");
B =zeros(600,4);
for m=1:120
for n=1:5
B(5*m-n+1,1)=A(m,1);
B(5*m-n+1,2)=A(m,2);
B(5*m-n+1,3)=A(m,1);
end
B(5*m-4,4)= 0.9522*645.16/B(5*m-4,3);
B(5*m-3,4)= 0.9522*758.43/B(5*m-3,3);
B(5*m-2,4)= 0.9522*1043.89/B(5*m-2,3);
B(5*m-1,4)= 0.9522*398.73/B(5*m-1,3);
B(5*m,4)= 0.9522*1227.16/B(5*m,3);
end

save result B;



C=zeros(600,4)

for m=1:120

for n=1:5

C(5*m-n+1,1)=A(m,1);

C(5*m-n+1,2)=A(m,2);

C(5*m-n+1,3)=(0.0955*A(m,1)"2+0.9045*A(m,2)"2)"0.5;

end

C(5*m-4,4)=0.9522*645.16/C(5*m-4,3);

C(5*m-3,4)= 0.9522*758.43/C(5*m-3,3);

C(5*m-2,4)= 0.9522*1043.89/C(5*m-2,3);

C(5*m-1,4)= 0.9522*398.73/C(5*m-1,3);

C(5*m,4)= 0.9522*1227.16/C(5*m,3);

end

save result C;

D=zeros(600,4)

for m=1:120

for n=1:5

D(5*m-n+1,1)=A(m,1);
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D(5*m-n+1,2)=A(m,2);

D(5*m-n+1,3)=(0.6545*A(m,1)"2+0.3455*A(m,2)"2)"0.5:

end

D(5*m-4,4)=0.9522*645.16/D(5*m-4,3);

D(5*m-3,4)= 0.9522*758.43/D(5*m-3,3);

D(5*m-2,4)= 0.9522*1043.89/D(5*m-2,3);

D(5*m-1,4)= 0.9522*398.73/D(5*m-1,3);

D(5*m,4)= 0.9522*1227.16/D(5*m,3);

end

save result D;
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Appendix 4 List of Periodic Sensitivities (Copied with permission from

Ref.13)
Publication SPR Metal/ Sensitivity(nm/RIU)
wavelength | Dielectric
(nm)
Large-scale plasmonic microarrays 880 Au/Water 615
for label-free high-throughput
screening
Seeing protein monolayers with 845 Au/water 690
naked eye through plasmonic Fano
resonances
Integrated 889 Au/water 630
nanoplasmonic-nanofluidic
biosensors with targeted delivery of
analytes
Attomolar protein detection using 720 Au/water 650
in-hole surface plasmon resonance
On-chip surface-based detection with 606 Au/water 333
nanohole arrays
Nanoholes as nanochannels: 620 Au/water 324
flow-through plasmonic sensing
A miniaturized sensor consisting of 1200 Au/Alcohol 900
concentric metallic nanorings on the
end facet of an optical fiber
Focused ion beam fabrication of 670 Au/water ~500
metallic nanostructures on end faces
of optical fibers for chemical sensing
applications
EOT or Kretschmann configuration? 710 Au/water 530
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Comparative study of the plasmonic
modes in gold nanohole arrays

Screening plasmonic materials using

pyramidal gratings

650

Ag/water

410

Quantitative multispectral biosensing
and 1D imaging using quasi-3D

plasmonic crystals

1023

Aulwater

~700

Periodic nanohole arrays with
shape-enhanced plasmon resonance

as real-time biosensors

850

Au/water

600

Template-stripped smooth Ag
nanohole arrays with silica shells for
surface plasmon resonance

biosensing

700

Ag/water

450

Linewidth-optimized extraordinary
optical transmission in water with
template-stripped metallic nanohole

arrays

720

Ag/water

494

Linewidth-Optimized Extraordinary
Optical Transmission in Water with
Template-Stripped Metallic Nanohole
Arrays

720

Ag/water

524

Nanohole-based surface plasmon
resonance instruments with improved
spectral resolution quantify a broad
range of antibody-ligand binding
Kinetics

710

Aulwater

481

Real-time full-spectral imaging and
affinity measurements from 50
microfluidic channels using nanohole

surface plasmon resonance

710

Ag/water

470
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Ultrasmooth metallic films with
buried nanostructures for backside
reflection-mode plasmonic

biosensing

700

Au/water

410

Spectral sensitivity of
two-dimensional nanohole array
surface plasmon polariton resonance

sensor

1532

Au/ water

1520

Development of a mass-producible
on-chip plasmonic nanohole array

biosensor

740

Au/ water

495

Rational design of high performance
surface plasmon resonance sensors
based on two-dimensional metallic

hole arrays

975

Au/ water

754

High-resolution surface plasmon
resonance sensor based on
linewidth-optimized nanohole array

transmittance

1510

Au/ water

1022

Sensitive biosensor array using
surface plasmon resonance on

metallic nanoslits

805

Au/water

668

Comparisons of surface plasmon
sensitivities in periodic gold

nanostructures

830

Aulwater

650

Intensity sensitivity of gold
nanostructures and its application for

high-throughput biosensing

790

Au/water

575

Optimization of periodic gold
nanostructures for intensity-sensitive

detection

666

Au/water

478




Enhancing surface plasmon detection

693

87

using template-stripped gold nanoslit
arrays on plastic films

Optofluidic platform for real-time

680

Au/water

451

monitoring of live cell secretory
activities using Fano resonance in
gold nanoslits

Plasmonic nanohole arrays for

625

Au/water

470

monitoring growth of bacteria and
antibiotic susceptibility test

Plasmonic gold mushroom arrays

Au/water

409

with refractive index sensing figures
of merit approaching the theoretical
limit

Large-area subwavelength aperture

1250

Ag/water

1015

arrays fabricated using nanoimprint

lithography

720

Ag/water

513




Name:

Post-secondary
Education and

Degrees:

Honours and

Awards:

Related Work

Experience

Thesis:

88

Curriculum Vitae

Zhaoliang Yang

Huazhong University of Science and Technology
Wuhan, Hubei Province, China

2007-2012 Bachelor of Engineering Science

The University of Western Ontario
London, Ontario, Canada

2012-2015 Master of Engineering Science

Outstanding Individual Award for Science & Technology
Innovation Activities

Huazhong University of Science and Technology
2010

Second Prize of National Mechanical Innovative Design Contest in
Hubei Province

Hubei Province, China
2011

Research/Teaching Assistant
The University of Western Ontario
2013-2014

Zhaoliang Yang, “Research On Optoelectronic Lab Chip Used to Manipulate Cells”,

Undergraduate Thesis, Huazhong University of Science and Technology, 2012



