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Abstract 
 
The ability to simultaneously and independently measure the refractive index and thickness of 
a thin film is of tremendous interest in the fields of material science and biology. For example, 
via these measurements it can be possible to thoroughly investigate the effects of temperature 
on a material or the conformational changes of a cell membrane upon the binding of a protein. 
In this thesis, a dual parametric nanoplasmonic ruler has been developed to enable this 
simultaneous and independent measurement. A ruler based on a dual-sized nanodisks design 
has been explored and successfully fabricated using hole-mask colloidal lithography. Milling 
parameters have been optimised to enable the formation of a topographically flat surface on 
these rulers. The fabricated rulers have been characterised using atomic force microscopy, 
scanning electron microscopy, spectrophotometry and bulk refractive index sensitivity 
measurements. The functionality of the ruler has been tested using lipid adsorption followed 
by the subsequent binding of DNA and proteins.   
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1. Introduction 

 
For millennia, the ability to accurately measure a multitude of parameters has been imperative 
to the advancement of mankind. Some of the most enduring monuments of previous 
civilisations would not have been possible without even the simplest of measurement 
techniques and units. Often this was accomplished using what was most readily at hand and in 
many cases this was literal. The ancient Egyptians and Romans both used units of length such 
as palms and fingers and were responsible for the construction of vast structures like the Great 
Pyramids and the Colosseum. As engineering projects became more advanced, from bridges 
and railways to combustion and jet engines, the demand for increasingly accurate instruments 
for measuring length and thickness grew. This demand was met with instruments such as 
calipers, laser rangefinders and interferometers. Developments such as these could actually be 
viewed as a virtuous circle, where advances in engineering improves measurement techniques 
which in turn drives further advancements. One example of this is nanotechnology. 

Nanotechnology is science and engineering at a scale where at least one dimension of a 
sample is in the range of 1-100 nanometers. One nanometer is approximately 100,000 times 
smaller than the thickness of a sheet of paper [1]. The concept of nanotechnology was inspired 
by Richard Feynman’s lecture “There is plenty of room at the bottom” [2]. In this talk, among 
other topics, he mentioned the possibility of substances with properties on the small scale that 
are very different to those in the bulk. Advances in fabrication techniques such as lithography 
and colloidal chemistry allowed for the production of nanoparticles that exhibit examples of 
this; e.g. increased reactivity due to an increase in surface to volume ratio [3] and 
superparamagnetism due to the fabrication of particles so small that they consist of a single 
magnetic domain [4]. Another of these properties that is unique to (metal) nanoparticles is 
localized surface plasmon resonance (LSPR) and it has been shown that this property can be 
utilized to measure changes in properties such as the thickness and refractive index of a layer 
of a substance in nanometer scale [5] [6] [7]. 
 

Localized Surface Plasmon Resonance 
Surface plasmons are the oscillations of conduction electrons that occur at the interface of two 
materials. This is most commonly seen at the surface of metals interfaced with a dielectric. 
These oscillations can be excited by light waves in certain conditions. When this occurs in 
nanoparticles that are of a size comparable to the wavelength of the incident light they are 
termed localized surface plasmons (LSP). The frequency at which maximum absorption for a 
particle occurs is called the localized surface plasmon resonance (LSPR) frequency for that 
particle and this will be discussed in more detail in the Theory section. For metal nanoparticles 
such as gold and silver this frequency is mostly within the visible spectrum. As a result, these 
particles, whether in colloidal solution or deposited on a clear surface, will appear to have a 
colour which is not usually associated with the corresponding metal. Also, this colour can 
change if the LSPR frequency changes, which depends not only on the size, shape and 
composition of a particle but also on the refractive index of the dielectric medium in the 
immediate vicinity of the particle. This is where its use in sensing stems from. The reason for 
this will also be examined in the Theory section. 

While localized surface plasmons are a relatively recent discovery, the foundation for their 
revelation being in 1908 when Gustav Mie solved Maxwell’s equations to describe the 
interaction of light with nanoparticles [8], their properties have been used for hundreds of years. 
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For example, many of the stained glass windows of churches and cathedrals around the world 
were, and still are, fabricated using plasmonic metal particles for over a thousand years. These 
particles were used to produce the vibrant colours that this type of window is famous for 
(Figure 1) [9] [10]. 
 
 
 

 
 
Figure 1. A 13th century stained glass window, from Chartres cathedral, produced using 
nanoparticles utilizing the properties of LSPR. 

 
Nanoplasmonic Sensing 
In recent years, the properties of LSPR have been harnessed for more practical purposes, 
namely in the field of sensing, or nanoplasmonic sensing. There are companies, such as 
LamdaGen and Insplorion, which produce a range of specialised nanoplasmonic sensing 
devices. However, the most universally recognizable nanoplasmonic sensor is not a 
complicated or expensive instrument, it is the simple home pregnancy test. 

As with the majority of successful and robust biosensors, the nanoplasmonic-based 
pregnancy test’s mode of operation is relatively simple [11]. In the early stages of pregnancy, 
the body produces human chorionic gonadotropin hormone (hCG). This is what the biosensor 
is designed to detect. It does so through a combination of antibodies and gold nanoparticles. 
There are two sets of the antibodies, one set is bound to gold nanoparticles which are free to 
move along chromatography paper and the secondary set of antibodies are bound to the paper 
at an area called the sensing strip. When urine is introduced to the paper it travels laterally via 
capillary action, while doing so it also transports the antibody-gold nanoparticle complexes. If 
hCG is present it binds to these antibodies. When these gold-antibody-hCG complexes reach 
the sensing strip, the hCG in the complex binds to the secondary antibodies, resulting in the 
gold nanoparticles agglomerating in this area. Due to the close proximity of the particles, they 
have a screening effect on each other’s LSPR frequency and this produces a bright red colour, 
indicating a positive test. Beyond the sensing strip there is a control strip. This consists of 
hormones similar to hCG that are adsorbed to the paper. Any gold-antibody complexes which 
have not bonded with hCG will attach here. The primary reason for this strip is to indicate test 
completion, especially in the case of negative tests. Similar devices using gold nanoparticles 
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have been adapted to detect a range of hormones, antigens and proteins to diagnose various 
medical conditions, such as prostate cancer [12], heart attack [13] and hepatitis B [14]. A 
schematic of the mode of operation of shown below (Figure 2).  

 

 
 
Figure 2. Schematic showing the mode of operation for a nanoplasmonic home pregnancy test. 
(a) An example of a positive test. hCG, present in the urine of a pregnant user, binds to 
antibodies attached to gold nanoparticles. These subsequently bind to secondary antibodies 
adsorbed to the paper. (b) Due to the lack of hCG, in the case of a non-pregnant user, there is 
no binding at the sensing strip. The particles will still bind at the control strip, indicating that 
the sensor is functional and the test completed. 

 
Over the last decade, research into nanoplasmonics for biosensing has led to the development 
of very interesting techniques with the capability to reveal information at a biomolecular level. 
For example, similar to the mechanism utilized for the pregnancy test, gold nanoparticles 
modified with strands of DNA in solution have been used to measure sequence specific 
interactions between proteins and double stranded DNA [15]. It has also been found that 
nanopores surrounded by a gold film that facilitates SPR can be used to measure molecular 
binding kinetics to a lipid bilayer on the surface of the surface of this film [16]. A change in 
the SPR frequency is the mode of detection in this case. This is relatively similar to the mode 
of detection for the sensors produced in this project. Furthermore, the sensors produced in this 
project can also be used to detect changes upon the surface and within the structure of a lipid 
bilayer. This is important because cell membranes are composed of lipid bilayers. A multitude 
of biological processes are carried out via this membrane, such as cell signalling and cell 
adhesion, many of which involve molecular binding to the surface of this bilayer and/or 
conformational changes of molecules attached to the surface or of the bilayer itself. The ability 
to investigate such membrane processes, and to do so in real time, would be very exciting and 
potentially of vital importance.  
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Project Aim 
The aim of this project is to produce a nanoplasmonic ruler that can facilitate non-destructive 
measurements on a layer of material with nanometer resolution by utilizing the properties of 
LSPR. Unlike the sensors described in the previous section, this ruler is not selective, i.e. there 
is no use of antibodies. The ruler’s functionality relies solely on changes in the properties of 
the dielectric medium surrounding the nanoantennas. Similar systems that utilize LSPR in this 
manner often consist of only one type of nanoantenna (same dimensions, chemical 
composition, shape, etc.) [17] [18] [19]. This can be problematic sometimes because only one 
unknown can be obtained, the thickness or refractive index of a layer of material, for example, 
both of which are often unknown in many scenarios prior to measurement. This can be 
overcome by adding an extra parameter that can be measured, i.e. two parameters enabling the 
calculation of two unknowns. A previous example of dual-parametric LSPR is the combination 
of LSPR and quartz crystal microbalance with dissipation [20], which enables the 
determination of protein uptake by a single lipid bilayer where the only required information 
is the protein density. The technique adopted in this project is somewhat less complicated in 
that both parameters are encapsulated within the design of a single sensor and all the data 
acquisition is solely from LSPR responses. 

The project is a continuation of previous work carried out by the supervisor of this project, 
Ferry Nugroho. The aim is to use two types of nanoantennas of different dimensions in the 
fabrication of the device itself. Since the magnitude of the effect of the dielectric medium on 
the LSPR frequency of the nanoantennas is different depending on the dimensions of the 
nanoantennas, this could enable the simultaneous measurement of the thickness and refractive 
index of a layer of unknown composition. It could also detect changes to these values, with a 
view to use this as a means to analyze dynamic processes on the surface of this ruler. A major 
part of this project will focus on producing this ruler with a flat surface. The vast majority of 
nanoplasmonic devices (devices that utilise LSPR) consist of nanoantennas sitting upon a 
surface [7] [17] [18] [21]. For many samples, primarily in the biosensing field, the presence of 
topographical variations such as those produced by protruding nanoantennas can have an effect 
on measurements [22]. By using techniques similar to those developed by Nugroho et al. [22], 
the objective is to produce a topographically flat dual-nanoantenna nanoplasmonic ruler. 
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2. Theory 

 
Plasmons and their interaction with light 
In metals, there exists a large number of free roaming conduction electrons. These can be 
viewed as a negatively charged electron gas that is spread out and moving around the positively 
charged lattice structure of the metal. Any collective movement of electrons will result in a 
restorative Coulomb force being exerted by the lattice on the electrons. Much like a pendulum 
swinging under the restorative force of gravity, electrons tend to overshoot the source of this 
force, leading to oscillations known as plasma oscillations or Langmuir waves. The frequency 
at which these oscillations occur is termed the plasma frequency, ωp, 

 

𝜔" =
𝑁𝑒&

𝑚(𝜀*
2.1  

 
where N is the number of oscillating electrons, ε0 is the permittivity of free space, me is electron 
mass and e is the elementary charge. Plasmons are the quantizations of these oscillations.  

Electric fields, such as those produced by a photon, can excite these oscillations. The 
motion of an electron moving through such a field can be described by the following equation 
[23] 

 

𝑚(
𝜕&𝒓
𝜕𝑡& + 𝑚(𝛤

𝜕𝒓
𝜕𝑡 + 𝑚(𝜔*&𝒓 = −𝑒𝑬 𝒓, 𝑡 2.2  

 
where r is the displacement of the electron from equilibrium, Γ is dampening due to scattering 
off other electrons and the lattice, ω0 is the natural frequency of the restoring force exerted on 
an electron bound to an atom and E is the net field acting on the electron. The left hand side of 
the equation essentially consists of the acceleration force, the frictional force and the restorative 
force. 

The way in which light, or any external electric field, interacts with metals is affected by 
the frequency of the field and plasma frequency of the metal. The nature of this relationship 
will now be derived. Firstly, the displacement of an electron in a metal by an external field, 
expressed in the frequency domain, is found through the Fourier transform of equation 2.2,  

 
𝑚( −𝑖𝜔 &𝒓 𝜔 +𝑚(𝛤 −𝑖𝜔 𝒓 𝜔 +𝑚(𝜔*&𝒓 𝜔 = −𝑒𝑬 𝜔  

 
⟹ −𝑚(𝜔& −𝑚(𝛤𝑖𝜔 +𝑚(𝜔*& 𝒓 𝜔 = −𝑒𝑬 𝜔  

 

𝒓 𝜔 = −
𝑒
𝑚(

𝑬 𝜔
𝜔*& − 𝜔& − 𝛤𝑖𝜔

2.3  

 
The electrical dipole moment, µ(ω), which is a measure of the separation of two opposite 
charges in the material is given by 
 

𝝁 𝜔 = −𝑒𝒓 𝜔 2.4  
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By inserting (2.3) into (2.4) 
 

𝝁 𝜔 =
𝑒&

𝑚(

𝑬 𝜔
𝜔*& − 𝜔& − 𝛤𝑖𝜔

2.5  

 
Polarizability, α, which is a measure of a material’s ability to form dipoles is defined by 
 

𝛼 𝜔 =
𝑬 𝜔
𝝁 𝜔

 

 
⟹ 𝝁 𝜔 = 	𝛼 𝜔 𝑬 𝜔 2.6  

 
Therefore, from (2.5) and (2.6) 
 

𝛼 𝜔 =
𝑒&

𝑚(

1
𝜔*& − 𝜔& − 𝛤𝑖𝜔

2.7  

 
The total polarization of a material per unit volume, P, is given by 
 

𝑷 𝜔 = 	𝑁𝝁 𝜔 2.8  
  
where N is the number of dipoles per unit volume. For simplicity, it is assumed that these 
dipoles do not affected one another. 
 
P can also be stated in terms of electric susceptibility, χ, which is a dimensionless 
proportionality constant that indicates the amount of polarization induced in a material under 
the influence of an electric field  
 

𝑷 𝜔 = 𝜀*𝜒 𝜔 𝑬 𝜔 2.9  
 
By combining (2.6), (2.7), (2.8) and (2.9) 
 

𝜒 𝜔 =
𝑁𝛼 𝜔
𝜀*

 

 

⟹ 	𝜒 𝜔 =
𝑁𝑒&

𝜀*𝑚(

1
𝜔*& − 𝜔& − 𝛤𝑖𝜔

2.10  

 
By inserting (2.1) into (2.10) 
 

𝜒 𝜔 =
𝜔"&

𝜔*& − 𝜔& − 𝛤𝑖𝜔
2.11  

 
The susceptibility of a material is related to the relative permittivity of the material, εr, by 
 

𝜒 = 𝜀E − 1 2.12  
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Permittivity is an important property when discussing electric fields and their interactions with 
materials. Basically, it is a measure of how an external electric field affects a medium but also 
how this medium affects the field. It can be viewed as a measure of the reduction of an electrical 
field in a medium. Relative permittivity is the ratio of the permittivity and the permittivity of 
free space, ε0, and is related to refractive index, n	=	 εH .  
  
By inserting (2.12) into (2.11) 
 

𝜀E = 1 +
𝜔"&

𝜔*& − 𝜔& − 𝛤𝑖𝜔
2.13  

 

As mentioned previously, the electrons that oscillate in metals are the conduction electrons, 
which are not bound to atoms. Therefore, ω0 = 0 for metals. 
 
(2.13) simplifies to 
 

𝜀E = 1 −
𝜔"&

𝜔& + 𝛤𝑖𝜔 2.14  

 
Permittivity is a complex valued parameter which means that equation 2.14 can be further split 
into its real and imaginary components. 
 

𝜀E = 𝜀EI + 𝜀EII 
 

= 1 −
𝜔"&

𝜔& + 𝛤𝑖𝜔
𝜔& − 𝛤𝑖𝜔
𝜔& − 𝛤𝑖𝜔 

 

= 1 − 𝜔"&
𝜔&

𝜔J + 𝛤𝜔& + 𝑖𝜔"
& Γ𝜔
𝜔J + 𝛤𝜔& 2.15  

 
Simplifying and separating (2.15) 
 

𝜀EI = 1 −
𝜔"&

𝜔& + 𝛤& 2.16  

 

𝜀EII =
𝜔"&Γ

𝜔L + 𝛤&𝜔 2.17  

 
Since the interest of plasmonics is primarily in the visible light range, ω >> Γ. For example, 
for silver, Γ = 5.5 x 1012 Hz [24], whereas for the visible light range ω = 3.99 x 1014 – 7.5 x 
1014 Hz. Therefore, equations 2.16 and 2.17 can be further simplified 
 

𝜀EI = 1 −
𝜔"&

𝜔& 2.18  

 

𝜀EII =
𝜔"&Γ
𝜔L 2.19  
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As can be seen with equation 2.18, when the frequency of an external electric field, ω, 
approaches the plasma frequency, ωp, εr’	approaches zero. It is at this point that collective 
oscillation of the electrons occurs. This collective oscillation is sustained as long as the external 
field is maintained at a frequency that is equal to the plasma frequency, ωp. Conceptually, this 
can be compared to a child on a swing that is being pushed by a friend. The swing moves at a 
frequency that is dependent only on the length of the rope that attaches the swing to its frame. 
If the friend applies a pushing force at a frequency that is equal to the swing’s frequency, the 
child will swing in a constant fashion. If the friend stops applying this force or changes the 
frequency of the pushing force, the oscillations will stop or be disrupted. 

When ω > ωp, the electrons in a material do not move fast enough to screen the incoming 
field, resulting in transmission of the field. Whereas, when ω < ωp, the electrons can follow 
the electric field, screening it and resulting in reflection of the field. Since the plasma 
frequency for most metals is ~ 1.93 x 1015 – 2.42 x 1015 Hz [24], which is significantly larger 
than the frequency range for visible light, which lies between 3.99 x 1014 to 7.5 x 1014 Hz, 
most metals appear reflective and shiny. 
 
 

Localized Surface Plasma Resonance 
As mentioned in the introduction, properties at the nanoscale often differ from those at the bulk 
scale, as is the case for plasmons in nanoparticles. Unlike the bulk material, for metal particles 
smaller than the wavelength of visible light, all of the free electrons collectively oscillate when 
the plasmon resonance frequency conditions are met. These oscillations are obviously confined 
to the volume of the particle, leading to the name localized surface plasmon resonance. Also, 
due to the increased concentration of surface electrons, light can couple with these surface 
plasmons.  

 
 

 
 

Figure 3. A schematic illustrating localized surface plasmon resonance excitation of a 
nanoparticle by electromagnetic radiation. As the particle is subjected to an external electric 
field, the conduction electrons, represented as an electron cloud above, are pushed out of 
equilibrium. A restoring force from the unmoved positive nuclei draw the electrons back 
towards the equilibrium position. When the particle is subjected to a field with a frequency that 
is equal to the LSPR frequency for that particle, collective and coherent oscillation of the 
conduction electrons is maintained. 
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Plasmon excitation decays one of two ways, either by electron-hole excitation or by 
radiation. It is this decay that results in the large amount of absorption and scattering of light 
at the plasmon frequency. Light that enters the electron-hole excitation decay channel is 
absorbed by the particle. Light that enters the second channel is said to be scattered. This is 
due to the fact that light at the resonance frequency causes a dipole oscillation which will itself 
re-radiate. This is an example of Rayleigh scattering. 

The extent to which a particle scatters and/or absorbs light is defined in a parameter known 
as scattering or absorption cross section. The addition of these gives the extinction cross 
section. The equations for the calculation of these parameters are shown below. 

 
𝜎OPQ = 𝑘𝐼𝑚 𝛼 (2.20) 

 

𝜎QVO =
𝑘J

6𝜋 𝛼 & 2.21  

 
𝜎(XY = 𝜎OPQ + 𝜎QVO 2.22  

 
where α is the material polarizability and k is the wave vector.  

As might be expected, for non-transparent particles that do not interact with light the 
extinction cross section is equal to the geometric cross section of the particles. For particles 
that do interact with light, such as the metal nanoparticles previously mentioned, the extinction 
cross section is dependent on the frequency of the light. At the LSPR frequency, a is at its 
maximum (discussed more in the next section), therefore, the extinction cross section is also 
and its maximum and is actually greater than the particle’s geometric cross section. This is the 
reason for the characteristic bright colours associated with metal nanoparticles.  

 
 

LSPR for biosensing 
In order for LSPR to be useful for biosensing, there must exist a measurable relationship 
between the nanoparticles and the medium surrounding these particles. This relationship is 
found to be the relative permittivity of the surrounding medium and the measured LSPR 
frequency of the particles. The equations in this section are primarily from ref [25]. When 
discussing the relationship between the measured LSPR frequency and the relative permittivity 
of the surrounding medium it is both necessary and practical to use the applied electric field, 
E0, instead of the net field, E, that was used in the previous sections. However, both are related 
by 
 

𝑬 =
𝑬*
𝜀E

2.23  

 
For a bulk sample of a metal, substituting (2.23) and (2.12) into (2.9) gives 
 

𝑷 = 𝜀* 𝜀E − 1
𝑬*
𝜀E

2.24  

 
If defined in a similar way to (2.6)  
 

𝑷 = 	𝛼𝑬* 2.25  
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Therefore 
 

𝛼 =
𝜀* 𝜀E − 1

𝜀E
2.26  

 
When the frequency of the net electric field is equal to the plasmon resonance frequency, εr is 
equal to zero, as shown by equation 2.18. This also implies that the resonance condition is met 
whenever the denominator in the polarizability of a material approaches zero. This is logical 
since polarizability would be at a maximum. At this point the ease at which the electrons can 
oscillate is at its greatest. 

For a particle surrounded by a medium, the particle’s polarizability, which is eloquently 
derived in [25], is described as 
 

𝛼 = 𝑉
𝜀*𝜀[ 𝜀& − 𝜀[
𝜀[ + 𝐿 𝜀& − 𝜀[

2.27  

  
where V is the volume of the particle, e2 is the relative permittivity of the particle, e1 is the 
relative permittivity of the medium surrounding the particle and L is a shaping factor (L = 1 
for a slab of material and L = 1/3 for a sphere). Again, if it is assumed that the resonance 
condition is met when the denominator for the polarizability approaches zero, and that the 
particle in this case is a sphere, resonance occurs when  

 
𝜀& = −2𝜀[ 2.28  

 
 

For most samples of interest in biosensing, e1 is real and positive. This introduces a 
condition on e2 which must have a negative real part and a small imaginary part, which is the 
case for many of the metals used in nanoplasmonic sensing. 
 
Assuming a negligible imaginary part, (2.28) can be substituted into (2.18) 

 

−2𝜀[ = 1 −
𝜔"&

𝜔&  
 

⟹𝜔]^_` =
𝜔"
1 + 2𝜀[

2.29  

 
where wp is the plasma frequency for the bulk material the particle is made of and wLSPR is the 
measured LSPR. This introduces a direct relationship between the particle’s LSPR and the 
medium surrounding the particle.  

To summarize, the extinction cross section of a nanoparticle is directly related to its 
polarizability. This polarizability is dependent on a number of factors but, most importantly for 
biosensing, one of these is the permittivity of the medium surrounding the particle (or particles, 
as is the case for most nanoplasmonic biosensors). This permittivity is inversely proportional 
to the LSPR frequency. The LSPR frequency can be detected using a spectrometer as the 
frequency where extinction by the particle(s) is the highest. Any change in the surrounding 
medium will be detected as a change in frequency (or wavelength) of the maximum extinction 
peak, as illustrated by Figure 4.  
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Figure 4. A schematic showing the LSPR shift upon a change in the medium surrounding 
nanoplasmonic particles. Although frequency has been used in this report when discussing 
LSPR, all measurements were actually carried out in terms of wavelength. Wavelength is 
inversely proportional to frequency. a) An example of the LSPR peak for a nanoplasmonic 
sensor consisting of silver nanodisks on a glass substrate. b) As a lipid bilayer forms upon the 
silver nanopdisks, a change in the permittivity surrounding the nanodisks results in a shift of 
the LSPR wavelength, from the red dotted spectrum to the new green spectrum.  

 
 

The general relationship between the LSPR frequency and the plasma frequency can be 
determined by making e1 = 1 (relative permittivity of a vacuum).  
 
(2.29) then becomes 

 
𝜔]^_` =

𝜔"
3

2.30  

 
From equation 2.30, it can be seen that wLSPR is lower than wp. This also helps to explain 

why metallic nanoparticles tend to be colourful whereas bulk metals are shiny and reflective. 
As mentioned previously, wp tends to be in the UV region, whereas, due to the colourful nature 
of metallic nanoparticles, wLSPR must be in the UV-vis regime. Equation 2.30 would be in 
agreement with this. 
 
 

Dual-sized nanoantennas 
As shown in Figure 4, a change in the refractive index (or relative permittivity) in the region 

surrounding a nanoplasmonic particle causes a shift in the LSPR wavelength for this particle. 
The region wherein a change in refractive index is detectable is called the decay length for a 
given particle, which is proportional to the size of this particle and exponentially vanishes. 
Essentially, the particle detects a change in the effective refractive index of the entire region 
within the decay length. If the decay length for a particle is known, and the refractive index of 
a film that forms on the particle is also known, it is possible to calculate the thickness of the 
film, df, by using [26] 
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𝑑b = 𝑙𝑛 1 −
𝑅

𝑆 𝑛b − 𝑛P
𝛿 2.31  

 
 
where R is the peak shift of the LSPR wavelength upon adsorption of the film, nf and nb are 
the refractive index of the film and the surrounding medium (usually water), respectively, d is 
the decay length and S is the sensitivity factor, which is determined before each measurement 
and expressed as LSPR wavelength shift per change in bulk refractive index unit.  

In many situations, such as with complex biological samples, the refractive index is not 
known. This problem is solved with dual-parametric sensors. Previous papers have used dual-
parameters such as dual-wavelength with varying angles of incidence to excite surface plasmon 
resonance (SPR) on a gold film [27] or nanoplasmonic sensing combined with quartz crystal 
microbalance (QCM) sensing [20]. The theory behind these techniques is that each parameter 
is affected by the medium surrounding the sensor in a different way. For example, in ref [20], 
the mass of the adsorbed film could be determined by the QCM. If any change in the refractive 
index was detected by the nanoplasmonic disks used in this paper but no change in mass was 
detected by the QCM it could be deduced that the change in refractive index was due to a 
conformational change within the film at the surface and not a change in the film’s overall 
thickness. It is not possible to obtain this type of in-depth information using a standard 
nanoplasmonic sensor consisting of identical disks.  

Ref [27] is based on the fact that SPR along a thin metal film is excited by light depending 
angle of incidence of the light. SPR conditions are met when the intensity of the light reflected 
off the metal film is at a minimum, which can easily be measured. A change in the SPR 
frequency results in a shift in the angle at which this occurs, this shift is known as the SPR 
sensor response. Several of the physical parameters that determine this response are 
wavelength dependent, this is the reason why the dual-wavelength technique can be used. By 
measuring the ratio of the response for both wavelengths it was possible for the researchers to 
obtain the thickness of a film directly from this. A similar technique is used for this project. 

By using a dual-sized nanoantenna system it is possible to obtain two LSPR sensor 
responses to a change in the refractive index around the antennas. This is due to the fact that, 
as mentioned before, the LSPR wavelength depends on the size of a particle. The magnitude 
of the LSPR response also depends on this. 

 
 

 
 
Figure 5. A schematic showing the LSPR sensor response for a dual-sized nanoantenna sensor. 
The ratio of the shift for each peak can be used to directly calculate the thickness of a film. 
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By rearranging (2.31) 
 

𝑅h = 𝑆 𝑛b − 𝑛P 𝜑h 2.32  
 
 
And by adapting the same ratio technique as that used in [27] 
 

𝑅[
𝑅&

=
𝑆[ 𝑛b − 𝑛P 1 − 𝑒jkl mn

𝑆& 𝑛b − 𝑛P 1 − 𝑒jkl mo
 

 

⟹
𝑅[
𝑅&

=
𝑆[
𝑆&
1 − 𝑒jkl mn

1 − 𝑒jkl mo
2.33  

 
From this, if S and d are known, it is possible to plot the ratio of the peak shift for each antenna 
versus the thickness of the film adsorbed to the surface. The sensitivity factor, S, is measured 
via bulk refractive index sensitivity measurements and the decay length, d, is calculated using 
equation 2.32 with a film of a known thickness and refractive index. These techniques will be 
discussed in more detail in the Method section.  

After the ratio is experimentally measured and the film thickness obtained from the 
aforementioned plot, the refractive index can be calculated by rearranging equation 2.31 
 

𝑛b =

𝑅h
1 − 𝑒jkl mp

𝑆h
+ 𝑛P 2.34  
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3. Fabrication  

 
The complete fabrication of a topographically flat dual-sized nanoantennas sensor chip was a 
3 step process: 
 

1. Fabrication of the nanoplasmonic antennas on glass was carried out using hole-mask 
colloidal lithography [28] 

2. These antennas were then embedded in silicon dioxide or silicon nitride via plasma 
enhanced chemical vapour deposition (PECVD) 

3. This dielectric layer was milled using ion beam milling (IBM) to achieve a flat surface 
 
 
Hole-mask colloidal lithography [28] 
Hole-mask colloidal lithography (HCL) is an example of a bottom-up technique of 
nanofabrication. It is termed “bottom-up” since it relies on the self-assembly of small particles 
in order to produce a desired structure, i.e building from the bottom up. In the case of HCL, it 
is colloidal polystyrene (PS) beads that self-assemble on a surface that leads to the fabrication 
of an evaporation mask through which material can be deposited. The main steps in the HCL 
process are as follows: 
 
 

I. Substrate cleaning 
II. Spin coating 

III. Particle dispersion 
IV. Mask deposition 
V. Particle stripping 

VI. Reactive ion etching 
VII. Material deposition 

VIII. Lift-off 
 
 
Where relevant, many of the following subsections contain general information on each 
process followed by information specific to this project. 
  

I. Substrate cleaning  
As with all nanofabrication processes, it is imperative to ensure that all surfaces are clean prior 
to, and during, fabrication. The substrates used in this project were glass and silicon. Glass was 
used for the device itself and silicon for investigation with SEM, which will be discussed 
further in the Characterisation section. First, the substrates were placed in a beaker with 
acetone and sonicated for 3 minutes. This process was then repeated for isopropanol (IPA), 
followed by deionized water (DIW). After the water step, each substrate was thoroughly dried 
under nitrogen.  
 
 

II. Spin coating  
Spin coating is a technique by which one can deposit a thin layer of material evenly over a flat 
surface. This relatively simple method is used extensively in nanofabrication, primarily for the 
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application of resists to substrates. Resists are polymeric materials whose solubility properties 
change after exposure to radiation. In some cases, including for HCL, resists are not used 
because of this property but due to their overall stability and their solubility in specific solvents. 
A drop of solution is applied to a substrate which is then spun at an angular velocity which is 
high enough to force the drop to spread out evenly along the surface while also causing the 
solvent to evaporate. The substrate is then placed on a hot plate to evaporate any remaining 
solvent. The thickness of a deposited film depends on the viscosity of the solution and the 
angular velocity of the spinning. The relationship between these values can usually be obtained 
through the resist manufacturers in the form of spin speed curves.  
 

 
 
Figure 6. A schematic showing the spin-coating process. From left to right: The resist is 
applied onto a substrate with a pipette followed by spinning which removes excess solution 
and evaporates solvent which results in a thin layer of resist upon the substrate.  

 
For this project, the resist that was used was poly(methyl methacrylate) (PMMA) (950 A4), 
which was spun at 2000 rpm for 1 minute. This was then baked on a hotplate for 5 minutes at 
170˚C. The thickness of the resulting PMMA layer was 250-300 nm [29]. Also, the substrates 
used for this particular project were in fact square in shape. 
 
 

III. Particle dispersion 
As mentioned previously, the particles to be dispersed were PS beads which were in a colloidal 
mixture in MilliQ water. In order to produce the dual-sized antennas desired for this project a 
colloidal mixture containing PS beads of two different diameters was prepared.  

Prior to PS bead dispersion it was necessary to prepare the surface of the substrate, which 
was PMMA at this time. PMMA is a hydrophobic material which is not ideal since dispersion 
requires full surface wetting. This problem was overcome by a short (5 s) reactive ion etching 
(RIE) with oxygen. RIE with oxygen increases surface energy due to reactions between the 
PMMA surface and oxygen but also introduces some surface roughness, both of which increase 
hydrophilicity [30]. RIE will be discussed on more detail later in this section. PS beads are 
negatively charged, therefore, after surface activation with RIE, a polyelectrolyte was applied 
to the surface of the substrate to produce a thin positively charged layer on the PMMA. The 
polyelectrolyte used was polydiallyldimethylammonium (PDDA), which was pipetted onto the 
surface until full surface coverage was achieved. This was left on the surface for 40 s, rinsed 
with DIW for 20 s and then dried under nitrogen.  

At this stage the surface was ready for PS bead dispersion on the substrate surface. A pipette 
again was used to drop enough PS bead colloidal solution to wet the entire surface of the 
substrate. This was left for 3 min, rinsed for 20 s with DIW and dried thoroughly under 
nitrogen. It was necessary to dry thoroughly to prevent any possible particle agglomeration 
upon the surface. 
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Figure 7. A schematic showing the particle dispersion process. After the PMMA layer on the 
surface of the substrate is activated and charged by RIE with oxygen and PDDA, respectively, 
a pipette is used to apply a colloidal solution of PS beads. After rinsing and drying the PS 
beads remain on the surface. 

IV. Mask deposition 
E-beam physical vapour deposition (EBPVD) was used to deposit a thin metal film which 
would act as a mask for later depositions. In EBPVD, a bulk specimen of material, known as 
the source, is heated under high vacuum to a temperature high enough to cause evaporation of 
the material. This gaseous phase then travels to the substrate where it condenses, forming a 
thin layer. As the name suggests, for EBPVD the source is heated by an electron beam. 
Electrons, produced via thermionic emission or field electron emission are accelerated at high 
voltage towards the source, the direction of the beam is controlled by a magnetic field. EBPVD 
operates under high vacuum due to both the electron beam and the evaporated material. The 
presence of excess molecules could have adverse effects, such as attenuate and affect the 
direction of the electron beam, but also increase collisions of the evaporated material prior to 
deposition on the substrate, which could affect the uniformity of the deposited film. Controlling 
the accelerating voltage and current of the beam can be used to control the deposition rate 
which, in conjunction with a shutter mechanism, can control the thickness of the deposited film 
deposited on the substrate. 

 
Figure 8. A schematic showing the main components of an EBPVD tool. The filament emits 
electrons which are accelerated at high voltage and directed by electromagnets towards a 
source contained in a crucible. The source becomes heated and starts to evaporate. This 
vapour condenses on the substrate on the substrate holder. After the desired thickness is 
achieved, deposition is stopped by a shutter mechanism.  
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Figure 9. The substrate after EBPVD. As shown here, the substrate and PS beads are 
completely covered by this process. 

 
15 nm of chromium was deposited on top of the PMMA and PS beads using a Lesker EBPVD 
for this project.  
 
 

V. Particle stripping 
SWT-10 tape is used to strip away the PS beads under the thin metal film. As the beads are 
stripped away so too is the metal immediately above each bead, producing holes in the metal 
and forming a mask. 
 

 
 

Figure 10. A schematic showing the tape-stripping process and the PMMA layer exposed 
through the holes produced in the chromium metal film by this technique. 

 
Since two PS bead sizes were used for this project it was necessary to strip twice to ensure 
removal of all of the particles. 
 
 

VI. Reactive ion etching  
Reactive ion etching does what the name suggests, uses reactive ions to etch away certain 
materials. These ions are produced in a plasma chamber. A low vacuum is maintained in the 
chamber with a small volume of the etching gas of choice introduced to the chamber via an 
inlet valve. Plasma is formed when an oscillating electric field produced between two 
electrodes is strong enough to remove electrons from the etching gas, forming free electrons 
and highly reactive ions. When these electrons collide with the walls of the chamber they are 
grounded. However, when they collide with the substrate they introduce a negative charge. As 
this charge builds up, the positive ions are attracted to the substrate, a higher surface charge 
increasing the velocity of ions towards it. It is for this reason that RIE is both a physical and 
chemical form of dry etching. Unlike wet etching, which takes place in solution, RIE is highly 
anisotropic and reproducible. 
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Figure 11. A schematic showing the main components in a RIE setup and the substrate after 
RIE treatment. Gas, oxygen in this case, is pumped into the inlet valve. An electric field 
produced by the two electrodes strips electrons from the oxygen, resulting in the formation of 
a plasma. Oxygen ions etch the PMMA layer through holes in the chromium, exposing the 
bare substrate underneath. The reactant products are removed via an outlet valve  

 
In subsection III, RIE was used to react oxygen with PMMA to increase surface energy and 
roughness by partially etching the PMMA. In this step the reaction time was increased to 5 
minutes in order to etch away all of the PMMA which was exposed after tape stripping. 
Chromium is resistant to RIE with oxygen and therefore remains intact.  
 
 

VII. Material deposition 
At this stage the specimen consisted of a substrate with a layer of PMMA and chromium, 

both of which had holes in them produced by RIE and tape stripping, respectively. At this stage, 
material deposition was carried out by using the Lesker PVD described in subsection IV. Prior 
to the commencement of the project it was decided that silver would be the best material to use 
for the fabrication of the disks since the interband transition for silver lies outside of the 
analysis range of interest, facilitating the possibility the obtain maximum peak separation. 20 
nm of silver was deposited. 
 
 

 
 

Figure 12. The substrate after deposition of silver via PVD 

 
VIII. Lift-off 

Lift-off is the process by which a sacrificial layer of material is etched away by an etchant or 
solvent in order to remove other materials from the substrate. 
 
PMMA was the sacrificial layer in this project. Acetone was used to dissolve the PMMA which 
resulted in the “lift-off” of the chromium mask and excess silver. The resulting specimen was 
rinsed with IPA and dried under nitrogen. 
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Figure 13. The final product after lift-off. This consisted of dual-sized nanodisks with a height 
of 20 nm on glass (or silicon). 

 
 
Plasma enhanced chemical vapour deposition 
At this stage of the fabrication, the disks were embedded in a thin layer of silicon oxide or 
silicon nitride. There were a number of reasons for this. First and foremost, silver, which the 
disks were made of, is relatively susceptible to oxidation when in nanoparticle form. 
Embedding the disks could protect against this. Also, to produce a topographically flat chip it 
was obviously necessary to add a layer of material in order for the surface of the sensor to be 
altered without affecting the disks themselves. Finally, this process should also produce a 
surface with a uniformed chemical composition that is unreactive with biological samples. 

Chemical vapour deposition (CVD) is a technique wherein gaseous reactants are 
encouraged to react on the surface of a substrate to produce a thin film. This is accomplished 
by applying heat to the substrate that will, in turn, supply the activation energy needed for the 
reaction to occur to produce the film. In many cases this energy can be quite high which would 
require heating to a temperature that is not compatible with the given substrate. This can be 
overcome by the use of plasma. PECVD uses an electric field to ionise the reactants which 
decreases the activation energy, i.e the substrate temperature, needed to produce the reaction 
products on the substrate surface. As you may recall, this process is almost identical to the RIE 
system mentioned in the previous section. The main differences between the two systems are 
that PECVD requires the application of heat and, in many cases, a load lock. This load lock is 
necessary due to both the low pressure used in the reaction chamber and the use of silane gas 
as the silicon source, which is extremely flammable and pyrophoric (ignites spontaneously in 
air).  

The basic reactions of the gases used for the PECVD process in this project for the 
production of silicon dioxide and silicon nitride films were 

 
𝑆𝑖𝐻J 𝑔 + 2𝑁&𝑂 𝑔 ⟶ 𝑆𝑖𝑂& 𝑠 + 2𝑁& + 2𝐻& 3.1  
3𝑆𝑖𝐻J 𝑔 + 4𝑁𝐻L 𝑔 ⟶ 𝑆𝑖L𝑁J(𝑠) + 24𝐻& 3.2  

 
The deposition rate increases as the partial pressures of the reactants in the chamber 

increases, the temperature of the substrate increases and/or the distance between the electrodes 
and the substrate decreases [31]. Increasing the field power initially leads to an increase in the 
deposition rate, due to an increase in the concentration of reactive ions. However, beyond a 
certain power, any further increase does not increase deposition rate. This may be due to 
process inhibition by ion bombardment and/or plasma-etching processes at high field power 
[32]. The final film thickness is determined by the deposition time.  
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Figure 14. A schematic showing the main components of a PECVD system. The substrate is 
loaded into the chamber via the load lock using the laoding arm. Reactants are directed 
towards the surface of the substrate from a heated gas inlet shower head. Prior to reaching the 
substrate, the reactants are ionised by an electric field between two electrodes. These ionised 
reactants then combine to form a thin film on the substrate (as well as elsewhere in the 
chamber). The by-products are pumped out via the gas outlet. 

 
For this project, 10 nm of silicon dioxide or silicon nitride were used to embed the 

nanoantennas, resulting in corrugated chips. Silicon dioxide was investigated due to its well 
documented use in biological adsorption measurements [33] [34] [35] and silicon nitride was 
investigated due to its apparent superior stability to silicon dioxide as an embedding material 
for silver nanoparticles as experienced by the group in previous projects. For the purposes of 
milling, a thicker oxide layer was needed. This was due to the fact that as milling with 
optimised parameters proceeded, the roughness of the surface decreases along with the 
thickness of the oxide. It was decided that 100 nm of silicon dioxide upon the dual-sized 
nanoantennas would most likely be sufficient to produce a flat surface when the targeted final 
oxide thickness was reached using this technique. Silicon nitride was also used for the milling 
step but due to differing milling rates for silicon nitride and silicon dioxide and a lack of time 
to investigate both materials extensively, it was decided to focus on optimising the milling 
parameters for silicon dioxide.  

 
 

 
 

Figure 15. A chip consisting of dual-sized nanoantennas embedded in 100 nm of silicon 
dioxide. 
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Ion beam milling 
Ion beam milling, also called ion beam etching (IBE), uses high energy ions to remove 
unwanted material from a sample. IBE can be used to obtain fast, anisotropic and reproducible 
etching. Also, the duration of etching can be controlled exactly, which is practically impossible 
with wet etching. When compared with RIE, which is similar in many ways, the two main 
differences are that the angle of milling/etching can easily be controlled with IBE, leading to a 
higher quality of anisotropic etching, and that the ions used in IBE do not react with the sample 
during the etching process. Etching is solely a physical process in regards to IBE. 

In most cases, the ions used in IBE are argon ions which are created by a Kaufman ion 
source. Atoms of argon are ionised in a discharge chamber by electrons that are introduced via 
a filament. These electrons are confined to a specific region by a magnetic field. When these 
electrons bombard an argon atom it can lose an electron of its own, creating a positively 
charged argon ion and a free electron, which will increase the concentration of free electrons 
in the chamber and increase ionisation. Excess electrons are collected by an anode which 
mitigates the build-up of charge in the discharge chamber. A negatively biased grid situated 
between the discharge chamber and the process chamber (that contains the substrate) 
accelerates the positively charged argon ions out of the discharge chamber and towards the 
substrate. This grid also ensures that the argon ions form a collimated beam. The process 
chamber is kept at high vacuum which maintains the high quality of the beam due the low 
concentration of contaminant molecules that could disrupt the path of the beam. Electrons are 
pumped into the process chamber via a filament to ensure that the chamber remains at a neutral 
overall charge. 

The substrate is placed on a sample holder which, in turn, is attached to a chuck in the 
process chamber. This chuck can rotate to ensure uniformed milling. The entire rotary 
motor/chuck assembly can be tilted to select the desired milling angle. 
 

 
 

Figure 16. A schematic showing the main components of an IBE tool. Argon is introduced to a 
discharge chamber via a gas inlet where it is ionized by electron bombardment and accelerated 
towards a rotating substrate by a negatively biased grid. Image based on [36] 
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 For this project, various milling parameters were tested. The roughness and the 
thickness of the remaining oxide were measured and this will be discussed in the next section, 
Characterisation. 
 

 
 

Figure 17. The final sensor. Dual-sized nanoantennas on glass, embedded in a thin layer of 
topographically flat silicon dioxide. 
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4. Characterisation 

 
Four properties of a completed sensor were characterised prior to use: 
 

1. Spectrophotometry was used to determine the optical properties of the nanodisks and 
their suitability as dual-peak sensors. This was done for both corrugated and flat 
sensors 

2. Atomic force microscopy (AFM) was used to determine the topography (roughness) 
of a milled sample as a means to quantify the flatness of a chip 

3. Scanning electron microscopy (SEM) was used to inspect the condition of the 
nanodisks and to determine the thickness of the milled oxide layer embedding them 

4. Bulk refractive index sensitivity (BRIS) was used to give an indication of the 
sensitivity and functionality of a sensor  

 
 
Spectrophotometry 
Spectrophotometry measures the transmission or absorption of light by a sample as a function 
of wavelength. A schematic of the main components of a spectrophotometer is shown below 
and the general working principle is as follows: A light source, containing a range of 
wavelengths, is collimated by a collimator and directed towards a monochromator (grating or 
prism) which is used to separate this light into its constituent wavelengths. A slit is then used 
to select the range of wavelengths that are to be scanned. Before a selected wavelength is 
directed towards a sample, it is split with a beam splitter. One beam is sent directly to a 
photodetector as a reference and the other is sent to the sample. After passing through the 
sample this other beam also goes to a photodetector. By analysing the reference beam and the 
sample beam the tool software calculates the transmission of the sample at this wavelength. 
 

 
 

Figure 18. A schematic of the primary components of a spectrophotometer. The tool used 
during this project was a Cary 5000. 

 
The transmission of a sample is inversely proportional to its extinction. As mentioned 

previously in the Theory section, the LSPR wavelength corresponds to the wavelength at which 
the maximum extinction occurs. Therefore, this would correspond to the wavelength of 
minimum transmission in this case. The transmission spectra obtained from the Cary 
spectrophotometer have been converted to extinction spectra for convenience in this report.  
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Spectrophotometric characterisation, while important for all nanoplasmonic sensors, was 
particularly important in this project. Good peak separation (Figure 19) is vital for functionality 
of a sensor. If both peaks cannot be tracked individually then the sensor will be non-functional. 
It is for this reason that spectrophotometric characterisation was also effectively a screening 
process. 
 

 
 

Figure 19. An example of a typical extinction spectrum for a dual-sized nanoantennas sensor 
as measured by a Cary 5000 spectrophotometer. This particular spectrum is for a sensor 
containing 80 nm and 190 nm disks embedded in 10 nm of silicon dioxide. 

 
 
Atomic force microscopy 
AFM is primarily used to obtain information on the topographical profile of a sample. The 
technique utilizes a sharp tip scanned cross the surface of a sample to produce images with a 
high vertical resolution. The tip is attached to a cantilever that is moved along a surface in a 
raster pattern controlled by a piezoelectric scanner. A laser is reflected off the cantilever 
towards a photodiode array as a means to detect changes in the orientation of the cantilever. 

There are three main modes of operation associated with AFM: contact mode, tapping 
mode and non-contact mode, relating to the relationship between the tip and the surface during 
measurement. The mode that was used in this project was tapping mode. For this mode, the 
cantilever is oscillated by a piezo stack at its resonance frequency [37]. The laser reflecting off 
the cantilever detects this pattern. If the tip comes in contact with the surface, this pattern will 
be affected. The piezo stack can then change the total height for the cantilever until the 
resonance frequency is restored. This change in height corresponds to the height and depth of 
the features on the surface of the sample. 

 

400 500 600 700 800 900 1000 1100
Wavelength [nm]

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Ex
tin

ct
io

n
Extinction Spectrum a Dual-Sized Nanoantenna Sensor



 
 
 

 
 
 

25 

 
 

Figure 20. A schematic showing the main components of the AFM set up. As the tip is moved 
across the sample it becomes deflected by features on the surface. These deflections are 
detected by a laser reflecting off the cantilever towards a four quadrant photodiode. 

 
For this project, AFM was used as a means to quantify the “flatness” of a milled sensor. In 

this work, it was defined as the root-mean-square of the height deviations, Rq, which was found 
for multiple 1 µm2 regions and the average calculated. Rq is automatically calculated by AFM 
image analysis software such as Gwyddion or NanoScope using the following equation [38] 

 

𝑅v =
𝑍h&

𝑁 4.1  

 
where Z is the vertical height of a peak or trough and N is the number of these peaks and 
troughs. 

The primary use of this information was to compare the milled chips to one another and to 
the roughness of a corrugated chip. The images obtained via AFM also gave a good indication 
of the general overall flatness of a sample. 

 

 
 

Figure 21. An example of an image obtained using AFM. This particular image is a 2x2 µm2 
region of a sensor consisting of 80 nm and 210 nm disks covered in 10 nm of silicon dioxide. 
The roughness of this particular region was found to be 11.79 nm.  
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Scanning electron microscopy 
Many devices produced by nanofabrication are done so via multi-step processes. The ability to 
quickly and easily characterise a specimen between these steps, and after device completion, 
is extremely advantageous. SEM can be used to produce images with nanometer resolution and 
a magnification of over 3 million [39]. It is for this reason that it is one of the most widely used 
characterisation techniques in nanofabrication. 

The high resolution of SEM is due to the fact that electrons are used to produce an image 
as opposed to light. The resolution of a microscope is constricted by the Rayleigh criterion, 
which shows that the distance between two individually resolvable points is directly 
proportional to the wavelength of the radiation used to form the image. The wavelength of an 
electron, which depends on its energy, is over 100 times smaller than that of a photon of light. 
These electrons, produced via thermionic or field emission, are accelerated under high vacuum 
by an anode towards the sample. Since the wavelength of an electron depends on its energy, 
the acceleration voltage can be used to control the resolution. Electromagnetic lenses are used 
to focus the accelerated electrons to a spot size between 1-5 nm; the resolution is also directly 
proportional to this. Deflector plates or scanning coils are used to direct the x-y direction of the 
beam to perform a raster scan of the sample. 
 

 
 

Figure 22. A schematic of the main components of a scanning electron microscope. High 
energy backscattered electrons are detected via an in-lens backscatter electron detector. Lower 
energy secondary electrons are directed towards a detector by a Faraday cage set to a positive 
voltage. This voltage is strong enough to attract the secondary electrons but not strong enough 
to attract the backscattered ones. 

 
Now that the electrons have been directed towards the surface, it is important to understand 

what occurs there. By knowing this, we can obtain important information from the electrons 
and photons detected after the beam has interacted with the specimen. The interactions are 
divided into two categories, elastic or inelastic scattering. Elastic scattering occurs when an 
electron from the incident beam strikes the nucleus of an atom and is scattered. These are 
known as backscattered electrons (BSEs) and give information on the topography and 
composition of a sample. The topography is determined by detecting all of the BSEs from one 
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side of the beam. The composition is determined by detecting the BSEs symmetrically around 
the beam. Larger nuclei will obviously scatter more electrons, which would result in a brighter 
spot in a BSE image. The contrast on these images can be analyzed to determine composition. 
There are numerous signals caused by inelastic scattering but the most analyzed of these is the 
secondary electron signal, which gives topographical information. These are electrons which 
gain enough energy from the beam electrons to escape the material. One incident electron can 
result in several secondary electrons. The number of electrons detected is related to the gradient 
of the surface that the beam is striking, as shown in Figure 23. Also, since the energy of a 
secondary electron is much lower than for a BSE, these come from within a 20nm range from 
the surface, compared to >100nm for BSEs, resulting in a better topographical resolution. The 
other main signals, which were not analyzed for this project, are X-rays, Auger electrons and 
cathodoluminescence, all of which are the result of inelastic scattering and give information on 
the composition and properties of the sample.  
 

 
 

Figure 23. Two figures showing the beam-surface interactions. On the left: The signals 
produced by an electron beam incident on the surface of a sample. On the right: The 
mechanism by which secondary electrons can be used to obtain topographical information. 
This schematic shows how the number of secondary electrons that escape from a sample is 
dependent on the surface topography. The display contrast is then dependent on the number of 
detectable electrons.  

 
Since SEM uses electrons to bombard a sample it is necessary to ground the sample to 

prevent the accumulation of charge. For most SEM setups, this stipulates that the sample must 
be conducting. Since the device fabricated in this project was based on a glass substrate, which 
is not conducting, silicon was used for any potential SEM measurements. Therefore, this 
required silicon based devices to be manufactured in parallel with all glass devices, solely for 
this purpose. 

In this project, SEM was used primarily for two things: to investigate the condition of the 
disks and to measure the post-milling oxide thickness. After the completion of the HCL 
process, and prior to PECVD, it was sometimes necessary to inspect the condition of the disks 
for signs of agglomeration. This was mainly needed only when researching new PS bead 
mixtures. After milling a silicon based chip, it was broken in half using a diamond tip pen to 
enable a cross section view on the silicon-nanodisk-silicon oxide layer. Due to the 
aforementioned ability of SEM to differentiate between composition it was possible to detect 
the oxide layer and measure its thickness. The targeted post-milling oxide thickness was 10 nm 
above the antennas, which equated to 30 nm from the substrate. 
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Figure 24. Images produced using a Zeiss Supra 60 VP SEM. On the left: The top-down view 
of silver disks on silicon produced using HCL. These disks were produced using PS beads of 
80 nm and 190 nm. On the right: The side view of a sample consisting of silicon covered in 
silver disks and embedded in silicon oxide which was then milled to produce a flat surface. The 
bottom half of the image is the silicon substrate. A silver disk surrounded by oxide can be seen 
on top of this. 

 
 
Bulk refractive index sensitivity 
 
In order to assess the suitability of a device as a nanoplasmonic ruler it was necessary to 
evaluate its sensitivity to changes in the refractive index of the medium in its immediate 
vicinity. BRIS was used for this purpose. It was this technique that was also used to obtain the 
sensitivity factor, S, mentioned in the Theory section, and used in the calculation of thin film 
thickness, df. It will be discussed further in the Adsorption Measurement section but briefly 
mentioned here. 

In essence, the technique exposes the sensor to multiple mediums of known refractive index 
and measures the LSPR response. As a characterisation technique, this was mainly used to 
assess the milled samples. This was due to the fact that the decay length of a disk is affected 
by the thickness of the oxide layer that it is embedded in. Excessively thick samples would 
decrease the decay length, and hence the sensing volume, resulting in a low S value. A 
relatively low S value, as the name suggests, would imply that a given sensor would also have 
a low sensitivity, i.e. a large change in refractive index resulting in a small LSPR response. 
This would result in a larger noise in measurement results.  

It is also important to remember that dual-sized nanoantennas have two LSPR responses, 
therefore, a BRIS measurement will give two results, one for the large antennas and one for 
the small antennas. 

BRIS and SEM were used in conjunction with each other to determine the minimum oxide 
thickness that could protect the nanodisks while still permitting a sufficiently large LSPR 
response to refractive index changes beyond the oxide. 
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Figure 25. An example of a typical BRIS measurement. The refractive index of the medium 
surrounding a sensor is increased in steps over time. The sensor responds with an increase in 
the LSPR wavelength for the nanodisks on the surface. This particular BRIS is of the peak shift 
for antennas of a 190 nm disk diameter embedded in 10 nm of silicon nitride (corrugated chip). 
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5. Adsorption Measurement 

 
Equipment 
Adsorption measurements were carried out using the XNano tool produced by Insplorion. The 
device into which the sensor was loaded consisted of titanium cartridge with a liquid inlet and 
outlet and a transparent window through which light could propagate. The volume above the 
sensor was approximately 4 µL and the measured spot size approximately 2 mm in diameter 
[40]. 
 

 
 

Figure 26. A schematic of the XNano loading cartridge. The sensor was mounted using the 
clamp shown above via two screws. Two seals were used to form a liquid-tight measuring 
volume between the sensor and a glass window through which light from a lamp could 
propagate through the sensor and out a hole in the clamp towards a spectrometer. Two holes, 
connected to the measuring volume via grooves machined in the cartridge, served as the inlet 
and outlet for fluids.  

 
The lamp used to illuminate the sensor and cell was a tungsten-halogen lamp. This was 

connected to the cell via an optical fiber, which, in turn, was connected to a spectrometer, also 
via an optical fiber. The optimal wavelength measurement range for this spectrometer was 400 
– 1100 nm. This enforced some limitations on the diameter of the PS beads that could be used 
in the fabrication process and will be discussed in more detail in the Results and Discussion 
section. 

Fluids were introduced to the cell using a peristaltic pump. This was placed between the 
sample vial and the cell to push fluids into the cell as shown in Figure 27. This setup minimizes 
the risk of introducing air bubbles to the system that might occur if the pump was situated on 
the outlet line and a sucking mechanism used to introduce the sample. 
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Figure 27. The setup for measurements using the Insplorion XNano system. The cartridge was 
clamped into the measurement cell via two hand-tightened knobs.  

 
The spectrometer was connected to a PC and the InsplorerÒ software was used to control 

and monitor all measurements. During measurement mode, the user interface consisted of a 
spectrogram showing extinction vs wavelength measured at a frequency selected by the user 
(0.2 Hz was used for this project) and another window displaying the shift of a peak in this 
spectrogram versus time. This enabled a real-time observation of a peak shift corresponding to 
the LSPR response due to refractive index changes in the cell. The software allowed for the 
tracking of the maximum peak amplitude and/or the peak centroid, which is the “centre of 
mass” of a peak. Tracking the maximum peak amplitude of a broad peak tended to produce 
noisy spectra due to the lack of a sharp, well defined peak. In this scenario, centroid tracking 
was used as the preferred data source since centroid tracking significantly reduces noise [41]. 
However, since most LSPR peaks are asymmetric, the centroid and the actual peak positions 
were not always the same. For this reason, the tracking method of choice must be maintained 
for all data analysis for any given measurement. 
 
 
Adsorption measurement methodology 
The adsorption measurements consisted of five main steps: 
 

I. Preparation 
II. BRIS measurement. From this it was possible to obtain the S value for both antenna 

sizes for the sensor. This value was necessary for various calculations, unique for each 
sensor and unique for the two disk sizes that the sensors were comprised of. 

III. Lipid addition. A lipid of a known length and refractive index was adsorbed to the 
surface in order to calculate the decay length of the sensor. Again this value was unique 
to each sensor and to both disk sizes. 

IV. Adsorption of the analyte. The analytes tested with this system were as lipid binding 
protein and a lipid binding DNA. 

V. Data analysis 
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I. Preparation 

Prior to all measurements it was necessary to obtain the baseline for the experimental setup. 
This was due to the fact that the baseline can be affected by factors such as condition of the 
lamp and the position of the fibers, factors that change on a daily basis. This was done by 
loading the measurement cell with a blank glass slide and subjecting the cell to a constant flow 
of MilliQ water. A dark spectrum (obtained while the lamp was turned off) and a bright 
spectrum (obtained when the lamp was on) were taken and used to calibrate the baseline using 
the InsplorerÒ software. The condition of the baseline could be tested by running a 
measurement using this blank slide and MilliQ.  

When a stable baseline was achieved, the sensor could then be loaded into the cell. Prior to 
loading, this sensor was rinsed in MilliQ and dried under nitrogen. After sensor loading, the 
cell was again subjected to a constant flow of MilliQ and the parameters were set up. This was 
done by measuring the spectrum for the sensor and selecting the analysis range and centroid 
range for the peak of preference for real-time tracking. The software did not enable dual-peak 
tracking but by selecting the inflection point of the other peak it was possible to track it, to 
some degree, in real-time. 

At this stage it was necessary to run what we will call a “dummy measurement”, a 
measurement without any analyte. During this measurement only MilliQ flowed through the 
cell. The purpose of this was to wait until a stable baseline was achieve for the shift vs time 
spectrum. 
 

II. BRIS 
Once this stable baseline was achieved it was possible to start the measurements, the first step 
being the analysis of the sensor’s sensitivity. This was done, as previously mentioned, using 
BRIS. Every 7 minutes the cell was subjected to solutions of varying concentrations of glycerol 
in MilliQ. For the first 7 minutes of the measurement pure MilliQ was used, which has a 
refractive index of 1.33. Upon changing between any solutions it was necessary to turn off the 
pump to avoid the introduction of air bubbles to the cell. For each solution the refractive index 
was known. The concentrations and corresponding refractive indices used for this project were: 
14 wt% glycerol = 1.35, 29 wt% = 1.37, 44% = 1.39 and 58% = 1.41 [42]. Ethylene glycol was 
also used for BRIS measurements in the early stages of the project. For BRIS measurements, 
a flowrate of 100 µL/min was used.  

Through the linear regression of a BRIS measurement such as that shown in Figure 25, it 
was possible to obtain a plot such as that shown in Figure 28, the slope of which corresponds 
to the S value. This was necessary for the equations 2.32, 2.34 and 2.33 for the calculation of 
the decay length, the refractive index and to plot the film thickness vs peak shift ratio, 
respectively. 
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Figure 28. The typical plot obtained from the linear regression of a BRIS measurement. The 
slope of this gives the S value. This particular plot is the linear regression of Figure 25 and the 
S value obtained for the 190 nm disk belonging to this sensor was 185.33 RIU/nm. 

 
III. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) adsorption 

After the BRIS measurement, another dummy measurement was necessary. This consisted of 
subjecting the cell to a constant flow of a buffer solution and again waiting for the baseline to 
stabilize. The buffer of choice depended on the buffer in which the biological samples to be 
tested were contained. A buffer is a solution whose pH remains relatively stable upon the 
addition of a small amount of strong acids or bases. They are used extensively in biology to 
provide biological molecules with a stable environment. The buffers used in this project were 
Bis-Tris (2,2-Bis(hydroxymethyl)-2,2′,2″-nitrilotriethanol, 2-Bis(2-hydroxyethyl)amino-2-
(hydroxymethyl)-1,3-propanediol, Bis(2-hydroxyethyl)amino-tris(hydroxymethyl)methane) 
and PBS (phosphate-buffered saline), both of which contained NaCl and had a pH value of 7.4. 

When a stable baseline was achieved, a POPC adsorption measurement was started. POPC 
is a phospholipid that can adsorb to the surface of the sensor to form a lipid bilayer of a known 
thickness and refractive index, which are 5 nm and 1.48, respectively [43] [44]. These lipids 
were in the form of vesicles while in solution. The flowrate was reduced to 50 µL/min and 
buffer was pushed through the cell for the first 10 minutes, after which a solution containing 
0.1 µg/mL POPC in the same buffer was introduced. After approximately 25 minutes, due to a 
significant peak shift and subsequent baseline stabilization, it could be assumed that adsorption 
had occurred. At this stage, pure buffer was reintroduced to the cell. If the baseline remained 
stable the experiment could continue to the adsorption of the analyte.  
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Figure 29. The typical LSPR response upon the addition of POPC to the cell and its adsorption 
to the surface of a sensor. The commencement and completion of the adsorption process can 
be seen clearly by the initial increase in the peak shift and its subsequent return to a stable flat 
line (approximately 7 minutes later), respectively. 

IV. Analyte adsorption 
Between the POPC adsorption and the analyte adsorption the measurement was continued, i.e. 
the measurement process was not restarted and the POPC adsorption, followed by analyte 
adsorption, were contained of the same plot, as shown in Figure 30. After approximately 10 
minutes of post-POPC-adsorption buffer addition, the flowrate was reduced to 20 µL/min. 
Buffer was pushed through the cell for another 10 minutes at this rate to ensure that the lipid 
bilayer was indeed stable. The analyte was then introduced to the cell and continued to be 
pushed through until the sample dropped to a level too low to risk the addition of air bubbles 
to the system or until any visible LSPR response had stabilized. The analytes used in this 
project were a DNA, ABCD-DNA, and a protein, phospholipases A2 (PLA). Both are known 
to bind to lipids, with the latter facilitating lipid decomposition through hydrolysis over time. 
 

 
Figure 30. POPC adsorption followed by analyte adsorption (after ~ 80 minutes). Although 
somewhat masked by anomalies, possibly caused by air bubbles, between ~ 80 and ~ 230 
minutes, there is relatively distinguishable peak shift from the formation of the POPC lipid 
bilayer to the adsorption of the analyte to the bilayer. 
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V. Data analysis 
After the completion of all measurements it was possible to recalculate all the curves to obtain 
the peak maximum amplitude shifts and centroid shifts for the both peaks produced by the large 
and small antennas. For each nanoantenna size (large or small), the corresponding S value was 
used in conjunction with the corresponding LSPR responses upon the addition of POPC to 
calculate the decay lengths using equation 2.32.  

For example, from Figure 28 and Figure 29 it can be seen that Slarge antenna = 185.33 nm/RIU 
and the LSPR response to POPC addition, Rlarge antenna = 5.136 nm, respectively. By inserting 
these values into equation 2.32, along with the known refractive index and thickness of a POPC 
bilayer, 1.48 [44] and 5 nm [43], respectively, and taking the refractive index of the bulk 
solution, nb, to be 1.33 since it was primarily water, it is possible to calculate the decay length 
for the large antennas for peak shift measurements.  
 

𝛿xOEy(	OzY(zzO = −
𝑑b

ln	(1 −
𝑅xOEy(	OzY(zzO

𝑆xOEy(	OzY(zzO 𝑛b − 𝑛P
)
 

 

𝛿xOEy(	OzY(zzO = −
5 ∗ 10j}

ln 1 − 5.136 ∗ 10j}
185.33 ∗ 10j} 1.48 − 1.33

 

 
= 24.478 ∗ 10j}	𝑚 

 
This same technique was used to calculate the decay length for the small antennas by using 

the unique S value and LSPR response measured for these antennas. 
From these S values and the newly obtained decay lengths it was possible to produce a 

theoretical plot of the ratio of the LSPR responses for the large and small antennas vs film 
thickness using equation 2.33.  

 

 
 

Figure 31. A plot of the ratios of the LSPR responses for the large and small antennas vs the 
thickness of a film that would induce these responses. 
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The measured ratios could then simply be located on this graph to obtain the corresponding 
thickness of the total adsorbed film (the lipid and analyte) that would produce this specific 
ratio. Finally, with this thickness, equation 2.34 was used to calculate the refractive index of 
these adsorbed entities.  
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6. Results and Discussion 

 
Fabrication 
This section will focus solely on the fabrication of the corrugated and pre-milled sensors, 
mainly on the PS bead mixtures and their effect on the spectra of the sensors.  
 
Peak separation 

The first requirement when fabricating a sensor that utilizes the LSPR response of two 
separate peaks was to obtain these two peaks. As mentioned previously, the LSPR wavelength 
is affected by the size a particle and, hence, the size of the PS beads used to produce the silver 
disks for this project. 

Multiple PS bead mixtures were tested, each mixture consisting of a small bead size and a 
larger bead size, to maximize peak separation. The small bead sizes that were assessed were 
80 nm and 100 nm and the larger beads were 190 nm, 210 nm and 230nm. The extinction 
spectra for silver disks fabricated using these 5 bead sizes are shown below. The three main 
reasons for investigating various PS bead mixtures were: to obtain good peak separation, obtain 
peaks that were relatively narrow and to ensure that both peaks would be contained within the 
optimal analysis range for the XNano spectrometer, which, as previously mentioned, was 400 
– 1100 nm. 

 

 
 

Figure 32. A plot of the extinction spectra for unembedded silver disks of various diameters. 
Each plot is labelled with the diameter of the beads used in their fabrication process.  

 
All of the peaks in Figure 32 were within the desired range. From these spectra, it could be 
assumed that any mixture of small and large beads would produce a functional sensor. 
However, these disks had not been embedded in silicon dioxide or silicon nitride yet. It was 
considered likely that upon the deposition of a dielectric that all of these peaks would red-shift 
(increase in wavelength). This was assumed because the refractive index of these dielectric 
materials is larger than that of air and since, as shown by equation 2.29, increasing the refractive 
index of a medium surrounding a particle increases the LSPR wavelength, this red-shift was 
expected. As seen from Figure 33 below, this was not the case. 
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Figure 33. A plot of the extinction spectra for silver disks of various sizes embedded in 10 nm 
of silicon dioxide. Again, the plots are labelled with the diameter of the PS beads used in their 
fabrication process. 

 
It was found that upon the deposition of silicon dioxide that the peaks in fact blue-shifted 
(decreased in wavelength), with the larger peaks shifting to a greater extent. One possible 
reason for this may be silver’s susceptibility to oxidation. The temperature of the heated table 
in the PECVD chamber, which was 300˚C, along with the presence of a powerful oxidising 
agent in nitrous oxide [45], was perhaps enough to cause some oxidation of the silver. This 
may have reduced the size of the disks, which would result in a blue-shifted response. However, 
this is just speculation and further investigation would be necessary. The blue-shift experienced 
due to the PECVD step may have also been exacerbated due to inexperience with the equipment 
which meant that the parameter set-up took longer and exposed the bare silver disks to this 
temperature for a longer time than usual. When put in 300˚C, the disks “shrink” due to this 
relatively high temperature. At a high temperature, silver can become recrystallized. During 
this process, the crystal lattice for the particle becomes more ordered and the overall diameter 
of the disks decreases. This leads to a blue-shift and would explain why there was some degree 
of this shift occurring for all the sensors that were made throughout the project and this was 
taken into account when selecting the bead sizes prior to fabrication. It was also noted that this 
shift was more pronounced for the deposition of silicon dioxide than for silicon nitride, perhaps 
supporting the theory that some silver oxidation occurred upon silicon dioxide deposition in 
the presence of nitrous oxide. This was one of two reasons why all of the sensors produced in 
the later stages of the project were embedded in silicon nitride, the other reason will be 
discussed later. 

There were two main results of this blue-shifted response upon embedding in silicon 
dioxide that were of interest for this project. Firstly, it meant that all the peaks remained within 
the desired range and, secondly, that the separation of the LSPR peaks for the large and small 
disks was reduced. For example, the distance between the peaks for disks produced with 100 
nm beads and those produced with 190 nm beads was approximately 170 nm prior to 
embedding. After embedding, this is reduced by approximately 50 nm. It could no longer be 
assumed that any mixture of large and small beads selected for this project would produce a 
functional sensor. This is shown in Figure 34. 
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Figure 34. The extinction spectrum of an embedded sensor fabricated using a mixture of 100 
and 190 nm PS beads, the spectra of embedded chips fabricated using unmixed PS beads of 
these sizes are also shown as reference. 

 
From Figure 34, it can be seen that when the difference in diameter between the large and small 
beads is not sufficient that the peaks can merge. This only occurred for the mixture containing 
100 nm and 190 nm diameter beads. The mixtures that were tested in this project that provided 
sufficient peak separation were (small bead/large bead): 80/190 nm, 80/210 nm and 100/230 
nm. 
 

 
 

Figure 35. The extinction spectrum for a sensor fabricated using a mixture of 80 and 210 nm 
PS beads. This produced a sufficient peak separation for distinct peak tracking while also 
remaining within the desired analysis range. 
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Peak width 
Another issue that affected the functionality of a sensor was the broadness of the peaks. This 
was not really an issue with the peaks from the smaller disks. In Figure 33, it can be seen that 
the broadness of the majority of the peaks increases after the embedding process. However, as 
can be seen in Figure 32 for the 230 nm spectrum, this broad peak exists before embedding in 
silicon dioxide. This suggested that some broadening effects where due to the disks themselves. 
In order to investigate this further, SEM images were taken of the disks. It was found that the 
main cause of peak broadening was due to agglomeration of the beads on the surface during 
the fabrication process, which is a more common occurrence for larger beads. This resulted in 
disks that where physically joined, forming larger particles with different shapes and, therefore, 
with new LSPR wavelengths and others that were at least close enough to each other to affect 
their respective LSPR wavelengths. This resulted in a collection of new signals across a wider 
range than if all disks were the same, and hence, the broadening effect. An extreme version of 
this, with the corresponding extinction spectrum, is shown below. Since the decay length for 
larger antennas is longer than for smaller antennas, they are more susceptible to shifts in the 
LSPR wavelength due to neighbouring particles, which may explain why peak broadening 
appeared to be an issue with their corresponding peaks only. 

 

 
 

Figure 36. An SEM image of silver disks fabricated using a 230 nm PS bead solution and the 
corresponding extinction spectrum of an unembedded chip made with the same solution. The 
broadness of the peak in the spectrum can be attributed to the agglomeration seen in the SEM 
image. 

 
There are two main causes of PS bead agglomeration on the surface of the substrate during the 
fabrication process, solution contamination and mistakes in the fabrication process itself. The 
former can be mitigated by ensuring that all solutions of viable before the mixing process for 
the dual-size nanoantennas fabrication, which can be done via SEM like shown in Figure 36; 
the latter can be mitigated by performing extensive sonication on all mixtures prior to particle 
dispersion and to ensure extensive drying with nitrogen after the post-dispersion rinse. 
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Milling 
The suitability of the milling parameters was assessed by surface roughness and remaining 
oxide thickness. The chip that ranked highest when considering both of these criteria had an 
average roughness of 1.14 nm and an average oxide thickness of 29.74 nm. When comparing 
this to a corrugated chip with the same antennas, which had an average roughness of 11.31, 
this corresponds to an 89.9% decrease in the roughness value of the original, corrugated sensor. 
This difference can also be seen from the AFM and cross-sectional profile images below. A 
SEM image of the oxide thickness is also shown. 

 

 
 
Figure 37. Two AFM images of a corrugated sensor (left) and a milled sensor (right). The 
milled sensor has a more uniformed surface and a maximum amplitude (as seen from the scale 
bar) approximately 10 times smaller than the corrugated sensor. Both sensors were produced 
using the same PS bead mixture of 80/190 nm and their HCL fabrication was executed in 
parallel.  

 

 
 

Figure 38. A cross-sectional surface profile of a corrugated sensor and a milled sensor. Both 
of these sensors are from an 80/210 nm PS bead mixture and the milled surface roughness is 
89.5% smaller than that of the corrugated sensor. This also highlights the reproducibility of 
the milling technique as a means to produce flatter sensors. 
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Figure 39. An SEM image of a cross-section of the milled sensor from Figure 37, that was used 
to measure the oxide thickness. The measurement was done using the Zeiss SEMs imaging 
software. The substrate, oxide layer and two disks of different sizes embedded in this oxide can 
be seen in the image.  

When comparing the extinction spectra for milled and corrugated sensors, the main difference 
was in the position of the peaks. As shown in Figure 40, the milled sensors are red shifted. 
Since the sensors are totally embedded, this is to be expected. More silicon dioxide surrounds 
the milled, flat sensors which “fills up” the sensing volume of the sensor and red-shifts the 
LSPR wavelength. 
 

 
 

Figure 40. The extinction spectra for a milled, flat sensor and a corrugated sensor. Both were 
fabricated using the same PS bead solution which was 80 and 190 nm. 

 
A lipid adsorption measurement was carried out to investigate the effects of surface roughness 
on the adsorption. The sensor used in this experiment was milled using the initial parameters 
of the project and had an average surface roughness of 1.313 nm, while the corrugated sensor 
had an average roughness of 8.163 nm, therefore the milled chip was 83.9% less rough. The 
nanoantennas for these sensors were 80 and 210 nm for both. 
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Figure 41. A figure showing the LSPR centroid shift upon the adsorption of a lipid bilayer to 
two different sensors, one corrugated and one milled to decrease surface roughness. The plot 
also indicates the times at which the lipid (POPC) was introduced to the chamber and centroid 
shift stopped for each sensor.  

When the lipids first adsorb to the surface they are in vesicle form. After a few minutes these 
vesicles rupture and a bilayer starts to form. This rupture point is seen as a kink in the LSPR 
shifts in Figure 41, after ~ 21 minutes for the milled sensor and ~ 22 minutes for the corrugated. 
As can also be seen from Figure 41, the LSPR shift for the milled sensor reaches completion 
significantly faster than for the corrugated sensor. This most likely due to strain on the lipid 
bilayer from the raised disks of the corrugated sensor slowing down the bilayer formation [22]. 

Another noticeable factor from this figure is that the total shift for the milled sensor was 
quite a lot smaller than for the corrugated one. BRIS measurements carried out on various 
milled sensors confirmed the reduction in sensitivity for milled sensors vs corrugated sensors.  
 

 
 

Figure 42. The linear regression of BRIS measurements taken for the small antennas of a 
corrugated sensor and a milled sensor. Both sensors were fabricated with an 80/210 nm PS 
bead mixture. The slope (S value) for the corrugated sensor is significantly larger than that of 
the flat sensor. 
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This reduction in sensitivity was more pronounced for the smaller antennas. It was sufficient 
to render many on the milled sensors dysfunctional, or at the very least, unreliable due to the 
increase in error via the decreased signal to noise ratio for these smaller antennas. This is most 
likely caused by the fact the disks are completely embedded by a flat layer of silicon dioxide 
that constricts a large amount of the sensing volume within the oxide layer itself. For corrugated 
sensors, the sensing volume is all around the protruding antennas but for the milled sensors the 
sensing volume is greatly decreased due to the oxide layer around the sides of the disks. Since 
the decay length, which determines the sensing volume, is an exponentially decaying 
parameter, it is weaker nearer the limits of its reach. Due to this, it is possible that the remaining 
sensing volume on top of the oxide above the small disks has a weaker interaction with the 
surrounding medium than otherwise seen from the same disk in a corrugated sensor. The longer 
decay length of the larger disks means that the effect of the extra oxide on the sensitivity is not 
as extreme. 
 

 
 

Figure 43. A plot of the BRIS sensitivity of the small antennas of flat sensors versus the 
remaining oxide thickness upon the sensor as measured with SEM. The best fit line suggests a 
decrease in BRIS as oxide thickness increases. 

 
The trend of the plot in Figure 43 suggests that the sensitivity of the smaller antennas is 
inversely proportional to the thickness of the oxide they are embedded in. This would support 
the hypothesis that it is oxide layer causing the decreased sensitivity.  
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Adsorption Measurements 
Drift 
One issue that affected the adsorption measurements was drift. This was prominent for all 
measurements ran on sensors embedded in silicon dioxide and significantly reduced or 
negligible for those embedded in silicon nitride. Although initial drift occurred after the 
addition of water to the measurement cell for both silicon dioxide and silicon nitride surfaces, 
baseline stabilization was achieved after approximately 1 hour. However, upon the introduction 
of a buffer solution, drift was sustained for those embedded in silicon dioxide. While this may 
not be a major concern for measurements lasting less than 10 minutes, for the systems measured 
in this project, where analyte binding to a lipid bilayer was on the scale of hours, this was an 
issue. To investigate the severity of the drift, two sensors, one embedded in silicon dioxide and 
one in silicon nitride, were soaked in various solutions over time and their spectra measured at 
different intervals. This result is shown below. 
 

 
 

Figure 44. The LSPR shift for the large and small antennas of two sensors, one embedded in 
silicon dioxide and one in silicon nitride. The data was obtained by measuring the transmission 
spectra at various times over a 63 hour period and finding the wavelength corresponding to 
the minimum transmission. Measurements were taken after 3, 13, 29, 41, 49 and 63 hours. For 
the interval 0-29 hours the sensors were in MilliQ water, for 29-49 hours they were in bis-tris 
buffer and for 49-63 they were returned to water. 

 
From Figure 44, it can clearly be seen that the drift for the SiO2 embedded sensors in buffer 
solution is quite extreme. While submerged in water, the LSPR wavelength remains stable for 
the large antennas but upon submersion in buffer it decreases at a substantial rate. Interestingly, 
after the chip was returned to water, this decrease continues, which could imply that irreversible 
damage had occurred to the sensor’s silver disks. Also, after completion of the submersion test, 
the small peak had completely vanished, which supports this. However, there is a substantial 
decrease in the LSPR wavelength for the small antennas after 29 hours in just water. This 
implies that the integrity of the SiO2 layer may already have been compromised. After an initial 
decrease in the LSPR wavelengths for both antennas of the sensor embedded in Si3N4, they 
remained relatively stable throughout the submersion in buffer and return to water. It is known 
that Si3N4 is more impenetrable to ions and water than PECVD produced SiO2. Since the 
decrease in the LPSR wavelength for the large antennas embedded in SiO2 occurs at the 
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introduction of buffer and not at the introduction of water, it seems to suggest that the SiO2 
layer may be affected by the ions contained in the buffer, most likely the sodium ions. It has 
been found that the presence of sodium ions in water can increase the rate of amorphous silica 
dissolution in water [46]. Therefore, if water had penetrated the SiO2, as suggested by the shift 
for the small antennas at 29 hours, and sodium ions penetrated and promoted SiO2 dissolution, 
this could explain why the decrease in the LSPR wavelength for the SiO2 embedded chip was 
maintained after the chip was returned to water. The sodium ions may have catalysed sufficient 
dissolution of the silica surface to exposed the silver disks which then began to oxidise. Further 
investigation is necessary to determine the mechanism of the cause of the LSPR shift. However, 
this is out of the scope of this project. The result of interest for this project was the confirmation 
of a substantial and sustained drift of the LSPR wavelength for chips embedded in SiO2. It is 
clear that Si3N4 is a superior embedding material for these sensors. 
 
 
PLA adsorption 
The first measurement that was attempted was a POPC and PLA adsorption measurement. 
 

 
 

Figure 45. A plot of the measured LSPR wavelength shifts for the centroids of the large and 
small antennas. Also highlighted on the plot are the times of POPC adsorption commencement, 
POPC bilayer formation, PLA introduction to the measurement cell and cessation of PLA 
addition followed by blank buffer reintoduction. 

 
Figure 45 shows the data obtained for the large and small antennas of an 80/210 nm milled 
sensor. The centroid was used for the data analysis in this case. This was due to the fact that it 
was less noisy. However, this data is also more noisy than ideal. The error due to this noise is 
0.03 nm for the large antennas and 0.02 nm for the small antennas. This relatively large noise 
is due to the fact that the chip that was used for this measurement was a milled sensor which, 
as previously discussed, produced less sensitive sensors due to excessive oxide around the 
antennas. This data has also been corrected to remove drift, which occurred due to silicon 
dioxide being used as the embedding material. Correction was done by obtaining the slope of 
the baseline prior to POPC addition and subtracting this across the entire plot. Due to the 
relatively short measurement time the drift remained somewhat linear and correction was 
attainable. 
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Figure 46. The calculated results from the data obtained for a POPC and PLA adsorption 
measurement carried out with a milled, flat sensor with a silicon dioxide surface. The figure 
shows the change in the ratio of the large and small centroids from Figure 45 over time, the 
change in the thickness of the layer on the surface of the sensor calculated from the local 
regression of this ratio (grey line) and variations in the refractive index of the layer over time. 
Also highlighted on the plots are the times of POPC adsorption commencement, POPC bilayer 
formation, PLA introduction to the measurement cell and cessation of PLA addition followed 
by blank buffer reintoduction. 

 
The initial minutes of the introduction of POPC to the measurement chamber produces 
disordered and chaotic data, this is due to mixing within the chamber which can produce small 
changes in both the small and large antennas’ spectra which results in large changes in their 
ratios. After POPC adsorption and stabilization of the baseline, the thickness of the layer on 
the surface of the sensor was determined to be ~ 5.5 nm. The known thickness of a POPC 
bilayer is ~ 5 nm and this value was used to determine the decay lengths for the sensor (equation 
2.32), as previously shown. The reason for the difference of ~ 0.5 nm between the two values 
is that equation 2.32 uses the shift of each peak separately in order to calculate the decay lengths 
for the antennas but the thickness plot uses the ratio of the two peaks, which in this case are 
excessively noisy. This noise only increases as the measurement continues, as can be seen from 
the ratio plot in Figure 46. This is due to the increased effect of the noise on the results as the 
total shift for each antenna decreases.  

Between ~ 80 and ~ 130 minutes it is quite difficult to determine if the results are reliable 
due to the noise combined with the relatively long time over which a shift occurs. One also 
must remember that this data was corrected, opening up the possibility to some data being lost 
in the process. There may be sporadic binding of PLA and decomposition of the lipid layer to 
some degree, causing the apparent decrease in the layer thickness and refractive index but 
further measurements on sensors of a higher sensitivity would be necessary to confirm or 
invalidate these results before a mechanism for them could be established.  
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However, if we concentrate on the three “plateaus of stabilization” (Figure 45: 0 - 20 min, 
45 - 60 min and 140 - 160 min) where signal saturation occurs there are points of interest. 
Obviously, 0-20 minutes is the beginning baseline, but it is an essential foundation of this 
sensing technique. This measurement is a good example of a bad baseline, one which was a lot 
worse before correction. In Figure 46, this baseline has been removed due to the lack of 
information of interest. Between 45 and 60 minutes it can be seen that the POPC layer is stable 
with a thickness of 5.26 – 5.5 nm and a measured refractive index of 1.476 – 1.479. This 
confirms the calibration of the sensor using the POPC layer and equation 2.32, albeit with some 
room for improvement going forward. The final plateau, between approximately 140 and 160 
minutes shows an increase in the thickness of the layer on the sensor and a decrease in the 
refractive index. This may be due to the binding of PLA. PLA has a thickness of 2 – 2.2 nm 
and is believed to penetrate the surface of POPC upon binding by 0.5 nm [47] which would 
result in a thickness increase of 1.5 – 1.7 nm. The measured thickness increase on top of the 
POPC layer appears to be ~ 1.6 nm, which corresponds remarkably well with these results. 
However, this is complicated by the fact PLA hydrolyses POPC. Even if this process occurs 
over the duration of the measurement, it has been shown that an increase of the overall 
thickness of the layer would also be expected, but with an increase of ~ 0.9 nm in this case 
[48]. The sensor did detect a decrease in the refractive index to 1.366, which would be possible 
if PLA binding, as one might expect, disrupts the form of the lipid bilayer and decreases its 
refractive index. It would also be expected if POPC hydrolysis occurs. 

After the PLA supply was stopped and buffer was pumped through the cell, there appears 
to be a decrease in the layer thickness but no significant change in the refractive index. This 
may be due to loosely associated PLA molecules being removed from the surface with the 
blank buffer. 

This measurement showed that the concept for the sensor could certainly detect changes in 
thickness and refractive index but also highlighted the issues of drift and sensitivity caused by 
silica as the embedding material and excess oxide on the milled sensors, respectively. Further 
measurements with a more robust sensor would be required to test the reliability and 
reproducibility of the quantitative results. It was due to these issues that the remainder of the 
project focused on using silicon nitride embedded corrugated sensors for the adsorption 
measurements. 

In saying that, when comparing the POPC adsorption for this milled sensor, Figure 45, and 
the same adsorption for a corrugated sensor, Figure 47, the decrease in the LSPR response is 
only a factor of 3. While this is certainly problematic for the signal to noise ratio, it is not 
extreme and is still manageable. When one considers the possible advantages of using a flat 
sensor, and the likelihood of increasing sensitivity by decreasing the oxide thickness, there is 
certainly an incentive for further research into these flat sensors in the future.  
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DNA adsorption 
POPC adsorption followed by DNA binding to the POPC bilayer was measured on a 
corrugated, silicon nitride embedded, sensor. 
 

 
 

Figure 47. A plot of the measured LSPR wavelength shifts for the peaks of the large and small 
antennas. Also highlighted on the plot are the times of POPC adsorption commencement, 
POPC bilayer formation, DNA introduction to the measurement cell and cessation of DNA 
addition followed by blank buffer reintoduction. 

 
For this measurement the peak shift gave the least noisy data and were therefore used for the 
data analysis. As can be seen from Figure 47, prior to POPC adsorption, there was some drift. 
However, upon the adsorption of POPC there was no longer any visible drift. It is quite possible 
that ions in the buffer were adsorbing to the surface of the sensor, causing the slight shift in the 
LSPR wavelength but the adsorption of POPC blocked these ions from the surface. 

The error due to noise is 0.02 nm for both antennas. This is actually the same noise for the 
small antennas when compared to the milled sample. However, as previously mentioned, the 
signal is over 3 times greater for the adsorption of POPC on this sensor than for that of the 
milled sensor, resulting in superior signal to noise ratio for the corrugated sensor.  

This measurement also highlights another potential issue with the measurement process. 
While it is possible that the anomalies seen between approximately 90 and 230 minutes are 
caused by conformational changes on the surface of the sensor, due to the rather capricious 
nature of the shifts it is more likely caused by air bubbles from the sample passing through the 
chamber. Thorough degassing of the sample would be required to mitigate this. However, 
similar to the PLA adsorption measurement there are three plateaus of stabilization for data 
analysis. 
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Figure 48. The calculated results from the data obtained for a POPC and DNA adsorption 
measurement carried out with a corrugated sensor with a silicon nitride surface. The figure 
shows the change in the ratio of the large and small peaks from Figure 47 over time, the change 
in the thickness of the layer on the surface of the sensor calculated from the local regression 
of this ratio (grey line) and variations in the refractive index of the layer over time. Also 
highlighted on the plots are the times of POPC adsorption commencement, POPC bilayer 
formation, DNA introduction to the measurement cell and cessation of DNA addition followed 
by blank buffer reintoduction. 

 
The first thing that one notices is that the effect of the anomalies in the raw data becomes 
exacerbated in the calculated results. This is to be expected in a technique has ratio-based 
calculations. This highlights the need for a pure, degassed sample. It can also be seen that the 
noise from the raw data is also exacerbated in the ratio plot. However, when compared to the 
ratio data for the PLA adsorption measurements on a milled sensor (Figure 46) there is an 
obvious decrease in this noise. This is due to the increase in the signal that is characteristic to 
a corrugated sensor over a milled one. 

Due to these anomalies, it is very difficult to hypothesise on the meaning of the data 
between approximately 80 and 240 minutes since it is unknown what data may be lost within 
these apparently erratic changes. Again, similar to the PLA adsorption data analysis we can 
focus on the three plateaus of stabilization. The baseline prior to POPC adsorption was 
somewhat stable. There was some drift which, as can be seen from the submersion test, will 
still occur for silicon nitride surfaces but this drift is less severe than silicon dioxide surfaces 
and did not continue beyond POPC adsorption which negated the need for correction. The 
second plateau, between 25 and 45 minutes, corresponds to the time between bilayer formation 
and DNA introduction and was again used for confirmation of sensor calibration. The measured 
thickness was found to be ~ 5 – 5.4 nm and the refractive index 1.47 – 1.488 over this range. 
The deviation from the expected values is again most likely due to the noise found in the raw 
data. The final plateau after ~ 280 minutes shows a final thickness of 7.74 nm and a refractive 
index of 1.441 – 1.442. The length of ABCD – DNA was known to be approximately 15 nm. 
However, it is quite possible that the DNA lay upon the lipid in a sideways confirmation and 
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not lengthways upon binding. The diameter of DNA is approximately 2 nm, similar to the value 
detected here. Similar to the PLA adsorption measurement, the decrease in the refractive index 
is most likely due to disruption of the lipid bilayer by DNA binding. ABCD-DNA binding is 
less extensive than PLA binding and this could explain the why the refractive index shift is less 
for the DNA. 

Again, this measurement displayed the sensor’s ability to detect changes in the thickness 
and refractive index of a layer while highlighting areas for optimization, the primary area in 
this case being the degassing of all samples prior to the measurement process. 
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7. Conclusion 

 
Two types of dual-sized nanoantennas sensors were successfully fabricated, corrugated and 
flat. For both of these types, it has been shown that LSPR wavelengths of the peaks used for 
analysis could be tuned using various PS bead sizes in the HCL fabrication process. The only 
limit placed on this being a minimum diameter difference of approximately 100 nm to ensure 
good peak separation for individual peak tracking. Spectral blue-shifting was experienced upon 
the deposition of the embedding layer via PECVD, with silicon dioxide deposition causing the 
largest shift, which must be considered if specific LSPR wavelength ranges for the antennas 
are desired.  

The milling of corrugated chips with thick oxide layers using specific parameters has been 
applied to produce a large decrease in roughness leading to the fabrication of topographically 
flat sensors. On average, the roughness achieved using these parameters was consistently found 
to be ~ 10 times lower than that of a corrugated sensor of the same disk diameters. The 
sensitivity of these sensors is somewhat decreased by the presence of extra dielectric 
enveloping the antennas. However, adsorption measurements with these sensors were 
successfully carried out and it has also been shown that the adsorption of lipids to these sensors 
was significantly faster than on the corrugated sensors. In saying that, it was also shown that 
stable lipid bilayers could be formed and maintained on the corrugated sensors with no apparent 
decrease in stability due to this corrugation. Along these lines, there is also no apparent 
difference in the stability of an adsorbed bilayer on a silicon nitride surface versus a silicon 
dioxide surface. 

For the adsorption measurements, it was found that drift was a prominent issue. Submersion 
tests concluded that this issue was emphatically more extreme for a silicon dioxide surface than 
a silicon nitride surface when in the presence of a buffer solution. 

Successful adsorption measurements were carried out using POPC followed by the binding 
of a protein or a DNA to this lipid bilayer. This included the development of a measurement 
technique, wherein the calibration of the sensor and the adsorption of the DNA or protein were 
both facilitated by the POPC lipid bilayer. Both measurements successfully detected changes 
in the layer thickness and refractive indices. Qualitatively, the results of the measurements on 
both systems produced results that were in line with those found in literature. 
 
 
Outlook 
The technique used for the fabrication of these sensors is quite flexible in terms of disk size 
and material composition. Due to some oxidation issues with silver, it may be interesting to 
investigate the use of other plasmonic materials for the fabrication of the dual-sized antennas, 
including gold. Although the interband transition for gold lies around 470 nm [49], which 
reduces the range over which peak separation can be achieved to ~ 500 nm, as opposed to ~ 
600 nm for silver, it has been shown in this project that successful peak tracking can be obtained 
with a peak separation of less than 250 nm. This opens up the possibility to fabricate sensors 
using gold which is more robust than silver and would not require embedding for a corrugated 
sensor. 

Due to the substantial drift experienced with silicon dioxide it would be prudent to focus 
future optimization fabrications and measurements on sensors embedded in silicon nitride. This 
includes for the milling process, which had been optimized primarily towards the removal of 
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silicon dioxide. The targeted thickness of the final nitride layer should also be reduced to < 5 
nm above the antennas to improve the sensitivity for these milled sensors. 

Further adsorption measurements with nitride embedded sensors should be carried out. 
While the investigation into other systems would be quite interesting and may be tempting it 
would be advisable to perform multiple measurements on the same systems, perhaps those used 
in this project, to evaluate the reliability and reproducibility of the results obtained here. In 
saying that, the subtleties involved for the PLA binding process may be too complex to use as 
a “proof of principle” system. Regardless of what system is used, these measurements should 
also be executed in parallel with a technique such as that found in [20] to assess the quantitative 
data obtained using the sensor.  

 
Although there remains some optimization to the fabrication and measurement procedures 

described in this report, a functional dual-sized nanoantennas sensor has been produced, 
including in a topographically flat form. It has also been shown that this sensor facilitates the 
simultaneous determination of changes in the thickness and refractive index of a layer upon its 
surface. In this project that layer was a lipid bilayer but the process is not confined to this. The 
use of a lipid bilayer highlights the potential of this sensor in biological studies. Since a large 
focal point of this field is on the interactions of molecules with cell membranes this sensor is 
ideal for the investigation of binding and conformational changes on, or within, these lipid 
bilayers. 
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