
Engineering of Surface Plasmon Resonance Nanohole Sensing

by

Mandira Das
B. Sc., Bangladesh University of Engineering and Technology, 2009

A Thesis Submitted in Partial Fulfillment
of the Requirements for the Degree of

MASTER OF APPLIED SCIENCE

in the Department of Electrical and Computer Engineering

 Mandira Das, 2011
University of Victoria

All rights reserved. This thesis may not be reproduced in whole or in part, by photocopy or other
means, without the permission of the author.



ii

Supervisory Committee

Engineering of Surface Plasmon Resonance Nanohole Sensing

by

Mandira Das
B. Sc., Bangladesh University of Engineering and Technology, 2009

Supervisory Committee

Dr. Reuven Gordon (Department of Electrical and Computer Engineering)
Supervisor

Dr. Tao Lu (Department of Electrical and Computer Engineering)
Departmental Member



iii

Abstract

Supervisory Committee
Dr. Reuven Gordon (Department of Electrical and Computer Engineering)
Supervisor

Dr. Tao Lu (Department of Electrical and Computer Engineering)
Departmental Member

A spectrally integrated response method is proposed for analyzing transmission data from
nanohole array sensors. This method increases the sensitivity by reducing noise and taking more
information from the spectrum for bulk and surface sensing. Results from both real experiments
and idealized simulations are presented. Comparison with two other methods- peak transmission
wavelength shift and a normalized difference integrated response method are shown. This
method shows improved sensing performance which can be exploited in future.

Further improvement in sensing using nanohole arrays is explored by improving the
instrumentation of the sensor system. Design parameters of the nanohole arrays for transmission
at two different operating wavelengths were examined by using finite difference time domain
simulations. Focused ion beam milling was used to fabricate chosen arrays. A microfluidic chip
with the embedded nanohole array sensor was used to introduce different solutions for bulk
chemical sensing. Intensity measurements were taken with a high speed CMOS camera. Sensing
results using this system with possible improvements shows promise for future sensing
applications.
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Chapter 1: Introduction

1.1. Nanohole sensing

Sensing with nanohole arrays in metal films [1] utilizes the extraordinary optical transmission

(EOT) phenomenon [2] which is a result of surface plasmon resonance (SPR) [3]. SPR based

sensors [4, 5] have found a wide variety of applications ranging from drug discovery [6] to gene

detection [7]. It provides a great deal of versatility and can be tailored for label free detection of

many analytes. The capability of SPR nanohole arrays to monitor surface binding events,

including the highly localized sensing area and simplicity of the setup makes it a good candidate

for chemical, biochemical and biomedical sensing research. The general goal is to improve the

detection limits, sensitivity, selectivity and dynamic range of the sensors. Other factors such as

reproducibility, multiplexing and cost play a vital role in commercializing sensor systems.

1.2. Research objective

The research objective is to improve the noise performance of nanohole sensing systems. Noise

is defined as the short-term random variations in the measured spectra. There are many sources

of variation in the measured output of a SPR sensor, including actual changes in the refractive

index caused by target capture or any change in the bulk liquid, drift caused by mechanical or

thermal instabilities and noise caused by the light source, detector and electronics. Since noise is

an inevitable part of the system, sensing performance is usually described in terms of signal-to-

noise ratio (SNR). In order to reduce the noise in the acquired signal from the detector, signal

acquiring and data processing methods are analyzed. Nanohole sensors are designed and

fabricated, response of the nanohole arrays to refractive index change is measured in terms of

transmission spectral shift and an integrated response method is proposed for this purpose.

Sensing performance is also measured in terms of intensity change by using a fast CMOS camera

and the engineering behind the instrumentation and signal acquiring process is discussed.

1.3. Organization of thesis

Chapter 2 reviews the basics of surface plasmon resonance, the origin of extraordinary optical

transmission and important applications and methods of nanohole sensing.
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Chapter 3 explains the methods used in the analysis and fabrication of nanohole arrays and

microfluidic chips. This involves finite difference time domain simulations, scanning electron

microscopy, focused ion beam milling and microfluidic chip fabrication.

In chapter 4, the general theory of the integrated response method is presented. The method is

applied to bulk and surface sensing applications and experimental results showing improvement

in signal to noise ratio are presented.

Chapter 5 describes a setup for high resolution nanohole sensing using a high-speed CMOS

camera. The results obtained from the intensity measurement are presented.

Chapter 6 summarizes the main findings and explores areas for possible improvements and

future work.
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Chapter 2: Literature review

2.1. Surface plasmon resonance

Surface plasmons [8] are collective oscillations of the free electron gas density that are confined

to the surface between vacuum or material with a positive dielectric constant and negative

dielectric constant (usually a metal). Surface plasmons lead to surface bound electromagnetic

fields known as surface plasmon polaritons (SPPs), which can propagate along the surface of a

metal and decay along the z- direction until the energy is lost via absorption in metal or radiation

in free space (Figure 2.1).

Figure 2.1: Surface plasmon polaritons on a metal dielectric interface. Surface plasmon waves

propagate in the x direction and decay along the z direction [9].

At the interface separating a dielectric with permittivity d and a metal with permittivity m ,

surface plasmons are characterized by a wave vector that obeys the dispersion relation in

Equation 2.1.



4

dm

dm
sp

c
k






 …………………………………………………. (2.1)

Here,  is the frequency of the electromagnetic field and c is the velocity of light in free space.

In order for surface plasmons to exist the real part of the dielectric constant of the metal must be

negative. For m to be negative,  has to be less than the plasma frequency p . At optical

frequencies this condition is fulfilled for several metals of which gold is most commonly applied

in SPR sensors because it is stable (does not react easily), it has reasonably good optical

properties and there are many thiol-based binding protocols.

The wave vector in Equation 2.1 has real and imaginary parts. The imaginary part is inversely

proportional to the propagation length of the surface wave before it is damped inside the metal.

The real part of spk is plotted in Figure 2.2. The dotted line corresponds to the light line. The

hatched portion contains the free space photons. The portion outside this hatched sector is the

evanescent region where the surface plasmon mode exists. Therefore surface plasmon modes

cannot be excited by freely propagating light.

Figure 2.2: Surface plasmon dispersion relation [10].

An additional momentum vector ( G ) is required for the incident wave vector inck of light in free

space to go from the propagating sector to the evanescent one where SP modes exist. The

resonance condition is expressed as,

Gkk incsp  ........................................................................................ (2.2)

Light line

Surface plasmon line
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The in plane free space wave vector,




sin
c

k inc  …………………………………………………………. (2.3)

Where,  is the incident angle. The additional momentum can come from prism coupling such

as Kretschmann configuration [11] and Otto configuration [12] or grating coupling. Figure 2.3

shows an example of the prism coupling method.

Figure 2.3: Excitation of surface plasmon polaritons achieved by the prism coupling method.

At the prism/ metal interface the wave vector has increased due to the dielectric constant o of

the prism. The in plane wave vector xk is shown in Equation 2.4.




sinox
c

k  ……………………………………………....... (2.4)

In this configuration light wave passes through a high refractive index prism and is totally

reflected at the prism/metal interface generating an evanescent wave penetrating the metal layer.

By modulating incident angle of a monochromatic light wave, the evanescent wave vector can be

resonantly adjusted to match the surface plasmon wave vector.
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At resonance,







sino

dm

dm

cc



……………………………............. (2.5)

At this point the previously almost fully reflected light incident on the surface is fully absorbed

and appears as a dip in the reflectance curve as shown in Figure 2.4. This method is known as the

attenuated total reflection (ATR) using angular modulation. The dip is sensitive to any change in

the effective dielectric constant of the metal/sample interface. So any change in the sample

results in a shift in the resonant curve which makes it appropriate for SPR sensing applications.

40 50 60 70 80 90
0
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0.4

0.6

0.8
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R
e
fl
e
c
ta

n
c
e

Figure 2.4: SPR sensing using angular modulation

SPR sensing using ATR can also be done with wavelength modulation, where an incident light

wave with multiple wavelengths is used. In this case the angle at which the light wave is incident

onto the metal film is kept constant. Any change in the sample results in a shift in the resonant

wavelength as shown in Figure 2.5. SPR sensors using other intensity, phase and polarization

modulation methods are also used.

n nn 
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Figure 2.5: SPR sensing using wavelength modulation.

For the grating coupling method, the periodic roughness or corrugation generates the extra

momentum needed for surface plasmon to couple with the light. For a one dimensional lattice

this extra momentum,

oa
iG
2

 ………………………………………………………. (2.6)

Substituting G in Equation 2.2 we have,

o

sp
a

i
c

k



 2

sin 
………………………………………….. (2.7)

Here, oa is the lattice constant and i is an integer.

n nn 
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2.2. Extraordinary optical transmission

Extraordinary optical transmission is the phenomenon of greatly enhanced optical transmission

through opaque metallic films patterned with periodic arrays of subwavelength holes. For these

subwavelength hole arrays, the transmission efficiency, which is defined as the transmission per

open area of the hole, can exceed unity, thus called extraordinary. This extraordinary

transmission generated considerable amount of interest as it showed orders of magnitude more

transmission than the classical theory given by Bethe [13]. According to Bethe, in an idealized

situation of a circular hole of radius r in an infinitely thin and perfect metal sheet, the

transmission of light at a given wavelength , such that r , diminishes as 4)(


r
.

In 1998 Ebbesen et al. published the work on extraordinary optical transmission [2]. They

showed that an array of subwavelength holes in Ag shows substantial transmission, where the

transmission efficiency is more than unity (Figure 2.6). The spectra shape of this enhanced

transmission is determined by the periodicity and aspect ratio of the apertures, thickness of the

metal film and lattice shape (array is triangular, square etc). The position of the peak is

determined by the periodicity of the array and the width of the peak depends on the aspect ratio

of the aperture. The larger the aspect ratio the sharper the peaks but as the thickness of the metal

film increases the intensity of the peaks decreases.

Figure 2.6: Extraordinary optical transmission [2].
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In the same year Ghaemi et al. showed that metal films perforated with periodic arrays show zero

order transmission spectra which are characterized by well defined maxima and minima in which

the positions are defined by the geometry of the hole arrays [14]. The minima are attributed to

Wood’s anomaly [15] and the maxima correspond to the surface plasmon resonance.

Figure 2.7: Two dimensional lattice geometry.

For a two dimensional lattice as shown in Figure 2.7,



 yx GjGiG , where i and j are integers representing Bragg resonant orders.

For a square lattice
o

yx
a

GG
2

|||| 


So, 222
ji

a
G

o




Substituting the value of G in Equation 2.7 and for normal incidence ( 0 ),

dm

dmo
SPR

ji

a









22
………………………………………………. (2.8)
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On the other hand, Wood’s anomaly occurs when the diffraction order becomes tangent to the

plane of the grating instead of creating a surface plasmon mode. This diffraction wave vector is

given by, ddiff
c

k 


 . The condition for Wood’s anomaly reduces to Equation 2.9.

d
o

WA

ji

a


22 
 …………………………………………………….. (2.9)

Experimental results of the zero order (normal incidence) transmission spectra of arrays shows a

slightly red-shifted EOT from that expected in Equation 2.8. A Fano [16] analysis has been

suggested to explain this observed red shift [17]. The Fano treatment takes into account two

interfering contributions of the transmission process- a non-resonant contribution (direct

scattering) and a resonant contribution (surface plasmon excitation). The introduction of

coupling between these two contributions shifts and adds asymmetry to the transmission peaks.

Over the years many theories have been developed to understand the SPR phenomenon [18, 19].

We also tried to use the complex coupled mode theory [20] with the fundamental modes to

measure the transmission spectra of three dimensional rectangular hole arrays [Appendix A], but

the results showed approximately 50 nm blue shift in the spectra compared to the rigorous finite

difference time domain calculations, so that approach was abandoned.

Recently EOT based chemical sensing has become a major field of research. Similar to the

traditional surface plasmon resonance sensors (prism coupled), the EOT efficiency varies with

the wavelength of the incident light and the value of the in-plane wavevector component. This

can be exploited as a mean of transducing chemical binding events by measuring the shift in the

spectral location of the EOT peak which results from a change in the local dielectric constant.

2.3. Nanohole array sensing

Nanohole array sensing uses the EOT phenomenon which provides a few advantages over the

reflective mode used in prism or grating coupling. Firstly, the transmission mode operates at

normal incidence enabling simplified alignment and use of high numerical aperture tools.

Secondly, the footprint of a nanohole array is smaller compared to the reflective mode which
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requires the use of prisms. This renders the capability of miniaturization and integration into

microfluidic architecture. Thirdly, the sensitivity of a nanohole array depends on the hole shape,

periodicity and lattice. This provides a large variety of parameters to optimize. These advantages

motivate the use of nanohole arrays as SPR sensing devices.

2.3.1. Nanohole array sensing based on transmission spectra

SPR sensing using EOT from nanohole arrays was demonstrated in 2004 [21]. That work

showed that subwavelength hole arrays on gold act as highly sensitive sensors and can detect

molecular adsorption at both monolayer and multilayer levels. Figure 2.8 shows a demonstration

of this event. The white light transmission through a clean array of nanoholes presented a distinct

resonant peak. Modifying the surface with an ethanoic solution of mercaptoundecanoic acid

(MUA), lead to a characteristic red shift in the wavelength of peak transmission. Further

modification of the surface by bovine serum albumin (BSA) provoked an additional wavelength

shift. The sensitivity was recorded to be 400 nm/ RIU (refractive index unit).

Figure 2.8: Normalized transmission spectra of normally incident white light through an array of

subwavelength (200 nm diameter and 590 nm lattice constant) holes on a 100 nm thick gold

substrate deposited on a glass slide. (a) Bare (clean) Au surface; (b) Au surface modified with a

monolayer of MUA; (c) Au-MUA modified with BSA [21].
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Tetz et al. [22] demonstrated an improvement in the resolution of SPR nanohole sensors by

using crossed polarizers to select between the coherent and incoherent contributions of EOT. The

angular and spectral transmittance of a structure was modified from a Fano type to a pure

Lorentzian line shape with an orthogonal polarizer and analyzer pair. This lead to linewidth

narrowing that maximized the sensor resolution which was shown to have a resolution in the

order of 510  RIU with the potential to be 610  RIU under optimal conditions. Figure 2.9 shows

the conceptual diagram and experimental result of such a system. The input and output

polarization states of a tunable laser were controlled. A microfludic channel was used to

transport the analyte fluid (Na2CrO4 solution) to the surface of the sensing area to control the

refractive index on the metal–dielectric interface.

Figure 2.9: Transmission through the 2D nanohole-array-based SPR sensor using a polarizer

analyzer pair. The SEM image shows a 200 nm thick gold sample perforated with 200 nm diameter

holes with a periodicity of 1.4 µm [22].

The potential for nanohole array sensors to become an important part of laboratory on chip

devices triggered the need for integration. Figure 2.10 shows the architecture of two microfluidic

chips with embedded nanohole arrays on a 100 nm thick gold substrate [23]. An aqueous sucrose

solution was used to demonstrate local chemical detection within the microfluidic framework.
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The output sensitivity of each array was calculated and the average was 333 nm/ RIU. The

device was also used in surface binding tests involving the biotin-stretavidin system. The total

surface group assembly process corresponded to resonance peak red shift of 3.5-4 nm indicating

a surface average refractive index increase, as expected from protein adsorption.

Figure 2.10: Schematic diagram and SEM images illustrating the architecture of microfluidic chips

with embedded nanohole arrays. The footprint of the entire set of arrays is less than 1 mm×100 µm

[23].

For biosensing applications, the properties of the biomolecular recognition elements and their

immobilization techniques affect the sensitivity for detecting a certain analyte. Enhancement of

binding response by applying a secondary antibody- gold nanoparticle conjugate on a gold

nanohole array functionalized with a cortisol thiol derivative binding to a monoclonal antibody

have been shown [24].

Demonstrations of real time measurements of molecular binding using shape enhanced nanohole

arrays in a flow cell [25] and spectral sensitivity of nanohole sensors [26] have been reported.
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Figure 2.11 shows a double hole array structure which was used for detection of bovine serum

albumin biomolecules. The double hole array showed a better sensitivity (600 nm/ RIU for bulk)

than normal hole arrays due to the attributes of both propagating SPR and localized surface

plasmon resonance (LSPR) [9].

Figure 2.11: Double hole structure (100 nm thick Au perforated with 200 nm diameter holes with

190 nm inter center spacing) used in real time label free detection for adsorption of bovine serum

albumin [25].

2.3.2. Nanohole array sensing based on intensity interrogation

The output sensitivity obtained from spectral based nanohole array sensing is an order of

magnitude smaller than the values from commercial ATR SPR systems [27]. But it is important

to note that the sensing area of the arrays of nanoholes is much smaller than the typical SPR

arrangements. This consideration was taken into account by Stark et al. [28] who demonstrated

better sensitivity and resolution than commercial SPR devices. Instead of taking the whole

spectra they used the changes in amplitude of transmission from a single wavelength source.

Figure 2.12 shows a change in transmission of about 0.8% for an active area of 0.09 2m with a

change in refractive index of 6109  RIU (NaCl concentration) giving a sensitivity of

88,000%/RIU which exceeded the theoretical limits of previous methods (15,000%/RIU for

attenuated total reflection SPR and 4400%/RIU for grating coupled SPR). A 100 nm thick gold

film perforated with 150 nm diameter holes and 350 nm lattice constant was used for this
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experiment in a temperature controlled flow cell platform. The sensitivity increased to

61045.3  %/RIU when the active area was changed to just less than 1.5 2m . Although this

shows extremely high sensitivity for changes in bulk refractive index of fluids, it does not

necessarily show its suitability for use as biosensors.

Figure 2.12: The response of a nanohole sensor to a small change in bulk refractive index due to a

change in NaCl concentration [28].

Eventually, SPR imaging with nanohole arrays illuminated by a laser source became more

popular for its higher resolution. A laser source provides high intensity, stability and spectral

coherence offering improved detection sensitivity. A real time multiplexed biosensing using

arrays of nanoholes, a laser source and an imaging sensor was reported by Lesuffleur et al [29].

For laser based imaging the sensitivity not only depends on the spectral sensitivity but also on

the slope i.e. the sharpness of the resonant peak. The relationship is shown in Equation 2.10.
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Here, TI is the variation in transmission intensity at a fixed detection wavelength, S is the

spectral sensitivity which depends on the geometry of the nanohole array and n is the variation

of effective refractive index. Figure 2.13 shows the CCD image of nanohole arrays (100 nm

thick Au film with 200 nm diameter holes) with different periodicity illuminated with a HeNe

laser from underneath and the corresponding kinetic binding with self assembled alkanethiolates

monolayer. The estimated sensitivity of this experiment was 16,600%/RIU. The adsorption of

thicker biological films is expected to lower the sensitivity.

Figure 2.13: A CCD image of arrays during real time measurement and the summary of the

kinetics of the corresponding array periods [29].

Another contribution to multiplexed intensity interrogation was made by Yang et al. [30] who

provided a way to measure the refractive index change with high reliability by taking into

concern the effect of absorption, scattering of particles and source fluctuations. Different array

structures with distinct optical properties were fabricated on the same platform. Contributions

from molecular absorption, scattering and refractive index change were distinguished using

different nanostructures (NaCl, Coomassie blue, bovine serum albumin, liposome solutions). The

noise limited refractive index resolution measured was 4102  RIU using white light source

(75W Xenon lamp) passed through a monochromator. Figure 2.14 shows the CCD image of

superwavelength holes and subwavelength nanohole arrays with different hole diameter and

periodicity subjected to refractive index change. The response of the arrays to refractive index

change (water to NaCl solution) is also shown. The superwavelength holes were used as
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reference to take into account any source fluctuation or defocusing. The scattering/absorption

from adsorbing of biological nanostructures on the nanohole arrays was monitored by refractive

index insensitive nanohole arrays because they have similar surface roughness. This improved

experimental reliability and accuracy. The resolution could have been further increased by using

a laser light source.

Figure 2.14: (Left) CCD image of nanohole arrays of varying diameter and periodicity at 540 nm

wavelength. (Right) Intensity change ( 0371.0n ) and sensing response from three nanohole

arrays [30].

The ultimate multiplexing and scalability of nanohole array sensors can be achieved by bringing

several nanohole arrays closer together and reducing the size of the array, i.e. fewer holes. But

bringing the arrays together introduces interference and reducing array size means less intensity

and thus less sensitivity. These issues were addressed by Lindquist et al. [31]. They used

plasmonic Bragg mirrors to surround each array, blocking interference of the adjacent arrays

while providing sensitivity of a 50 times larger array. Bragg mirrors coherently reflect outgoing

SP waves back into the nanohole arrays thereby enhancing transmission [32, 33]. This also leads

to isolation and sharper resonant peaks. Figure 2.15 shows the transmission through a microarray

of 816 pixel points. Each pixel is a nanohole array of either 7 by 7 holes, 5 by 5 holes or 3 by 3

holes with increasing periodicity, surrounded by Bragg mirrors. SEM images and bright field
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images are also shown. Figure 2.15(d) shows the transmitted intensity as a function of

periodicity, through the 7 by 7 holes with and without mirrors. The intensity change with the

mirrors is higher. Biotin-streptavidin binding was monitored with these arrays to show the sensor

performance.

Figure 2.15: (a) Transmission image of a large microarray with 816 nanohole arrays each one

isolated and enhanced by surrounding Bragg mirrors. (b) SEM image of one block of arrays. (c)

Bright field image of the arrays with backside HeNe illumination. (d) Transmitted HeNe intensity

taken from individual arrays of 7 by 7 holes at increasing periodicity with and without mirrors [31].

2.4. Motivation

Nanohole array sensors are promising for miniaturization and lab on chip devices. But these

kinds of sensors suffer from complicated and expensive fabrication techniques and lower

sensitivity compared to already commercialized SPR devices. So for commercialization, two

factors need to be considered- the preparation methodology must be parallel, easily tunable and
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inexpensive; the sensitivity needs to be improved for lower detection limits. In our case we take

the latter into concern. In order to improve the sensitivity, we study noise reduction techniques

by exploring different data analyzing methods and better instrumentation.

2.5. Conclusion

In this chapter, the surface plasmon resonance phenomenon, the background of extraordinary

optical transmission in nanohole arrays and some important sensing work using these arrays have

been discussed. The motivation behind this thesis has also been addressed.
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Chapter 3: Background and methods

Nanohole array design and fabrication involves three steps: finding the right parameters (hole

size, periodicity, thickness) for fabrication, milling hole arrays and imaging after fabrication.

Sensing with these nanohole arrays require an aqueous environment which lead to the use of

microfluidic chips. Design parameters such as the hole size and periodicity of arrays can be

predicted by running simulations incorporating the effects of an actual experiment. We used the

finite difference time domain calculations provided by Lumerical Solutions Inc. for our

simulations. Structures with chosen parameters were then milled using the Hitachi- FB 2100 and

fabricated arrays were imaged using Hitachi S-4800. In order to measure the sensitivity of the

arrays in aqueous solutions of varying refractive index microfluidic chips were fabricated using

photolithography and imprinted on poly-di-methyl-siloxane (PDMS). The background and

details of these methods are explained in this chapter.

3.1. Finite difference time domain (FDTD) simulations

Finite difference time domain, or FDTD, is a numerical simulation method which is suitable for

predicting the capabilities and characteristics of a nanostructure design. It is a method for solving

Maxwell's equations in complicated geometries. It has the ability to calculate a full range of

useful quantities such as the complex Poynting vector and the transmission / reflection of light

[34].

FDTD is a time domain technique, meaning that the electromagnetic fields are solved as a

function of time. By performing Fourier transforms after the simulation, FDTD Solutions can be

used to calculate the electromagnetic fields as a function of frequency or wavelength. To create

a representation or model of the actual experiment structure using Lumerical FDTD, material of

the structure, appropriate simulation region and boundary conditions, sources and monitors have

to be chosen.
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For choosing the material, dispersive materials with tabulated refractive index (n,k) data as a

function of wavelength can be used. Alternatively, specific theoretical models such as Drude,

Debye or Lorentz can also be used.

3.1.1. Boundary conditions

When defining a simulation region it is important to use the correct boundary condition. There

are 6 different boundary conditions in Lumerical FDTD.

Perfectly matched layer (PML) boundaries absorb electromagnetic energy incident upon them.

PML is most effective when absorbing radiation at normal incidence, but can have significant

reflection at grazing incidence. Metal boundary conditions are used to specify boundaries which

are perfectly reflecting, allowing no energy to escape the simulation volume along that boundary.

Periodic boundary conditions are used when both the structures and EM fields are periodic.

Bloch boundary conditions are used when the structures and the EM fields are periodic, but a

phase shift exists between each period. It is useful when a plane wave is incident at an angle to a

periodic structure – in this situation, accurate reflection and transmission data can be measured at

a single frequency. In case of a frequency span for Bloch boundary condition, the FDTD

software takes the center frequency to determine the in plane wave vector component and

assumes it to be constant even though the incident wave vector is not constant. This results in

altering the incident angle and gives erroneous results.

Symmetric and anti-symmetric boundary conditions are used when there are one or more planes

of symmetry. Both the structure and source must be symmetric. Symmetric boundaries are

mirrors for the electric field, and anti-mirrors for the magnetic field. Anti-symmetric boundaries

are anti-mirrors for the electric field, and mirrors for the magnetic field. Figure 3.1 shows the

direction of the field components for both symmetric and anti-symmetric boundary conditions. If

the EM fields through a periodic structure have a plane of symmetry or anti-symmetry in the

middle of a period of the structure, boundary conditions can be selected to be either symmetric or
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anti-symmetric at both the minimum and maximum boundary depending on the symmetry rules,

to improve the speed of simulation by 4 times.

Figure 3.1: Symmetric and anti-symmetric boundary conditions in Lumerical FDTD [34].

3.1.2. Sources

FDTD Solutions support a number of different types of sources. Different sources are suitable

for different applications.

Dipole sources are used to simulate point source radiators such as a nanosphere in a cavity. A

Gaussian source is used to simulate a focused beam incident on a structure. A Gaussian source

defines a beam of electromagnetic radiation propagating in a specific direction, with the

amplitude defined by a Gaussian cross-section of a given width. The beam spot size should be

chosen to be smaller than the source span otherwise there will be scattering. Mode sources are

ideal for single frequency simulations. The mode source uses frequency domain techniques to

calculate the modes in a structure.
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Plane wave sources are used to simulate very large beams. These sources inject laterally-

uniform electromagnetic energy from one side of the source region. It should span the entire

simulation area. Periodic or Bloch boundary conditions should be used in directions normal to

the propagation. PML boundary condition should be used to absorb the transmitted or the

reflected light.

Total field scattered field (TFSF) sources are used to simulate very large beams incident on non-

periodic finite structures. TFSF source injects along one edge of a rectangle as specified by the

user. The other three boundaries subtract the incident field allowing phase change as the wave

propagates. Everywhere inside the rectangular box is total field (incident + scattered field), while

everything outside is only scattered field (Figure 3.2).

Figure 3.2: Total field scattered field source in Lumerical FDTD [34].

3.1.3. Monitors

Index monitor records the real and imaginary part of the refractive index as a function of

frequency or wavelength. Time domain monitors provide time domain information for the field

components over the course of the simulation. Movie monitors are used to capture a desired field

component over the region spanned by the monitor for the duration of the simulation.

Frequency-domain profile monitors collect the field profile in the frequency domain from

simulation results across some spatial region within the simulation. Individual field components,

Poynting vector, and power flow can be collected as a function of frequency and position. These
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monitors will record field profiles exactly where they are positioned. If highly accurate power

measurements are required, power monitors should be used, rather than profile monitors.

Frequency-domain power monitors collect high-accuracy power flow information in the

frequency domain from simulation results across some spatial region within the simulation.

These monitors are identical to Frequency-domain profile monitors except that they

automatically snap to the nearest FDTD mesh cell boundary. This is important when accurate

power flow calculations are required. Less interpolation is required in this case, which results in

slightly more accurate power measurements. Unfortunately, this also means that the exact

position where the data is recorded will change whenever the mesh changes. If it is more

important to measure the field at a particular position, profile monitors should be used.

3.1.4. Transmission measurement

The normalized transmission T can be found by placing a frequency power of profile monitor

where the transmission needs to be measured. The power flow in a particular direction can be

calculated by the complex Poynting vector,
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  is used, where  is the optical wavelength.

Lumerical also provides a number of mesh refinement options which can give sub cell accuracy

from a simulation. The default mesh setting is conformal. It is applicable to all materials except

metals with 1)( mreal  and perfect electrical conductors. For metals conformal variant 1 gives

the best accuracy in cases where the mesh size is less than 5 nm. For larger mesh sizes and high
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contrast between permittivity the conformal variant 2 may be considered for metals and perfect

electric conductors. Any conformal mesh technique will increase the time it takes to mesh the

structure prior to FDTD simulation itself.

Figures 3.3 and 3.4 show the model and the normalized transmission spectrum of a FDTD

simulation of a hole array using a 100 nm thick Johnson & Christy [35] gold on a glass substrate

(refractive index=1.52). A plane wave source was normally incident on the nanohole array and

the transmission though the holes were collected by the frequency domain profile monitor on the

other side placed 50 nm far from the metal surface. Since the structure is periodic and there is a

plane of symmetry in the middle of the period of the structure, anti-symmetric boundary

condition on both maximum and minimum of x and symmetric boundary condition for y was

used for lower computational time. A mesh size of 2 nm and a conformal variant 1 were used for

accuracy.

Figure 3.3: Simulation setup for measuring transmission through a 200 nm diameter nanohole

array of 1500 nm periodicity perforated in a 100 nm thick gold film.
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Figure 3.4: Normalized transmission spectrum of a hole array of diameter 200nm and periodicity

1500nm using FDTD calculations of Lumerical Solutions Inc.

3.1.5. Summary

FDTD is an essential tool to predict the behaviour of a nanostructure prior to fabrication and

actual experimental measurements. It enables us to choose certain parameters (diameter,

thickness, and periodicity) which give the best result, saving time and cost of fabrication and at

the same time increasing the chance of a successful experiment. It is a rigorous computational

method with a high degree of accuracy. Any change in shape can be easily accounted for since it

is broken down into finite grid cells. The sources of error are known and well documented,

minimizing the possibility of statistical and probabilistic error.

3.2. Scanning electron microscopy (SEM)

The SEM is an instrument that scans a sample surface with a finely converged electron beam in

vacuum, detects the information (signals) produced at that time from the sample and presents an
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enlarged image of the sample surface on the monitor screen. By bombarding the sample with an

electron beam in vacuum, secondary electrons, backscattered electrons, characteristic X-rays and

other signals are generated as indicated in Figure 3.5. The SEM mainly utilizes the secondary

electron or back scattered electron from the sample to form an image. Secondary electrons are

produced near the sample surface with lower energy and the SE image obtained upon detecting

these electrons reflects the fine topographical structure of the sample. On the other hand,

backscattered electrons (BSE) are those which are reflected back with high energy upon striking

the atoms composing the sample. The number of these electrons is dependent on the composition

(the average atomic number, crystal orientation etc.) of the sample. A BSE image therefore

reflects the compositional distribution of the sample surface. An X-ray detector can also be

mounted to the SEM for conducting elemental analysis. So the SEM can be used not only for

observing a sample surface structure, it can also be used to determine what elements are included

in the sample and to what degree.

Figure 3.5: Signals produced from a sample bombarded by an electron beam [36].

3.2.1. Principle of operation

In a typical SEM, an electron beam is emitted from an electron gun fitted with tungsten filament

cathode. Tungsten is normally used in electron guns because it has the highest melting point,

lowest vapor pressure of all metals and also because of its low cost. The S-4800 uses a field
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emission electron gun to emit and accelerate electrons [37]. The SEM consists mainly of a

column, specimen chamber, display and operating section. The interior of the column is kept in a

high vacuum. The electron beam produced by the electron gun is converged into a fine beam via

the electromagnetic condenser and objective lenses. The beam then passes through pairs of

scanning coils or pairs of deflector plates in the column which deflect the beam in

the x and y axes so that it scans in a raster fashion over a rectangular area of the sample surface.

When the primary electron beam interacts with the sample, the electrons lose energy by repeated

random scattering and absorption within a teardrop-shaped volume of the specimen known as the

interaction volume, which extends from less than 50 nm to around 5 µm into the surface. The

size of the interaction volume depends on the electron's landing energy, the atomic number of the

specimen and the specimen's density. Figure 3.6 shows a Monte Carlo simulation of the effect of

electron beams on different samples at different acceleration voltages.

Figure 3.6: Electron scattering inside specimen as visualized by Monte Carlo simulation [36].

(a) Incidence of 15KeV e-beam on Carbon (C)

(b) Incidence of 1 KeV e-beam on Carbon (C)

(c) Incidence of 15KeV e-beam on Gold (Au).
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The energy exchange between the electron beam and the sample results in the reflection of high-

energy electrons by elastic scattering, emission of secondary electrons by inelastic scattering and

the emission of electromagnetic radiation, each of which can be detected by specialized

detectors. Majority of SEMs detect secondary electron signal with the ET detector invented by

Everhart and Thornley in 1960 [38]. With this detector (Figure 3.7), the secondary electrons are

accelerated toward an electric field and hit a scintillator (fluorescent substances) for conversion

into optical signals, which are led to a photomultiplier through a light guide and reconverted into

electrons on a photoelectric conversion face. These electrons are accelerated with another

electric field and hit against a series of dynodes (coated with a substance having high secondary

electron emission yield) each time multiplying the number of secondary electrons by more than 5

times. Finally the electrons are taken out as a signal current. The signal is then displayed on

a computer monitor and saved to a computer's hard disk.

Figure 3.7 ET detector for secondary electron detection [36].

Magnification in a SEM can be controlled over a range up to six orders of magnitude.

Magnification results from the ratio of the dimensions of the raster on the specimen and the

raster on the display device. Higher magnification results from reducing the size of the raster on
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the specimen. Magnification is therefore controlled by the current supplied to the x, y scanning

coils, or the voltage supplied to the x, y deflector plates [37].

3.2.2. Causes of image disturbances

There are quite a few phenomena that are responsible for disturbing an image. These are

discussed in this section.

Charge up: Charge up occurs during observation of non-conductive samples, and may be

conspicuous especially when scan speed or magnification is changed. When charge up happens

the image becomes distorted, there may be presence of uneven brightness and sometimes lack of

stereoscopic sense (Figures 3.8 and 3.9).

Figure 3.8: Image distortion due to charge up (seahorse tail imaged with Hitachi S-4800).
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Figure 3.9: Uneven Brightness and bright lines due to charge-up (seahorse scale imaged

with Hitachi S-4800).

Following are the countermeasures for the charge up phenomenon.

 Reducing the acceleration voltage.

 Reducing the sample irradiating current.

 Applying a metal coating for nonconductive samples.

 Integrating the image. In other words, forming an image by superimposing images

obtained at rapid scan.

 Observing images in low vacuum mode.

 Utilizing a low acceleration BSE signal.

Contamination- A phenomena by which gas molecules of hydrocarbons existing around the

sample collect on the sample due to electron beam irradiation, then bond together and adhere to

the sample surface. With the electron beam irradiating the sample, the clarity of the image at that

area decreases and it becomes darker (Figure 3.10).
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Figure 3.10: Contamination of Gold sample (imaged with Hitachi S-4800).

The following steps are required in order to reduce the contamination:

 Reduction of residual gas molecules in the specimen chamber (improvement of vacuum

level).

 Reduction of gas molecules derived from the sample.

The above reductions can be achieved by:

 Using a minimum amount of conductive paste or tape when mounting the sample in the

instrument.

 Thoroughly drying the conductive paste with a dryer.

 Heating and de-gasing the sample in a vacuum device.

 Focusing as quickly as possible and avoiding observing the same location for a long time

especially at high magnification.

 Observing samples while cooling the sample surroundings with a cold trap.

Beam Damage: Thermal change or chemical change occurring on a sample due to electron beam

irradiation is referred to as beam damage. Temperature rise of the sample due to the electron

beam is dependent on a number of factors including accelerating voltage and intensity of the

beam, observation area, observation time, specific heat and heat conductivity of the sample and
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others. Polymeric materials and/or biological samples are generally susceptible to heat and may

be readily damaged thermally by the electron beam.

Measures to be taken for reducing sample damage:

 Reducing the sample irradiating current.

 Lowering the acceleration voltage.

 Applying metal coating to the sample (to improve heat conductivity).

 Observing the sample while cooling it.

Effect of disturbance:

Fringes or distortion appearing on a SEM image profile may be caused by vibration or a stray

magnetic field. Countermeasures for image disturbance are given below:

 Keeping the instrument well away from vibration sources such as air conditioner or

pump.

 Keeping the instrument well away from magnetic field sources such as transformer or

large capacity power cables.

 Shorting the working distance and applying strong excitation to the condenser lens to

counter the effect of a magnetic field.

Other abnormalities in imaging can be observed, such as movement of sample, image

fluctuations and focusing ambiguity.

3.2.3. Imaging using hitachi S-4800

Sample preparation is the first step for SEM imaging. For conductive metal samples the

preparation is minimal. However, for biological and polymer samples the preparation technique

is far more elaborate. After appropriate sample preparation, the acceleration voltage, working

distance and operating current have to be chosen according to the material and properties of the

sample. To avoid unwanted charging, the sample has to be properly grounded. For delicate
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samples the working distance may be reduced instead of using high acceleration voltage to avoid

damage.

There are a few important steps that have to set very carefully to get a good image. These are:

 Focusing

 Beam alignment

 Aperture alignment

 X-alignment

 Y-alignment

 Astigmatism

Astigmatism plays a very important part in successful imaging. An image is judged as

astigmatism-free if it has no unidirectional defocusing when the objective lens is changed to

under or over-focus at a higher magnification (about ×10k) than the imaging magnification. The

astigmatism can be revealed clearly by using a reduced window where it is easier to see the

smearing. Turning the X, Y knob followed by focusing has to be repeated a few times until the

image is clear and there is no smearing. It is better to gradually adjust the beam alignment,

starting at lower magnifications and working up to higher magnifications.

Figures 3.11 and 3.12 show two different images taken at two different magnifications using the

S-4800.
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Figure 3.11: Image of a nanohole array of 200 nm diameter holes in a 100 nm thick gold

sample deposited on a glass slide (imaged with Hitachi S-4800).

Figure 3.12: A pattern done by FIB on a 100 nm thick gold film deposited on a glass slide

(imaged with Hitachi S-4800).
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3.3. Focused ion beam milling

Focused ion beam (FIB), is used for site-specific analysis, milling and deposition of materials. It

resembles the scanning electron microscope (SEM). However, while the SEM uses a focused

beam of electrons to image the sample in the chamber, the FIB setup uses a focused beam

of ions. Ions are positive, large, heavy and slow, whereas electrons are negative, small, light and

fast. Ion beams remove atoms from the substrate and because the beam position, dwell time and

size are so well controlled it can be applied to remove material locally in a highly controlled

manner, down to the nanometer scale.

3.3.1. Gallium (Ga) ion source

Ga ion is used as a source in most focused ion beam setups. Ga ion has various advantages over

other ions. The element Ga is metallic and has a low melting temperature and hence it is a very

convenient material to construct a compact gun with limited heating. The Ga can be contained

in a very small volume so the gun has a long practical life-time. During operation the gallium is in

a liquid phase, and so the source is referred to as a liquid metal ion source (LMIS) [39, 40].

Figure 3.13 shows a Ga LMIS with a coil acting as a reservoir including a tungsten needle from

which the ions are extracted by an applied electric field. A consequence of the choice of Ga is that

this element will always be present in the sample after exposure but by X-ray analysis this element

can easily be traced back.

Figure 3.13: A Ga liquid metal ion source including the reservoir the ceramic disc that hold

the electrodes are a little less than 1 cm in diameter [40].
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3.3.2. Principle of operation

In a Gallium LMIS, gallium metal is placed in contact with a tungsten needle and heated.

Gallium wets the tungsten, and a huge electric field (greater than 108 volts per centimeter) causes

ionization and field emission of the gallium atoms [41]. Source ions are then accelerated to an

energy of 5-50 keV, and focused onto the sample by electrostatic lenses. LMISs produce high

current density ion beams with very small energy spread. A modern FIB can deliver tens of nano

Amperes of current to a sample, or can image the sample with a spot size on the order of a few

nanometers.

The gallium (Ga+) primary ion beam hits the sample surface and sputters a small amount of

material, which leaves the surface as either secondary ions (i+ or i-) or neutral atoms (n0). The

primary beam also produces secondary electrons (e-). As the primary beam rasters on the sample

surface, the signal from the sputtered ions or secondary electrons is collected to form an image.

At low primary beam currents, very little material is sputtered and modern FIB systems can

easily achieve 5 nm imaging resolution. At higher primary currents, a great deal of material can

be removed by sputtering, allowing precision milling of the specimen down to a sub micrometer

scale. Unlike an electron microscope, FIB is inherently destructive to the specimen resulting in

surface roughness. When the high-energy gallium ions strike the sample, they will sputter atoms

from the surface some ions may even be implanted into the substrate. The effect is shown in

Figure 3.14.
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Figure 3.14: Interaction of an ion beam with sample surface [41].

3.3.3. Milling using Hitachi FB-2100

In order to make a sample with accurate features, test cuts are crucial. Generally the test cuts are

made at the magnification that is used for cutting. For best results the beam must be aligned at

twice the magnification of cutting. The beam is aligned by some consecutive and repeated steps

such as- focus, x alignment, y alignment and fixing the wobbler [42]. If the beam is correctly

aligned the cuts should appear clean and the damage (brighter area surrounding the cut) around

the cut should be symmetric. Three main parameters such as dwell time, number of passes and

the type of beam can be changed to find the right combination, for the desired features. For

delicate samples beam with a low current should be used. Figure 3.15 shows an example of some

test cuts milled with the parameters in Table 1. These test cuts were made just to see the effect of

the beams and the dwell time on the gold sample.
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Figure 3.15: Test cuts milled at 10K magnification by varying dwell time, cutting time and

beam current. Deposition was also used which is shown by the square at the top right

corner.

Table 1: Different parameters used for performing test cuts on a 100 nm thick gold sample

Circle(Row,

Column)

Dwell

Time(µs)

Total

Time(Minutes)

Beam (kV, Condenser lens on/off,

Aperture Diameter (µm))

(1,1) 1 0.5 40-0-30

(1,2) 1 1 40-0-30

(1,3) 1 2 40-0-30

(1,4) 1 4 40-0-30

(2,1) 2 1 40-0-30

(2,2) 4 1 40-0-30

(2,3) 6 1 40-0-30

(2,4) 8 1 40-0-30

(2,5) 10 1 40-0-30

(3,1) 8 1 40-0-30

(3,2) 8 1 40-0-80
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(3,3) 8 1 40-1-30

(3,4) 8 1 40-1-80

Suggested beam use:

(a) 40-1-150- Rough cutting

(b) 40-1-300- Rough cutting and rough thinning

(c) 40-1-150- Cutting and thinning

(d) 40-1-80- Cut probe

(e) 40- 0- 80- Deposition

(f) 40-0-150- deposition

(g) 40-1-30- Fine thinning

(h) 40-0-30- final cut

Figure 3.16 shows an array milled with a strong beam resulting in damage. In the bottom left a

fair amount of re-deposition can be observed.

Figure 3.16: Rectangular hole array, using Dwell time= 1µs, No. of passes= 200, Beam= 40-

1-30.

FIB milling using bit maps:

For uniform arrays of holes, it is necessary to use some mapping. The Hitachi FB-2100 takes bit

map inputs and cuts accordingly. This map can be made either in Adobe Photoshop or in

MATLAB [Appendix B]. The bitmaps made in MATLAB are rendered in Photoshop for better
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resolution making sure that one nanometer is equal to one pixel. Figure 3.17(left) shows a bitmap

file created using a MATLAB code and rendered in Photoshop. The hole size is 200 nm and the

periodicity is 1300 nm. There are 10×10 holes in one array. The SEM image of the array milled

using FIB is shown on the same figure (right). Figure 3.18 shows a high magnification image of

a single hole.

Figure 3.17: Bit map (left) and SEM(right) image of a nanohole array of 200 nm diameter holes and

1200 nm periodicity.

Figure 3.18: High magnification image of a 200 nm diameter hole milled by FIB.
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3.3.4. Summary

Numerous techniques have been designed to create a periodic array of nanoholes in thin gold

films. Examples of these other techniques are electron beam lithography, soft nanoimprint

lithography using molded plasmonic crystals, nanosphere lithography [43, 44]. Although the FIB

exhibits a high degree of control of nanohole size, shape and periodicity the process is non

parallel and requires substantial amount of time and cost. This may hinder the widespread

adoption of FIB for fabricating samples in sensor manufacturing.

3.4. Microfluidics

Microfluidics is an integral part of nanohole sensing. It allows the manipulation of liquids and

gases through channels in micro litre quantities making it essential for miniaturized systems. In

order for microfluidic systems to be successful, they must have attributes (mainly optical

properties, surface chemistry) that are required for the particular applications. Poly-di-methyl-

siloxane (PDMS) shows particular promise in fabrication of systems for biological and water

based applications making it the primary material for microfluidic channels in nanohole sensing

applications.

3.4.1. Choice of material

Conventional methods of fabricating microfluidic devices have centered on etching in glass and

silicon. But etching in Si and glass is too expensive and time consuming. Polymers on the other

hand are inexpensive, channels can be formed by molding or embossing rather than etching and

devices can be sealed thermally or by using adhesives. The disadvantages of polymers are that

they are often incompatible with organic solvents and low molecular weight organic solutes; they

are also incompatible with high temperatures. In our experiments of nanohole sensing PDMS is

used for a number of reasons

1. Features of micron scale can be reproduced with high fidelity by replica molding.

2. It is optically transparent down to 280 nm.

3. It is nontoxic.
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4. It can seal reversibly to itself and a range of other materials by making molecular Van der

Waals contact with the surface, or it can seal reversibly after exposure to air plasma by formation

of covalent bonds.

5. It can conform to smooth surfaces and it releases from delicate features of a mold without

damaging it or itself.

3.4.2. Fabrication of microfluidic chips in PDMS

Our fabrication technique is based on rapid prototyping and replica molding [45]. Rapid

prototyping begins with creating a design for a device in a computer aided design (CAD)

program. A high resolution commercial image setter then prints this design on a transparency

which serves as a photomask.

Rapid prototyping:

1. A silicon wafer is spin coated with positive photoresist (SU-8). The type of SU-8 is chosen

according to the desired height of the channel [46].

2. The wafer with the photoresist is soft ( Co65 ) and hard ( Co95 ) baked [46]. It is then cooled.

3. The pattern is transferred from the photomask on to the phtoresist by UV exposure (~100 s).

4. It is then post baked.

5. After post baking the pattern is ready to be developed. The wafer is soaked in SU-8 developer

for about 5 minutes and lightly shaken frequently.

It is then cleaned with iso-propanol. This patterned silicon wafer is durable and can be used

indefinitely. Failure generally occurs from the user breaking the fragile silicon wafer or from the

photoresist releasing from the wafer.

Replica molding:
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Once a master is fabricated, we form channels in PDMS by replica molding. The PDMS needs to

be cured by a curing agent. The ratio of the PDMS and curing agent is very important. This

defines the elasticity of the PDMS. The more curing agent the harder the chip becomes after

baking. For our application we use a ratio of 13:1 of PDMS to curing agent which makes the

chip soft enough to be able to punch holes/insert the tubes in it without breaking it. After mixing

the PDMS and the curing agent, the mix is kept in vacuum for 30 minutes. It is then poured on to

a master and baked, generating a negative replica of the master in PDMS, i.e., ridges on the

master appears as valleys in the replica. Access holes for channels are punched in.

Sealing:

Molding provides PDMS replica that contains three of the four channels necessary for enclosed

channels. Sealing the replica to a flat surface provides the fourth wall. In our case this flat

surface is the nanostructured gold film on glass slide. The channels are aligned to the nanohole

arrays under a microscope. Sealing the PDMS on the gold slide can be done in two ways-

reversible, conformal sealing with the flat surface and irreversible, exposure of both surfaces to

air plasma. We use the reversible seal since it allows using the gold sample over and over again.

To ensure that there is no leakage the PDMS on the gold sample is sandwiched by 2 layers of

hard acrylic PMMA and screwed together. This method of sealing is water tight, fast and occurs

at room temperature. Simply peeling the PDMS off the flat surface breaks this reversible seal. To

ensure that no liquid comes out from the inlet and outlet outside the tubing, a small amount of

PDMS can be used to seal the tube to the chip as shown in Figure 3.19.
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Figure 3.19: Nanohole arrays in gold embedded in a microfluidic chip.

Unmodified PDMS presents a hydrophobic surface. Channels in hydrophobic PDMS are difficult

to wet with aqueous solutions and are prone to the adsorption of other hydrophobic species

therefore easily create bubbles. Exposure to plasma oxidation renders the surface hydrophilic.

Aqueous solutions then easily wet this oxidized channels. These channels have greater resistance

to adsorption of hydrophobic and negatively charged analytes than unmodified PDMS. But the

oxidized surface of PDMS is unstable in air and reverts to being hydrophobic in 30 minutes.

3.4.3. Summary

Microfluidics enables the use of nanohole sensors as lab on chips. But for accurate probing of

binding events the microfluidic channels need to be engineered precisely for the purpose. Thin

channels of 100-200 µm width are generally bubble free and ensure a steady flow rate without

any leakage.
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3.5. Conclusion

Four methods that are prerequisite for nanohole array fabrication and sensing are described in

this chapter. Starting with simulations it is possible be downscale the amount of fabrication

required for a successful experiment by choosing the best parameters. Chosen structures are

fabricated by FIB and imaged with SEM. The microfluidic system renders the possibility for

aqueous environments which is essential for any biological or chemical sensing.
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Chapter 4: The integrated response method

The performance of SPR sensors depends critically on the noise of the light source and the

detector. A well adapted data processing method is required to minimize the effect of the noise

and extract actual signal from the spectrum. We examine both experimental and simulated data

of the optical transmission response of nanohole arrays in metal films to bulk and surface

refractive index changes. Instead of looking at just the peak shift, which is most commonly used

for wavelength based sensing; we look at the shift of a significant part of the resonance curve

using an integrated response method. We compare the signal to noise performance of this

integrated response method with two other methods: the conventional peak shift method and a

normalized difference integrated response method used in 3D plasmonic crystals. Our integrated

response method shows a 40% and 90% improvement in the signal-to-noise ratio for bulk and

surface binding tests, respectively, compared to the direct measurement of the transmission-peak

wavelength shift. This promising result can be applied to nanohole-array sensor applications for

improved sensing performance in the future.

In this chapter, details of the bulk and surface sensing experiments are described, the theory for

the integrated response method is expressed and some important results are shown and discussed

to validate the theory.

Experimental data of bulk sensing were provided by Donna Hohertz, supervised by Karen

Kavanagh; and the surface sensing data were provided by Rajinder Nirwan, supervised by

Alexandre Brolo.

4.1. SNR in SPR

Signal information from SPR sensors can be extracted using various analysis methods. For

Kretschmann SPR (prism coupling), the sensing is typically based on localizing and tracking the

minimum in the SPR reflectivity spectrum (wavelength or angular) as discussed in Chapter 2.

This is achieved via several different methods, such as, fitting the spectra with a polynomial of
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order 2–7 or a Lorentzian curve (with or without a linear term) [47]; optimal linear data analysis

[48], centroid localization and tracking [49]; model parameterization and linear projection [50];

and locally weighted parametric regression [51]. Similarly, in nanohole array SPR, one tracks the

location of the transmission resonance peak; however, monitoring only the peak position ignores

significant information present in the entirety of the wavelength (or angular) spectrum. In 3D

plasmonic crystals, the complex wavelength transmission spectrum showed an improved

sensitivity when analyzed with a normalized-difference integrated-response (NDIR) over the

entire transmission spectrum [52].

In this work, we apply an integrated response (IR) analysis method to the transmission spectra of

nanohole arrays in metal films, while monitoring both the sensitivity and noise performance. We

examine the bulk refractive index response using both experimental measurements and simulated

idealized finite-difference time-domain computations with added noise. Additionally, we assess

the surface response using experimental surface binding data. We demonstrate improved sensing

characteristics for our IR method as compared to the peak shift or the NDIR method.

4.2. Experimental methods

4.2.1. Nanohole array fabrication

Figure 4.1 shows an array of circular nanoscale holes (200 nm diameter, 450 nm

periodicity) milled in a thermally-evaporated gold (100 nm)/titanium (5 nm) film on a glass slide

(1×1×0.04"). A focused ion beam (FIB) (FEI 235 dual-beam, 30 keV, 2.2 µA emission current

with 30 pA aperture), was used to mill square arrays each having a surface area of 20 µm2.
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Figure 4.1: SEM picture of a focus-ion-beam milled nanohole array with 200 nm hole

diameter and 450 nm periodicity.

4.2.2. Bulk refractive index measurements

A slide containing nine, gold arrays, was cleaned in an aqueous acid and peroxide mixture

(H2SO4 and H2O2) then exposed to varying concentrations of aqueous glucose solutions. To

measure the transmission intensity spectra, it was placed on the stage of an inverted optical

microscope (Reichert #325098). White light (Fiber-Lite Series 180) focused through an objective

lens (25) was used to illuminate a single nanohole array. The transmitted light was collected by

a fiber optic cable connected to a computer-controlled spectrometer (Photon Control SPM-002,

SPECSOFT, version 2.3.4.4). We collected transmission, background (transmission through a

pinhole), reference (transmission response of water) and dark noise intensity spectra. Each

collected spectrum was the average of 100 individual measurements of 1 sec exposures (200 nm

to 1090 nm, 3166 data points). The spectral resolution is between 0.8 and 2 nm over the

wavelength range. Each spectrum was smoothed using a boxcar of five. Measurements were

repeated five times under identical experimental conditions.
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4.2.3. Surface binding experiments

Surface binding experiments were conducted to determine the applicabilty of the IR anaylsis

method for the detection of surface refractive index changes. The affect on transmission of

binding of a particular monoclonal antibody (MAb), 17-9, to the nanohole array functionalized

with the corresponding antigen (Ag), the hemaggultinin (HA) peptide was monitored. The gold

surface was functionalized with HA Ag by a series of surface modification steps. First it was

soaked over night in a biotin-polyethylene glycol-thiol, (1mM, HS-(CH2)11-(OCH2CH2)6-NH-

Biotin) ethanol solution, which created a self-assembled monolayer. The slide was then soaked

in a streptavidin phosphate buffer solution (2 hours, 100 g/mL, PBS) followed by a biotinylated

HA Ag solution (2 hours, 25 g/mL). Transmission spectra were collected from each array

between each step, to monitor the modification process. The affinity of the MAb to the Ag was

monitored using the nanohole arrays integrated in a microfluidic setup equipped with a syringe

pump (NE 1800 New Era Pump Systems Inc). The binding kinetics of the 17-9 MAb (10µg/mL

in PBS, flow rate 5 L/min,14 minutes) to the HA Ag, was monitored in real time via changes in

collected optical spectra (every 4 sec). A baseline reference was established using an array with a

blank solution without MAb. The detachment kinetics of the MAb were observed by switching

to the blank solution after binding was complete. PBS solution was flowed through again to

observe the detachment of the MAb.

4.2.4. Simulations

We conducted simulations of the optical experiments using finite difference time domain

(FDTD) calculations. A plane-wave light source at normal incidence was used to excite the

nanohole array. Periodic boundary conditions on both in-plane x and y-axes (each parallel to the

array edge) were used with perfectly matched layer (PML) boundary conditions along the

perpendicular z-axis. A mesh-override grid size of 1.8 nm ensured accurate modeling of the

plasmonic effects of the metal (as verified by convergence tests). The transmission was

monitored at a plane 50 nm from the surface of the metal film on the glass side. Since the

experiments operate at relatively high optical intensities, shot noise should dominate over other
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noise contributions, such as intensity noise of the source, and thermal and read-out noise of the

detector. Therefore, shot noise, which varies as the square root of the intensity, was added to the

simulated spectrum. To obtain 5 repeated spectra similar to the real experiment, 5 independent,

normally-distributed, random noise quantities were used, that generated a standard deviation of

0.15 (using the rand function in MATLAB).

4.3. Methods of analysis

Our proposed integrated response (IR) analysis of the transmission spectra of nanohole arrays for

biosensing applications uses the square root of the integrated mean-squared variation of the

spectrum over the entire wavelength range. The mathematical expression is as follows:
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Where, IR is the integrated response, )()()(  SSD ref  is the difference in the signal

between the reference spectrum, )(refS and the measured signal )(S , and )(D is the

average of the difference signal over the entire spectrum.

Our evaluation considers predominantly the signal to noise ratio (SNR) to evaluate sensitivity

and noise performance without disrupting the linear response found with the peak shift curve.

The noise is defined as the standard deviation of the IR response from 5 repeated spectra. We

also reproduced surface binding curves as a function of time with this method to observe how

they fit to the peak-shift response curve.

The expression in Equation 4.1 was found to give the best performance in terms of SNR and

noise without adding any kind of nonlinearity to the SNR of binding curves. Other equations

were also examined. For example, undesirable nonlinearity appeared in SNR curves and binding

curves when integrating higher powers (of order 2, 3 and 4) of the difference signal )(D using

Equation 4.2 [Appendix C].
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Where, n=2, 3, 4.

We compare the IR method to recently described work with 3D plasmonic crystal templates,

which uses an integrated response based on the normalized difference expressed as follows [52]:
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The IR method was also compared with the peak shift response method. The peak was found by

fitting the curves using a polynomial fit (over a range of 20 nm about the peak). The peak was

tracked by tracking the maximum point based on the polynomial fit.

Peak shift, |)()(|  PPPS ref  , where refP ( ) is the peak wavelength of the reference signal

and )(P is the signal with a change in the refractive index. The noise in the NDIR and PS is

defined as the standard deviation of 5 repeated tests under identical experimental conditions. We

have also used a different definition of the noise as the integration of simple point-by-point

absolute differences between two different spectra (i.e., one repeated test). For that method we

saw similar results, however, the present method is chosen since it contains statistics over a

greater number of repeated tests.

4.4. Results

4.4.1. Bulk refractive index sensing

Figure 4.2(a) shows the spectra of the source. Figure 4.2(b) shows the experimental transmission

spectra of a periodic circular-hole array for different concentrations of aqueous glucose solutions

over the hole array. The reference spectra is the response in water. Figure 4.2(c) shows the

FDTD simulations of the transmission spectrum for the same structures as measured in Figure

4.2(b) for different refractive index solutions. A refractive index of 1.3538 corresponds to a

glucose concentration of 1 M [53]. Both the experimental and simulated spectra have two major

peaks, in the ranges 570 nm – 610 nm and 680 nm – 710 nm. We attribute the peaks to the Bragg
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resonance enhanced transmission at the glass and solution interfaces according to Equation 2.8.

The peak at 680 nm is (1, 0) Bragg resonances associated with the glass interface (the shoulder

peak at 650 nm arises due to the Wood’s anomaly minimum at 670 nm). The peak at 600 nm

corresponds to the (1, 0) Bragg resonance off the solution interface. The peak at 570 nm is

attributed to the (1, 1) resonance of the glass interface.

The simulated and the experimental results differ for a number of reasons including the finite

collection aperture of the experiments, the finite extent of the arrays, nanohole tapering and edge

smoothing produced during FIB milling, and non-normal incidence from the sources. The main

point of the FDTD simulations, however, was to present an idealized case that is free from

experimental imperfection and in this regard we have shown the relative performance of the

different approaches. It was not our intention to reproduce exactly the results of the experiment

with the FDTD, although reasonable qualitative agreement is seen.
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Figure 4.2 (a) Source spectrum of a computer-controlled spectrometer (Photon Control SPM-002,

SPECSOFT, version 2.3.4.4) (b) Transmission spectra through a hole array of 200 nm diameter

round holes with 450 nm periodicity in a 100 nm thick layer of gold on 5 nm thick Cr coated glass

substrate. The different curves refer to transmission in different concentrations of glucose, 0.05 M

(green), 0.5 M (red) and 1 M (magenta). The water spectrum (blue) is the reference. (c) FDTD

simulation spectra of a the same hole array. The different curves are due to the change in the bulk

refractive index of 1.3300 (blue), 1.3330 (green), 1.3430 (magenta), 1.3538 (black) in the aqueous

medium. The blue curve is taken as the reference.

Figure 4.3(a) shows the SNR performance as calculated from the experimental data, using the

three different analysis methods: IR, NDIR and PS. The IR and NDIR analysis was applied to a

spectral range of 500–750 nm as only this wavelength range shows significant spectral features.

The peak positions were obtained by using a polynomial (order 4) curve-fitting technique. The

data shows a higher SNR for the IR method as compared to the PS and NDIR methods. Figure

4.3(b) shows the calculated SNR from simulated data again using the IR, PS and NDIR methods.

Comparing Figure 4.3(a) and 4.3(b), the IR method is superior to the PS and NDIR methods in

both real and simulated experiments.

(c)
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Figure 4.3: Variation of signal to noise ratio with (a) glucose concentration using experimental data,

and (b) with refractive index using FDTD simulated data. The integrated response (IR) (blue)
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shows a higher sensitivity compared to the peak shift (PS) (red) and the normalized difference

integrated response (NDIR) (green) method.

4.4.2. Surface sensing

Figure 4.4(a) shows the normalized transmission spectra before (1 sec) and after (1200 sec)

binding occurs. Figure 4.4(b) is a zoomed version of Figure 4.4(a). It shows the shift in the two

curves more clearly. Figure 4.4(c) depicts the normalized response of the PS and IR method as a

function of time for the surface sensing experiment. At 400 sec 10µg/mL MAb was injected for

14 minutes (as seen from the sharp increase in the signal). The refractive index change in this

portion of the curve reflects the dynamics of the surface and bulk. To evaluate the net surface

binding, the surface was washed with a PBS solution at 1200 sec. After the wash the response

dropped to a certain value at 1500 sec. This represents the absorbed MAb on the surface.

The observed reaction rate, kobs, for the absorption of 10ug/mL 17/9 MAb was calculated from an

exponential fitting and was determined to be 1.775 × 10-3 ±3×10 -4 s-1 . Similarly, the kobs for the

detachment of antibody was calculated to be 0.0158 ±0.0013s-1. A separate kobs was determined

from a different concentration of 17/9 MAb and this was used to obtain an estimate of magnitude

for the kon (2 x 103 s-1M-1) and the koff (6 x 10-4 s-1).

The noise in the surface sensing is defined as the steady-state standard deviation of the peak shift

points for peak shift noise and as the steady-state standard deviation of the IR points for IR noise.

The first peak in the 575 nm wavelength region is tracked. Figure 4.4(d) compares the results of

the PS and NDIR method. The binding curves for this method showed more noise than the IR

method and gave a response which does not follow the general trend of the peak shift response

binding curve. The IR method demonstrates an improvement (i.e., reduction) of noise in kinetic

binding curves as compared to both the PS and NDIR methods. The IR method retains the

general shape of the binding curve (Figure 4.4c), however, distortion is observed in the NDIR

analysis (Figure 4.4d).
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Figure 4.4: (a) Normalized transmission spectra of binding test before (1 sec) and after (1200 sec)

binding (b) A zoomed version to show the spectral shift in the curves at 1 sec and 1200 sec.
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(10 µg/mL) binding to antigen (Ag) (c) using PS response (red) and IR method (blue) and (d) using

PS response (red) and NDIR method (blue). For better comparison, the curves are normalized to a

baseline so that they overlap.

4.5. Discussion

The IR method demonstrates better SNR performance as compared to the PS and NDIR methods

for both experimental and simulated experiments of bulk refractive index variations.

Additionally, this method exhibits similar performance improvements when applied to surface

binding experiments.

By definition, a sensitivity improvement is an increase in the slope of the SNR curve. In the case

of bulk refractive index experiments, the improvement is 1.4 ± 0.1 times and 1.8 ± 0.1 times than

that of the PS and NDIR methods respectively. This is an improvement of 40% over the

conventional peak shift method. The results for the corresponding simulated analysis, shows a

1.7  0.1 and 3.1  0.1 times improvement relative to the peak shift and the NDIR, respectively.

The IR performance is 70% better than the peak shift method in this idealized case. For all cases,

the curves maintain linearity and the IR shows the best performance. In the surface binding

experiment, the noise level decreases from 0.0964 to 0.0053 resulting in a 90% improvement as

compared to the peak shift response. Additionally, the response curve shape is maintained. The

NDIR response for surface binding altered the curve shape and demonstrated an inferior noise

performance.

The improvement found in the IR method results from additional information contained in the

transmission response over the entire spectrum and due to lower noise (as random noise values

are integrated over a range). Although the NDIR is similar to the IR method, the distortions in

the NDIR analysis arise from the term in the denominator in Equation 4.3. The analysis is highly

dependent on the reference signal itself. Where the signal is small the response is large, even

though the information contained in that part of the spectra may be limited. The IR method is of

particular interest for situations where there is a complex transmission spectrum. This is the case,
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for instance, in experiments using large area periodicity arrays fabricated using high-throughput

photolithographic techniques [54].

4.6. Conclusion

We have shown the analysis for optical transmission response of nanohole arrays in metal films

subjected to bulk and surface refractive index changes using a square-root integrated mean-

difference-squared method. Our analysis shows a 40% improvement in sensitivity for bulk

sensing experiment and a 90% improvement in noise for surface sensing experiment compared to

the conventional peak wavelength shift method and even better compared to the NDIR method.

This integrated response method provides better performance because it reduces the noise, by

incorporating the information contained in the entire optical spectrum, while not distorting the

response, as compared with the peak-shift method.
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Chapter 5: Engineering of a nanohole intensity interrogation
sensor system

Over the last two decades SPR sensor instrumentation has made great advances in order to

achieve high performance in terms of resolution and sensitivity. Resolution of a sensor defines

the smallest change in the refractive index that produces a detectable change in sensor output.

The magnitude of sensor output change that can be detected depends on the level of uncertainty

in other words the sensor output noise. The noise originates from the random variation in the

measured light intensity which can be due to fluctuations of light source, electronic circuitry of

the detector, mechanical instability and most importantly shot noise. The shot noise is associated

with the random arrival of photons on a detector and is directly proportional to the square root of

the detected light intensity. Even if all the other sources of noise are minimized the sensor will be

shot noise limited. So signal acquiring techniques and data processing algorithms are developed

to minimize the effect of shot noise.

In this work we have developed a setup that can successfully measure up to 2×10-5 refractive

index unit using a fast detector to monitor the change in transmission intensity. We use a laser

source and a fast CMOS camera on a vertical setup. We perform experiments with two different

laser sources at two different wavelengths- 635 nm and 820 nm.

The theory of SNR for intensity imaging, the instrumentation of the setup and design of nanohole

arrays along with results using two laser wavelengths are presented in this chapter.

5.1. Theory

The SNR of a CCD/CMOS camera can be defined as,

2
rNDtPQt

PQt
SNR




……………………………….. (5.1)
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Where, P is the incident photon flux (photons/pixel/sec), Q is the quantum efficiency of the

camera sensor, t is the integration time or exposure time (seconds), D is the dark current value

(electrons/pixel/second) and rN is the readout noise (electrons rms/pixel) [55].

For high signal operations the dark noise and readout noise is substantially smaller than the shot

noise and can be considered negligible [56].

PQt

PQt
SNR 

……………………………………. (5.2)

For a certain sensor the quantum efficiency is constant. CMOS sensors have a higher

responsivity than CCD cameras [57]. At high intensity or long integration times when there is

enough signal for the detector to overcome readout noise and dark current noise the detector is

said to be shot noise limited. In this case the only way to improve the SNR is by increasing the

signal or number of photons.

In SPR sensors, two types of averaging can be used during the data processing to reduce the light

intensity noise. One is temporal averaging (CCD/ CMOS frames are averaged over time) and the

other is spatial averaging (detector pixels are averaged). In time domain, all noise contributions

behave independently and the noise is reduced by tN , where tN is the number of intensities

in a certain span of time. This means that higher SNR can be obtained by advanced detectors

with faster data transmission rates. In spatial averaging of pN detector pixels the uncorrelated

portion of noise is reduced, while the light intensity fluctuations that are correlated are not

affected [58].

5.2. Design and fabrication of nanohole arrays

FDTD calculations were carried out using different periodicities and hole size to predict the most

sensitive nanohole arrays at 635 nm and 820 nm wavelength. The transmission spectra for which

the slope is the highest at the operating wavelength will give the highest intensity change as

shown in Equation 2.10. We looked at a wide range of periodicity. For periodicities larger than

the wavelength of incident light the spectrum shows multiple narrow resonance features due to
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high order Bragg coupling [54]. So, large period structures were also taken into consideration to

see how they respond to refractive index change. Figures 5.1(a) and 5.2(a) show the percentage

intensity change per refractive index unit of a 100 nm thick gold film on a glass slide perforated

with 200 nm diameter holes at different periodicities at two different wavelengths- 635 nm and

820 nm. The percentage change was calculated by using Equation 5.3,

100)/()(/% 21
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21 
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n

nn
.......................................(5.3)

Where,
1nI and

2nI are the intensities at the laser wavelength for refractive index 1n and

2n respectively. A negative intensity refers to the decrease in the intensity at the specified

wavelength when the liquid is changed from water to ethanol. If the laser wavelength is on the

rising part (positive slope) of the spectrum a small increase in the refractive index will result in a

slight red shift of the peak which will decrease the intensity at the laser wavelength. On the other

hand, if the laser wavelength is on a negative slope a slight increase in the refractive index will

result in an increase in the intensity. Figures 5.1(b) and 5.2(b) show the spectra of two most

sensitive hole arrays at two different wavelengths. The arrays that gave the highest intensity

change in the FDTD simulations were chosen for fabrication. Four different periodicity ranges of

400-440 nm, 570-610 nm, 1200-1240 nm, 1300-1340 nm were fabricated on a 100 nm thick gold

film with focused ion beam milling (FB-2100, 40-0-30 beam and 0.02 nA current). Each range

consisted of 3×3 nanohole arrays with an increment of 5 nm in periodicity separated by 15 µm.

Each nanohole array consisted of 10×10 nanoholes of 200 nm diameter. Figure 5.3 shows an

SEM image of one array.
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Figure 5.1: (a) FDTD simulation of transmission intensity change at 635 nm with varying

periodicity through a 100 nm thick gold film perforated with 200 nm diameter holes. (b)

Normalized transmission of a hole array consisting of 200 nm diameter holes with a

periodicity of 430 nm perforated in a 100 nm thick gold film on a glass substrate. The black

line indicates the wavelength of the laser source.
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Figure 5.2: (a) FDTD simulation of transmission intensity change at 820 nm through a 100

nm gold film perforated with 200 nm holes. (b) Normalized transmission of a hole array

consisting of 200 nm diameter holes with a periodicity of 590 nm perforated in a 100 nm

thick gold film on a glass substrate. The black line indicates the wavelength of the laser

source.
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Figure 5.3: SEM image of a nanohole array consisting of 200 nm diameter round holes with

a periodicity of 590 nm, perforated in a 100 nm thick gold film on a glass slide. 40-0-30

beam at 12k magnification, 5 µs dwell time and 200 number of cuts were used for this

fabrication.

5.3. Bulk sensing using intensity interrogation

Figure 5.4 shows the schematic diagram and the experimental setup used for SPR nanohole

sensing. This mechanically stable vertical setup was built on a damping post. The vertical setup

consists of an ultra low noise 635 nm laser (Coherent) source and a high frame rate CMOS

camera (Thorlabs DCC 1545M) as a detector. The laser light hits a mirror at 45 degree angle and

illuminates the nanohole arrays embedded in the microfluidic chip. A Mitutoyo long working

distance microscope objective lens (20×) was used to accommodate the microfluidic tubes

coming out from the top. The light transmitted through the nanohole arrays appeared as bright

spots on the camera as shown in Figure 5.5. Water and ethanol solutions were flown through the

microfluidic channels by a HA 11 series syringe pump at a flow rate of 5µL/min. The change in

the refractive index appears as a change in the intensity on the detector. To measure the

transmission intensity change at a higher wavelength the 635 nm laser was substituted with a

Lynx 820 nm external cavity laser diode. For both lasers, the transmitted light through the

nanohole arrays saturated the camera. So the exposure time was decreased to lower the pixel

value below saturation (255 for an 8 bit image) to a highest value of approximately 160. Avi
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video clips were recorded for the changing fluids and the intensity change over time was

measured offline using a MATLAB program [Appendix D].

Figure 5.4: Schematic diagram and experimental setup for measuring the change in

intensity. The inset shows the microfluidic chip that is placed on the stage.
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Figure 5.5: An image of the hole arrays captured by the CMOS camera. (a) 3×3 round hole

arrays of periodicity range from 400 nm to 440 nm with an increment of 5 nm (b) Hole

arrays of periodicity range from 570 nm-610 nm with an increment of 5 nm (c) Hole arrays

of periodicity range from 1.20 µm-1.24 µm with an increment of 5 nm (d) Hole arrays of

periodicity range from 1.30 µm-1.34 µm with an increment of 5 nm . Each array consists of

10×10 nanholes.

5.4. Results

Figure 5.6 shows the intensity change at 635 nm wavelength of 200 nm diameter round hole

arrays of periodicity ranging from 400 nm to 440 nm with 5 nm increments subjected to

refractive index change. The change in the refractive index was obtained by sequentially filling

the PDMS channel with water and then ethanol solution. The video frames were collected at 333

fps and at an exposure time of 0.05 ms. The intensity points were calculated by summing the
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pixel values and averaging over the frames per second in MATLAB [Appendix D], giving

intensity measurements per second. Figure 5.7 shows the array with a periodicity of 415 nm

which gives us the highest intensity change with a resolution measuring to 2.14×10-4 RIU. The

resolution is defined as:

Resolution = SNRn /

Where, SNR is the signal to noise ratio. The signal is taken as the difference between the average

values of the intensity points from 0 sec to100 sec (until the transition of the liquid) and 120 sec

to 200 sec (after transition of the liquid). The fall in the intensity at around 110 sec is due to the

change in the refractive index of the solution flowing through the PDMS channel. The noise is

defined as the average standard deviation of the intensity values of any 10 sec period. n is the

change in the refractive index which in this case is from water to 10% ethanol which was

measured using a refractometer. Intensity change for the large period arrays were also measured.

The best resolution was obtained from the 1315 nm periodicity measuring upto 2.87×10-4 RIU.

In order to improve the resolution we measured the intensity change at a higher wavelength of

820 nm where the gold metal losses are lower and the resonant peaks are well defined. To

suppress the angular divergence of the transmitted light we used an iris on the path of the

transmitted light through the nanoholes and the camera. An average resolution of 2×10-5 was

obtained from an array of 605 nm for a transition to and from water and ethanol, as shown in

Figure 5.8 using a video frame of 138 and an exposure time of 5 ms. The drift in the curve is

probably due to temperature changes.
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Figure 5.6: Transmission intensity measurement of nanohole arrays of periodicity range 400

nm-440 nm with an increment of 5 nm. The frame rate used was 333 fps.
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Figure 5.7: Transmission intensity of a 200 nm diameter 415 nm periodic nanohole array on

gold subjected to refractive index change. The refractive index change is from 1.3328

(Water) to 1.343 (20% Ethanol solution). The intensity change is 1.38×103. The noise
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defined as the standard deviation of the points in the region 150 s to 200 s of the x axis is

29.61. So the SNR is 46.67.
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Figure 5.8: Transmission intensity at 820 nm wavelength of a 200 nm diameter 605 nm

periodic nanohole array on gold subjected to refractive index change. (a) The refractive

index change is from 1.333 (Water) to 1.3369 (10% ethanol). (b) 1.3369 to 1.3330. The

abrupt drop in intensity around the 90 sec mark is due to an air bubble which prevents the

(a)

(b)
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mixing of the two liquids. The average intensity change is 5400. The average noise defined

as the standard deviation of the points in a 10 s period is 28. The resolution is 2×10-5 RIU.

5.5. Discussion

The highest resolution obtained at 635 nm wavelength is 2.14×10-4 RIU for an array of 200 nm

diameter and a periodicity of 415 nm. This is improved by a factor of ten when using an 820 nm

cavity laser and an iris for an array of 200 nm diameter and 605 nm periodicity. There are a few

factors that may contribute to the difference in the sensitivity results for these two different

wavelengths.

The first factor is the difference in gold losses at two different wavelengths. At 820 nm

wavelength the gold losses are lower which results in a higher quality resonance, giving us a

higher intensity change. Secondly, the cavity laser has a narrower linewidth compared to the 635

nm laser also contributing to the sharper peak.

The exposure time and the incident photons also play an important role in the results obtained.

The power measured for the 820 nm cavity laser was approximately 30 mW while the power of

the 635 nm laser was approximately 5mW. This means the number of incident photons for the

820 nm laser was nearly 8 times than that of the 635 nm laser. As the number of photons increase

we should achieve better results. But the CMOS sensitivity at 820 nm wavelength is more than

two times lower than that at 635 nm [59]. So although more photons are incident on the CMOS

sensor the transmission intensity observed on the CMOS camera is lower for 820 nm laser than

that of the 635 nm laser but still enough to saturate the camera. To obtain a pixel value of

approximately 160 for the brightest point, an exposure time of 5 ms and 0.05 ms was required for

the cavity laser and 635 nm laser respectively. Since the exposure time and the frame rate is

related and a higher exposure time means having lower frame rates, this reduces the number of

intensity points used for temporal averaging. Despite this, a higher resolution was obtained at a

longer wavelength of 820 nm due to sharp quality resonant peaks.

5.6. Conclusion
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A resolution of 2×10-5 RIU was obtained using an 820 nm wavelength laser and a fast CMOS

detector on a stable vertical setup. For further improvement in measurements temperature control

is necessary. Larger arrays can be designed with smaller increments in periodicity to ensure high

SNR operation on the steepest part of the resonant spectrum. Bragg reflectors may also be used

to obtain higher sensitivity and to isolate the arrays to ensure that there is no crosstalk. With

appropriate improvement in resolution this kind of sensor systems can be used for detecting

biomolecules.
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Chapter 6: Conclusion

SPR nanohole sensing has the advantage of simplicity and miniaturization. But nanohole sensors

and systems developed so far are lagging behind other commercialized SPR systems in terms of

sensitivity and resolution. Our objective was to increase the sensing performance of nanohole

sensing systems by reducing noise. For this purpose, we proposed an integrated response method

for spectral analysis of surface and bulk sensing data. We also developed a low noise system

with a fast data acquiring camera for intensity interrogation based sensing.

The integrated response method discussed in Chapter 4 has shown to improve the SNR by

improving the noise performance of SPR nanohole sensors both for bulk sensing and surface

sensing. This method takes more information of the spectrum into account and reduces the noise

by integrating the signal. The results presented in Chapter 4 have been published in:

 M. Das, D. Hohertz, R. Nirwan, A. G. Brolo, K. L. Kavanagh, R. Gordon, ‘Improved

performance of nanohole surface palsmon resonance sensors by the integrated response

method,’ IEEE Photonics Journal, Vol. 3, No. 3, pp. 441-449, 2011.

This method can be used for further studies in nanohole based sensing to improve the resolution

and sensitivity.

The engineering of intensity based nanohole sensing is presented in Chapter 5. Nanohole arrays

of different periodicities were designed and intensity change due to refractive index change was

measured by flowing ethanol solutions through a microfluidic channel. Improvement in

resolution of these nanohole sensors was achieved with a fast detector at optimized exposure

time and frame rate. By using spatial summing and temporal averaging the noise components

were reduced. The setup shown in chapter 5 has been presented in:

 G. A. C. Tellez, M. Das, R. Gordon, ‘Enhanced sensitivity using rectangular nanohole

arrays in metal for biosensing applications,’ IEEE Nano 2011 conference (Portland, OR).

(To appear in IEEE Xplore).
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Further improvement in resolution requires a temperature control mechanism in the system.

Another method for improvement is by narrowing the spectrum for sharper slopes which

increases the intensity change. This can be done by using Bragg reflectors surrounding the

nanohole arrays. Reducing spectral broadening which arises from angular divergence created

from the nanoholes can also be explored by effectively using an aperture in the system. The

effect of the size and position of this aperture to the sensitivity results can be investigated.

SPR sensors using prism coupling have already been commercialized for more than two decades.

The first commercialized SPR sensor was launched by Biacore International AB in 1990. From

then Biacore has developed a range of laboratory SPR instruments. Other SPR sensors that are in

market have been developed by British Windsor Scientific, Nippon Laser and Electronics

Laboratory, Texas Instruments and analytical µ-Systems [5]. The most attention has been paid to

develop SPR sensors for detection of cancer markers but it has benefitted numerous other

important sectors such as medical diagnostics, environmental monitoring and food safety and

security. A theoretical analysis in [58] shows the ultimate limit (just below 710 RIU) of these

sensors with the present optical components available. Future development of SPR sensors

depends on the development of ultra fast detectors with high signal to noise ratio.

For the sensor system we are trying to develop a resolution of ~ 710 RIU is desired. Possible

improvement in the setup and further research on the sensor chips and data acquiring techniques

are currently in progress. If this is possible, this kind of sensor systems can compete with already

available SPR sensors that are in market.
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Appendix A

Extraordinary optical transmission through sub-wavelength hole arrays using
coupled mode theory

The optical response of square hole arrays on metal with varying thickness and hole size using an

analytical method was analyzed. We observe the transmission going from optically thick films to

films as thin as approximately one “skin depth” (~20 nm) using the couple mode theory. Taking

into account only the fundamental modes we are able to find an analytical solution which is easy

to solve and also generates good results.

Figure A.1 shows the transmission of light through a gold film consisting of sub-wavelength hole

arrays. The transmission is dependent on the metal thickness and the lattice parameters. The peak

in transmission occurs due to the coupling of the fundamental modes of waves.

We provide here a simple model that can easily determine the transmission spectrum by coupling

two modes of light. So only the forward and backward going plane and fundamental cosine

waves have been taken into consideration and coupled using couple mode theory [Huang 2009].

The coupled equations are,

N1 + j = -jk11a1-jk12a2 - - ------------------------ (1)

N2 + j = -jk21a1-jk22a2 - - ------------------------ (2)

N1 - j = a1+ a2 + + ------------------------ (3)

N2 - j = a1+ a2 + + ----------------------- (4)
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Figure A. 1: Extraordinary optical transmission through a thin metal (Gold) film in air consisting

of subwavelength hole arrays. Period, P=750nm; hole size, w=280nm and thickness, d=100nm.

Refractive index values for gold are taken from [16].The figure in the inset shows the 3D hole array

structure that is repeated throughout.

a1, a2, , are the amplitudes of the forward and backward propagating plane and cosine

waves respectively. k11, k12 are the co-directional and are the contra directional

coupling coefficients. and are the propagation constants for the plane wave and cosine wave

respectively. For the TM mode,

,

Px = Periodicity along the x-direction.

Py = Periodicity along the y-direction.

N1 = PxPy, for plane wave; =

N2 = PxPy, for cosine wave; =

Writing equations 1, 2, 3 and 4 in matrix form we have,

[A]’=[N.M+ ][A]
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=> [A] =[N.M+ ][A] ------------------------------------(5)

The matrix can be solved to obtain 4 Eigen vectors and 4 Eigen values.

So now we have,

= ---------------- (6)

Solving these equations by plugging in boundary conditions, we can find the transmission and

reflection.

For further analysis, we have used a symmetric configuration where a gold metal film lies on a

glass substrate. So the surrounding medium is considered to have a refractive index of n=1.5.

The change in the refractive index, in other words, the perturbation gives rise to the coupling

within the holes. As the metal film gets thinner the coupling increases and so does the

transmittance.

Figure A.2 shows the transmittance with varying thickness for a hole array of period, P=400nm

and a reasonable hole size of w=120nm. Figure A.3 shows the transmittance for varying width of

the rectangles. But by using two modes in the couple mode theory the broad transmission peak in

the longer wavelengths is left shifted by more than 50 nm compared to the rigorous FDTD

calculations.
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Figure A.2: Transmittance for variable thickness. Reduction in thickness results in higher

transmission and peaks move towards slightly longer wavelengths.

Figure A.3: Transmission for varying hole size. Increase in hole size results in higher transmission

in the longer wavelength region.
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Appendix B

Matlab code for creating bitmaps of circular hole arrays

function makegrid(make_element,size,spacing,num_elements_x,num_elements_y)

hold on;

axis([0,(num_elements_x-1)*spacing+size,0,(num_elements_y-1)*spacing+size]);

axis off;

axis equal;

x=1:num_elements_x;

y=1:num_elements_y;

make_element=str2func(make_element);

for i=1:length(x)

for j=1:length(y)

for X = (size/2):spacing:((x(i)-1)*spacing+size/2)

for Y = (size/2):spacing:((y(j)-1)*spacing+size/2)

make_element(X,Y,size);

end

end

end

end

function plotcircle(X,Y,element_params)

diameter=element_params(1);

rectangle('Curvature',[1,1],'Position',[X-diameter/2,Y-

diameter/2,diameter,diameter],'FaceColor','k')

clear all;

clc;

makegrid('plotcircle',150,380,10,25);

% Hole diameter= 150

% Periodicity= 380

% Number of columns= 10 % Number of rows= 25
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Appendix C

Surface binding curves using different methods of analysis
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Figure C.1: Noise performance in a kinetic curve of 25 µg/mL MAb solution binding to antigen

using peak shift response (red) and integrated response (blue).
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Figure C.2: Binding curve without the square root in equation 4.1.
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Figure C.3: Binding curve for n=3 in equation 4.2.
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Appendix D

MATLAB code for viewing a recorded avi Video and selecting area of interest

%Video viewer

clear

%Upload the movie file

aviobj = mmreader('13399_Water_2.avi')

%Speed of the video

Frame_sec = 28;

length_pause = 1/Frame_sec;

inc = 0;

nb_skip = 100;

%_______________________________________________________

%Define area ranges

area_range{1} = [10 45; 15 48];

area_range{2} = [5 45; 48 80];

area_range{3} = [10 40; 83 115];

area_range{4} = [50 85; 15 50];

area_range{5} = [50 85; 50 80];

area_range{6} = [50 85; 85 120];

area_range{7} = [85 122; 20 53];

area_range{8} = [85 122; 60 90];

area_range{9} = [85 120; 95 125];

%_______________________________________________________

%Numbers of spots on the image

dim_area_range = size(area_range);

nb_spots = dim_area_range(2);

%Loop that draws the border of every area on the image
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for ll = 1:nb_skip:aviobj.NumberofFrames

inc = inc+1;

film2{inc} = read(aviobj,ll);

film{inc} = film2{inc}(:,:,1);

for k = 1:nb_spots

film{inc}(area_range{k}(1,1):area_range{k}(1,2),area_range{k}(2,1)) =

max(max(film{inc}));

film{inc}(area_range{k}(1,1):area_range{k}(1,2),area_range{k}(2,2)) =

max(max(film{inc}));

film{inc}(area_range{k}(1,1),area_range{k}(2,1):area_range{k}(2,2)) =

max(max(film{inc}));

film{inc}(area_range{k}(1,2),area_range{k}(2,1):area_range{k}(2,2)) =

max(max(film{inc}));

end

end

inc = 0;

%Plot the different images with their border

for ll = 1:nb_skip:aviobj.NumberofFrames

inc = inc+1;

figure(1)

imagesc(film{inc})

colormap(gray)

pause(length_pause)

end

Plotting Intensity of an array from the recorded video

clear

close all

%Intensity analysis of the CCD images

inc = 0;

inc2 = 0;
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%Upload the movie file

aviobj = mmreader('Water_13399_1.avi')

%Parameters

%Number of images to skip in the read out (good for large films)

nb_average = floor(aviobj.FrameRate);

%nb_average=300;

%Define the areas on the image that you want to analyze

area_range = [5 45; 48 80];

dim_area_range = size(area_range);

nb_spots = dim_area_range(2);

tic

%Read the frames,average them, and put them into the variable "film"

tic

for l = 1:nb_average:aviobj.NumberofFrames-nb_average

inc = inc+1;

for ll = 1:nb_average

inc2 = inc2+1;

film2 =(read(aviobj,l+ll-1));

film = film2(:,:,1);

intensity1(inc2) =

sum(sum(film(area_range(1,1):area_range(1,2),area_range(2,1):area_range(2,2))));

end

inc2 = 0;

intensity_data(inc) = mean(intensity1(1:end));

x_data = (inc);

frameread = x_data*floor(aviobj.FrameRate);

time_sofar = toc

ratio_time = aviobj.NumberofFrames./floor(aviobj.FrameRate);

time_total = toc/inc*ratio_time;
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time_remain = time_total-toc;

fprintf('%d Frames / %d time remaining: %4g sec

\n',frameread,aviobj.NumberofFrames,time_remain)

end

plot(intensity_data,'b.-')
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Figure D.1: Intensity change through a 605 nm periodic nanohole array due to transition of fluid

from water to 20% ethanol (n=1.343). The drop around 20 sec mark is a water bubble.
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Figure D.2: Intensity change through a 605 nm periodic nanohole array due to transition of fluid

from 20% ethanol to water.


