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ABSTRACT

Surface plasmon resonance (SPR) active nanohole array substrates offer a di-

verse biosensing platform with high sensitivity and unique characteristics. This dis-

sertation investigates the sensitivity and fundamental SP features of various nanohole

array substrates and demonstrates higher sensitivity than conventional continuous gold

platforms, tunability to specific analytes, and great enhancement of the local field in-

tensity. Novel instrumentation and analytical techniques are developed and utilized to

assess the nanohole array SPR sensing substrates in the near infrared as well as with

interaction of other nanostructures.

The nanohole array substrates are evaluated throughout the near-infrared (NIR)

region by novel SPR instrumentation and methodology that extends the working SPR

wavelength range and measurement reliability. Development of a robust NIR-SPR in-

strument allows access to higher wavelength ranges where sensitivity is improved and

novel SP modes and plasmonic materials may be investigated. Different aspects of the

NIR-SPR instrument, including temporal stability, mechanical resilience and sensitiv-

ity, are evaluated and presented. Furthermore, a method is developed for improving

precision and accuracy of empirically determined SP penetration depth, a merit of

SPR spectroscopy sensitivity. The technique incorporates an adsorbate-metal bonding

effect which improves the consistency in the penetration depth value calculated at dif-

ferent adsorbate thicknesses from 41-1089% relative deviation (without bonding effect)

to 2-11% relative deviation (with bonding effect). It also improves the experimental

agreement with theory, increases the accuracy of assessing novel plasmonic materials

and nanostructures, and increases the precision in adsorbate parameters calculated

from the penetration depth value, such as thickness, binding affinity, and surface cov-

erage.

xv



Utilizing this NIR-SPR instrument and improved technique for calculation of

penetration depth, the sensitivity and various SP modes of the nanohole arrays through-

out the NIR range are evaluated, and an improvement in sensitivity compared to con-

ventional continuous gold is observed. Both the Bragg SPs arising from diffraction

by the periodic holes and the traditional propagating SPs are characterized with em-

phasis on sensing capability of the propagating SPs. There are numerous studies on

the transmission spectroscopy of nanohole arrays; however this dissertation presents

one of the few studies in Kretschmann mode, and the first in the near infrared, where

greater surface sensitivity is observed. The sensitivity profile of various nanohole ar-

ray parameters (periodicity, diameter, excitation wavelength) and SP modes is also

presented.

Further control and enhancement of the SP field is pursued by interaction be-

tween nanohole array substrate and nanoparticles to exploit field intensification be-

tween plasmonic structures, i.e. ,gap mode enhancement. Under specific conditions,

the SPs couple together and the electric field between the structures is amplified and

localized, which may be exploited for sensing purposes and surface enhanced tech-

niques, including tip enhanced Raman spectroscopy (TERS) or surface enhanced Ra-

man spectroscopy (SERS). A technique for observing nanohole array-nanoparticle dis-

tance dependent SP interaction is developed and utilized to demonstrate SP interac-

tion. Scanning probe microscopy controls the position of a single nanoparticle (SNP)

affixed to an atomic force microscope probe, and the location specific interaction of

the SNP-nanohole array surface plasmons is measured by darkfield surface plasmon

resonance spectroscopy. Coupling of the nanoparticle to the nanohole array exhibits

a maximum when the SNP resides within a nanohole, which resulted in a maximum

SPR wavelength shift of 17 nm and an increase in scatter intensity. This dissertation

presents the first empirical observations of SPM controlled gap mode enhancement of

more complex nanostructures and allows for optimization of positioning prior to use in

sensing.

xvi



Chapter 1

INTRODUCTION

1.1 Motivation

The field of plasmonics is extensively studied due to wide-ranging applica-

tions including photothermal cancer treatment [1], proteomics [2, 3], biomolecular

interaction studies [4, 5], medical diagnostics [6, 7], drug development [8, 9, 10],

surface enhanced spectroscopies (fluorescence, Raman, infrared) [11, 12], optics (po-

larization control, filtering, switching, nonlinear optics, waveguiding, superlensing)

[13, 14, 15, 16, 15, 17, 18, 19], data storage [20, 21, 22], photovoltaics [23, 24], and

potentially, cloaking [25]. Of these areas, many of the applications utilize the sens-

ing facility of SPR spectroscopy. This dissertation focuses on the characterization of

novel substrates and the development of novel techniques for surface plasmon resonance

(SPR) spectroscopy sensing, both of which have implications to other applications as

well. SPR is sensitive to refractive index changes, and it may be used for detecting

sample changes near the sensor surface within a couple hundred nanometers. This

length scale is suited for detection of proteins (antibodies [26, 27, 28, 29, 30, 31],

antigens [27, 28], enzymes [32]) and small molecules (< 1000 kDa; DNA [33, 34],

hormones[35, 36], glucose [37], ammonia[38, 39], pesticides,[40, 41, 42]) in various sur-

face attachment schemes. The sensing capabilities of SPR spectroscopy are employed

in medical diagnostics, food safety, environmental monitoring, biomolecular interaction

studies, and pharmaceutical development (details of specific SPR sensing analytes are

available in several reviews and books on the subject).[7, 43, 6, 44, 45]

SPR sensors exhibit comparable sensitivity to the state-of-the-art techniques

for protein quantification in medical diagnostics and demonstrate added advantages
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that should advance SPR sensors into the forefront of protein assaying and other sens-

ing technology. The generally used technique is enzyme linked immunosorbent assay

(ELISA) which is based on detection of fluorescent markers; however, SPR sensors

have demonstrated comparable sensitivity [46, 47] and have added advantages, such

as reduced analysis time (< 5 min), small sample volume (µL), and lower cost (ap-

proximately $2 per SPR analysis chip). Additionally, SPR spectroscopy uses smaller

instrumentation and may be integrated into lab-on-a-chip type technologies, further

reducing the instrument footprint and accessibility (briefly discussed below). Portable

SPR instruments are commercially available, whereas ELISA instruments are relatively

large bench top instruments. Also, label-free SPR measurements are a better tool for

investigating biomolecular interactions, compared to ELISA measurements which re-

quire fluorescent labels that affects protein binding interaction.

Current SPR sensing research topics focus on advancements in miniaturization

and increasing selectivity and sensitivity.[43, 7, 6] Selectivity is controlled by surface

attachment chemistry and passivation chemistry to induce selective attachment of de-

sired analyte and preclude nonspecific adsorption to the sensor. Generally, a linker

layer is attached to the sensor surface, followed by the biorecognition element which

will bind the analyte in solution. (Details on current research regarding improving

selectivity and attachment chemistry are discussed in reviews by Couture et. al. [6] and

Homola et. al. [7].) Research on increasing sensitivity involves measurements in the

near-infrared rather than conventional visible wavelengths [48, 49], long range surface

plasmons (LRSP) [50, 51], nanostructured SPR materials rather than conventional thin

continuous films [52, 53, 43, 54], and phase modulation measurements [7]. Of these

methods, the investigation of supporting dielectric materials for LRSP is necessary

to overcome its decreased SPR imaging capability and decreased surface sensitivity

[50, 51] and phase modulation SPR spectroscopy involves interferometry with more

complicated analysis and optical setup.[7] Therefore, this dissertation work seeks to

investigate increasing sensitivity by use of nanostructures and increased excitation

wavelength. A vast amount of research has been conducted on SPR sensing properties
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of plasmonic nanostructures,[52, 53, 43] and direct comparison of conventional contin-

uous thin film SPR biosensors to SPR active nanohole arrays (thin metallic films pat-

terned with an array of nanoscale perforations) in the visible wavelength region have

demonstrated improved sensitivity for the nanohole arrays.[55] However, other SPR

nanostructures have demonstrated little difference from thin film SPR;[56, 57, 58, 59]

therefore, this dissertation focuses on the sensing properties of nanohole arrays. Addi-

tional advantages of nanostructured SPR sensors include plasmonic field confinement,

better spatial resolution, [52, 60, 61], highly tunable SP properties, and unique exci-

tation schemes allowing for in vivo measurements in cells or tissues. [52, 60, 61] The

sensing capabilities can be further improved by coupling of nearby surface plasmons,[62]

so the improvement of SPR spectroscopy sensitivity of nanohole arrays by coupling with

the SP of nearby plasmonic nanostructures is also of interest.

The increased sensitivity of nanohole array SPR substrates could be easily im-

plemented by facile substitution of conventional continuous thin films in current SPR

sensing schemes. For example, nanohole arrays SPR sensing pads could be practically

realized in lab-on-a-chip type devices [63] that combine pretreatment of crude sam-

ple and SPR spectroscopy of the analyte (Figure 1.1). This type of device could be

implemented for point-of-care measurements in commercially available portable SPR

instruments. SPR active nanohole arrays could also be employed in multiplexed setups

where several analytes in specific locations on the sensors surface are simultaneously

imaged and quantified. Generally, analyte specific areas are distinguished by pattern-

ing complementary biorecognition elements on thin films.[64, 65] Nanostructures offer

distinct domains which facilitate additional improvements in spatial resolution and

greater multiplexing capacity.[52, 66] Additionally, nanohole array fabrication is fairly

facile, and nanohole array SPs may be excited in alternative excitation modes which al-

low for further miniaturization and simplification of instrumental setup.[6] The ease of

implementation and the aforementioned advantages over conventional continuous thin

film SPR further motivate the investigation of improved sensitivity of such SPR active

nanohole arrays. Herein, the characterization of nanohole array SPR sensing substrates
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and development of analytic SPR techniques and instrumentation are presented.

Figure 1.1: Proposed lab-on-a-chip device with nanostructured SPR sensing pad.

This dissertation investigates the combined power of individually proposed meth-

ods for increasing sensitivity; nanohole array sensing substrates, increased excitation

wavelength value and range, and interaction of nanostructured SPs. The properties

and sensitivity of SPR active nanohole array sensing substrates are investigated in

the near infrared and in interaction with a gold nanosphere. Novel instrumentation

and techniques are also presented with the motivation to explore different wavelength

regions, determine region of greatest sensitivity, allow tunability, and investigate in-

teraction of nanohole array SPs with a nanoparticle. Additionally, the accuracy and

consistency of a method for assessing a primary surface plasmon property, penetration

depth into the sample, is improved and invoked in analysis. These novel instrumenta-

tion and analytical techniques are developed and utilized to assess the properties and

increased sensitivity of nanohole array SPR sensing substrates in the near infrared and

with interaction of other nanostructures.
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1.2 Surface plasmon resonance spectroscopy

The first characterization of the phenomenon of SPR is credited to both Otto

[67] and Kretschmann and Raether [68] in 1968, and detailed discussions of surface

plasmon (SP) properties are widely available. [44, 45, 69] A brief discussion of theory

is provided in this section. A surface plasmon is a collective oscillation of electrons

at the interface of a plasmonic material, generally a metal (m) and dielectric sample

(s), where ϵ′m<−ϵ′s and ϵ is complex permittivity of the given material (Figure 1.2).

Generally, this condition is fulfilled by a thin plasmonic metal film (relatively large

−ϵ′m) and a dielectric sample (+ϵ′s). A surface plasmon is excited at the metal/sample

interface by incident light when the in-plane component (kx) is resonant with the SP

wavevector (ksp);

ksp = kx (1.1)

kx depends on the angle of incidence (θinc) and the refractive index of the incident

medium through which light travels (ηinc);

kx = (2π/λ)ηinc sin θinc (1.2)

ksp is represented by the following equation where λ is the wavelength of light and ϵm

and ϵs are the complex permittivity of the metal and dielectric sample;

ksp =
2π

λ

√
ϵsϵm

ϵs + ϵm

(1.3)

As ksp depends on ϵs, the coupling conditions change with a change in sample refractive

index (ηs); ϵs = (ηs + iks)
2 where k is the imaginary refractive index component. This

is the basis for SPR sensing, as ηs changes a change in the coupling conditions is

transduced.

SPs on thin films cannot be excited by directly incident light, because the

wavevector cannot match the energy of the SP wavevector (kx < ksp). Instead, a
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Figure 1.2: Surface plasmon diagram illustrating the collective oscillation of the elec-
trons at the dielectric/plasmonic material interface. Relative to the direction of surface
plasmon propagation, the magnetic field (Hy) is perpendicular and the electric field (E)
is parallel.

grating or prism is used to increase the wavevector and shift the light line to inter-

sect the SP wavevector, at which point kx = ksp. Most commonly, a prism is used to

couple light into the backside of the SPR sensor by attenuated total reflection in the

Kretschmann configuration. This type of setup is widely implemented in commercially

available SPR instruments and is commonly built in research labs with custom op-

tics. A comprehensive list of commercial bench top and portable SPR spectrometers

is available in [70, 6].

When the incident light couples into and excites the SP, it is perceived as an

absorption in the SPR spectrum (Figure 1.3). In a constant angle setup, an absorption

peak at a specific wavelength (λSPR) is measured. The surface plasmon is excited by

p-polarized (TM) light which has a perpendicular component of the electric field that

may excite the surface plasmon. Correspondingly, s-polarized (TE) light cannot excite

a SP and may be used as a reference for the SPR spectra. Thereby, SPR spectra are

collected as a ratio of reflectivity of p-polarized light to s-polarized light.
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Figure 1.3: SPR spectroscopy (a) excitation diagram and (b) example spectrum.

The SP has a characteristic propagation length along the interface and penetra-

tion depth into the sample, which both depend on the material properties and dictate

the sensing capability. Gold will be considered for the following discussion, because

it is the foremost plasmonic material due to its sensitive plasmonic features (second

to silver) and relatively inert and stable chemistry.[71] The imaginary component of

its complex permittivity dampens the SP wave and affects its propagation length, as

illustrated in figure 1.3(a). A SP propagates for 10s-100s of microns on thin gold films

(approximately 50 nm thick).[72] The propagation length affects the area of interaction

and the imaging capability of the system. Additionally, the SP is an evanescent wave

that decays exponentially into the sample material (Figure 1.3(a)) and into the metal

to a lesser extent (not shown). Thereby, the SP wave is more sensitive near the sur-

face and the sensing depth is characterized by the penetration depth of the SP, i.e. the

distance from the interface where the intensity of the plasmonic field decays to 1/e,

Figure 1.4. The SP is most sensitive to adsorbates and sample RI within this region,

and there is little shift observed for RI changes above this penetration depth.
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Figure 1.4: Evanescent surface plasmon field illustrating the SP penetration depth (ld)
into the dielectric.

1.3 SPR sensors

The specific excitation wavelength (λSPR) depends on sample RI, as detailed

above. Accordingly, a ∆λSPR occurs with change in sample refractive index (RI) (Fig-

ure 1.5). This is used for biosensing by functionalizing the sensor surface with a specific

biorecognition element (antibodies, aptamers, peptides, etc...) [7] which subsequently

binds the corresponding particular analyte to the surface. In this way, the biorecog-

nition elements render the sensor selective to the analyte of choice, an increase in

refractive index is measured upon analyte binding to the biorecognition element, and

the SPR response is related to concentration. By this principle, SPR spectroscopy is

a universal detection method where potentially disruptive labeling of the analyte is

unnecessary. Additionally, unlike other optical absorption/transmission based meth-

ods, measurements may be acquired in real time, and the sample can be opaque or

scattering (i.e. biological fluids).

The response to a given adsorbed analyte, i.e. surface sensitivity, is affected by

the sensitivity to bulk solution change, i.e. bulk sensitivity, and the depth of the plas-

monic field region, designated by the SP penetration depth.[7] A change in refractive

index (∆η = η1 − η2) within the SP penetration depth will effectively cause a ∆λSPR,
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Figure 1.5: SPR sensing principle illustrated as (a) the analyte (antigen depicted as
red triangle) binding to the receptor (antibody depicted as blue Y) and (b) the corre-
sponding shift in SPR excitation wavelength.

however the magnitude of the response depends on the proportion of the plasmonic

field where sample change occurs.[7] Binding of an analyte which extends through only

a fraction of the SP penetration depth causes a smaller response than if it would occupy

the entire SP penetration depth. The entire plasmonic field experiences a change when

a bulk sample RI change occurs (Figure 1.6(a)), and the ∆λSPR/RIU for this bulk

change is the bulk sensitivity (m). When a thin adsorbate layer, such as a protein-

protein pair, adsorbs to the surface, only a fraction of the plasmonic field is occupied

(Figure 1.6(b)). The sensitivity to an adsorbate is known as surface sensitivity and the

∆λSPR depends on the penetration depth (ld) and thickness of analyte (d):[73]

∆λSPR = m∆η[1 − exp(−2d/ld)] (1.4)

Surface sensitivity is the primary figure of merit for a sensing substrate, as the ultimate

detection limit of the system depends on the surface sensitivity to a given analyte

(particular to the sensing platform) and the noise of the system (particular to the

instrumental setup). Optimal surface sensitivity arises from high bulk sensitivity and

SP penetration depth well matched to analyte thickness. The typical penetration depth
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of a SP on a thin gold film is approximately 300 nm,[44] thereby SPR sensors are suited

to analytes within this size domain.

Figure 1.6: Diagram of (a) change in bulk solution refractive index (η) throughout the
entire SP penetration depth and (b) analyte adsorption near the surface which occupies
a fraction of the SP penetration depth. The ∆λSPR for given RI changes represent (a)
bulk sensitivity and (b) surface sensitivity.

Current SPR measurements are highly sensitive and can measure diagnostic

protein levels in interfering matrix. SPR spectroscopy can detect changes in sample

refractive index (RI) as small as 10−6 to 10−7 refractive index units (RIU), the equiv-

alent to an RI shift from a 0.01◦C to 0.001◦C temperature change of water.[7, 74, 75]

This corresponds to diagnostic protein levels where pg/mL to ng/mL concentrations

are easily measured [76, 7, 43, 6] and ng/mL detection in mg/mL interfering protein

has been established [77, 26]. Diagnostic analyte concentrations for numerous diseases
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have been detected by SPR including myocardial infarction [26], cancer[27, 28], hep-

atitis [29], and diabetes [30, 31]. Also, the analysis of protein binding mechanisms is

widely investigated by SPR spectroscopy, as protein kinetic studies require nM range

detection in real-time.[43, 44, 78, 5] SPR sensing facilitates the study of protein bind-

ing constants [44, 4] and possible binding pairs for medicine, bacteriology, virology, cell

biology, proteomics, and molecular engineering.[79, 2, 3] with the added advantages of

measurements free of labels that may disrupt the native protein interactions of interest,

fast analysis time (¡ 5 min), low cost, and small instrument footprint.

In addition to the direct receptor-analyte scheme, other bioreceptor framework

may be implemented to amplify signal and enable detection of small molecules (< 1000

kDa) or generally increase sensitivity.[43, 7] The larger the analyte, generally, the larger

the response, so many assays implement an alternative scheme which uses a larger

adduct in conjunction with the analyte to amplify the signal. Competitive assays are

performed in a solution with both the analyte and an added larger, conjugated version

of the analyte (e.g. analyte attached to a nanoparticle). In this case, the response to

the conjugated analyte is greater than the free analyte, so the signal is inversely pro-

portional to the analyte concentration. Inhibition assays are performed in solutions

with the analyte and antibody mixed. The sensor surface has pre-attached analyte

molecules, so antibodies which have not previously bound to analyte in solution will

bind to the surface, creating an inverse response to analyte concentration. Sandwich

assays implement the direct assay of analyte binding to a pre-bound antibody, then a

secondary antibody is added which binds to the analyte and creates a larger response.

Further response amplification for sandwich assays may be achieved by tagging the

secondary antibody with a gold nanoparticle [80, 81] or latex particle.[82] Enzyme am-

plification may be used in which an enzyme reacts with the analyte and the binding

element to destroy the binding element and release the analyte back into solution to

continue the cycle. This technique allows for highly sensitive measurement of an in-

verse response as the binding element is removed from the surface.[33, 34, 83] Another

method implements the attachment of selective polymers which bind the analyte, such
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as molecularly imprinted polymers for detection of glucose[37] or polyaniline for detec-

tion of ammonia[39]. These methods improve detection limits and allow for detection

of small analytes, however, analysis time is increased (not real-time) and more reagents

are required (more expensive).

1.4 Plasmonic nanostructures

Plasmons cannot freely propagate in plasmonic materials with structures smaller

than the wavelength of light; rather, a localized surface plasmon is excited by resonant

incident light which has unique SPR sensing potential and application in other areas,

including photothermal cancer treatment [1], surface enhanced spectroscopies [11, 12],

optics [13, 14, 15, 16, 15, 17, 18, 19], data storage [20, 21, 22], etc... A localized sur-

face plasmon (LSP) is an oscillation of electron density with respect to the ion lattice

induced by an applied electric field and a restoring force to equilibrate the resulting

charge imbalance within the nanoparticle (Figure 1.7(a)).[66, 52, 84] The conduction

electrons within the nanostructure shift upon plane-wave excitation and the resulting

polarization within the nanostructure causes a temporal oscillation of the electrons.

An optical frequency exists that is resonant with this electron oscillation. The reso-

nance enhances the field within the nanoparticle and causes an energy absorption and

scattering maximum. The Mie theory [85] describes the extinction (combined scatter-

ing and absorption) of a spherical nanoparticle by the following solution of Maxwell’s

equations; [86]

E(λ) ∝ ϵm,i

(ϵm,r + χϵs) + ϵ2
m,i

(1.5)

where ϵm,r and ϵm,i are the real and imaginary components of the metal complex

permittivity, ϵs is the complex permittivity of the surrounding sample, and χ is a

geometry factor for considering nanoparticle aspect ratio. An extinction maximum

E(λ) occurs at a resonant frequency, λLSPR, when ϵm,r(ω)+2ϵs = 0, assuming |ϵm,r| >>

ϵm,i (Figure 1.7(b)). This model for the extinction maximum of simple nanostructures

is well established.
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Figure 1.7: LSPR spectroscopy (a) excitation diagram and (b) example spectrum.

Larger and more complex nanoparticles do not adhere to this simple model. The

LSPR excitation principle remains similar; however, there may be several LSPs excited

within more complicated structures. For nanoparticles larger than the Rayleigh ap-

proximation (d > 30 nm), depolarization effects occur which cause multipolar LSPR in

various orders, red-shifting of the resonant frequency, and dampening of the LSPR. Par-

ticulars of numerous nanostructure geometries have been investigated for their unique

LSPR properties, including nano- rods, spheres, triangles, rings, shells, cubes, crescents

etc... [66, 52, 87, 84, 88, 89] In these cases, LSPR properties may be modeled by dis-

crete dipole approximation [90, 91], finite difference time domain [92, 93], or rigorous

coupled wave analysis [94].

1.5 Nanostructured SPR sensors

LSPs are sensitive to sample refractive index as observed in equation (1.5), so

they may be used for sensing near-surface binding events similar to propagating SPs.

Contrastingly, LSPs are non-propagating, radiative surface plasmons that localize and

enhance the electric field around the nanostructure, and they do not require additional

momentum increase from the directly incident light line. They may be excited directly,
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which offers alternative excitation modes and lends to miniaturization and simplifica-

tion of optical setups. Additionally, the penetration depth of SPs supported on nanos-

tructures is smaller than the penetration depth of propagating SPs, which may lead

to increased surface sensitivity and reduced sensitivity to temperature fluctuations, as

discussed in section 1.3.[84] In the visible wavelength region, penetration depth (ld)

of nanostructure SPs is 12nm < ld < 300nm [95, 54, 96] compared to ld = 270 − 320

nm for thin gold films.[97] As such, biosensors based on plasmonic nanostructures have

been widely investigated, with numerous reviews on the subject.[52, 53, 84, 98, 99]

Comparisons of surface sensitivity of LSPR sensors based on nanostructured thin films

of nanohole arrays [55] have demonstrated a marked improvement in surface sensi-

tivity compared to continuous gold films in the visible wavelength region. However,

nanotriangles [56], nanodisks[57], and nanorods [58] have shown little difference from

conventional SPR biosensors. Thereby, this dissertation is particularly interested in

nanohole array SPR substrates.

The increased sensitivity of nanohole arrays arises from complex SP characteris-

tics, and the understanding of these SPs allows for their manipulation and application.

Briefly, SPR sensors based on both 2D periodic (hole arrays) and 1D periodic (single

slit) nanostructured thin films support various SPR modes, including localized, short

range, and propagating SPs, and their interaction may increase sensitivity.[55, 100, 101]

The various SPs may be excited in different optical modes, including transmission,

Kretschmann configuration, and reflection, because the periodic nanostructures act as

a built-in grating to diffract light and fulfill momentum matching requirements for SP

excitation. Of particular interest, transmission mode has exhibited similar sensitivity

to continuous thin film SPR spectroscopy[102, 103], and Kretschmann configuration

interrogation has exhibited up to 1.6× greater sensitivity than continuous thin film

SPR spectroscopy [55, 54]. (Details of the SP and excitation modes are discussed

in chapter 2.) Other nanostructured thin films that may have similar traits include

corrugated films and groove gratings, but SPR studies on these substrates has been

limited. SPR spectroscopy of corrugated gold films in Kretschmann configuration has
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been simulated and demonstrated a theoretical 6− 7× improvement over conventional

continuous gold films.[104] Additionally, a study on groove gratings exhibited LSPR

bulk sensitivity > 10× lower than continuous gold [105], and similar sensitivity when

excited indirectly.[106, 107]

In addition to increased sensitivity, the unique SP characteristics of nanostruc-

tured SPR sensors offer other practical advantages. The highly confined plasmonic

field increases the absolute detection limit due to reduced binding area, and it offers

better spatial resolution for multiplexing purposes. [52, 60, 61] Nanostructures also

enable a novel multiplexing technique in which, rather than spatially separated mea-

surements, nanostructures of various physical parameters with different SPR signatures

are utilized within one sensing region. In this case, different analytes on different plas-

monic nanostructures have been simultaneously measured at different wavelengths.

[108, 109, 110] This is easily implemented because nanostructure SP characteristics

(penetration depth, excitation wavelength, field strength, penetration depth, etc...)

are highly tunable by physical parameters. This tunability also allows for controlled

enhancement and tuning of SP sensitivity. Furthermore, isolated plasmonic nanostruc-

tures excited in transmission mode may be implemented in instances where thin films

cannot, such as in vivo measurements in cells or tissues. [52, 60, 61] Sensing capabilities

can be further improved by more elaborate sensing schemes that involve the coupling

of surface plasmons.

1.6 Surface plasmon coupling and gap mode SPR spectroscopy

The interaction of surface plasmons can increase the intensity and localization

of the plasmonic field, and ultimately SPR sensing capability. When the plasmonic

fields of two nearby structures interact, gap mode enhancement occurs and the field

intensity within the gap between the structures is increased by up to five orders of

magnitude.[62] The field enhancement occurs due to an increase in composite dipole

moment and depends on the polarization direction of incoming light, gap distance,

and plasmonic structure dimensions (Figure 1.8). Gap mode interaction is greatest
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for light polarized parallel to the inter-particle axis, along the direction of gap and

kz.[62] Additionally, the modification of the SP mode depends on the distance between

the structures (d) and nanostructure diameter (D). As the gap distance decreases, the

field becomes more localized and enhanced within the gap, and a spectral shift occurs.

The relative intensity within the gap drastically increases, until the system’s resonant

distance (dres) is reached, and the greatest gap mode enhancement occurs. Then,

as d < dres, intensity begins to decrease again.[111, 112] Generally, dres correlates to

distances below 0.2 to 0.5× D.[112, 62] In addition to increased intensity, an increase

in the confinement of the plasmonic field also occurs. Konopsky et. al. [111] derived the

width of the LSP in gap mode, L, for a nanosphere and continuous thin film as follows:

L ≈
√

dD (1.6)

Thus, the SP field is further confined when d < D. This translates to lower detection

limits in SPR sensing and greater multiplexing capabilities.[66, 52, 60]

Figure 1.8: Illustration of gap mode SPR enhancement between two nearby plasmonic
structures, pictured as a metal nanosphere and thin continuous film. The enhancement
increases as the distance between the nanosphere and thin film decreases to d < D. kx

and kz represent the x and z components of the incident wavevector.

Gap mode SPR spectroscopy has been a topic of current research for increasing
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SPR sensing capability and enhancing Raman signal between nanostructures. SP cou-

pling of plasmonic nanostructures to other plasmonic nanostructures or thin films can

greatly increase SPR sensitivity [1, 113, 114], and tuning the SPs to a highly resonant

window (both λSPR within ≈ 100 nm) provides additional enhancement.[100, 115, 116]

For example, response to binding of bovine serum albumin was increased by up to 6×

for metal nanoparticle dimers as compared to parallel isolated metal nanoparticles.[117]

SP coupling is also utilized in LSPR sensors based on the aggregation of nanopar-

ticles. The LSP greatly redshifts or diminishes as isolated nanoparticles aggregate

into a larger compound structure. [118, 119] Another type of gap mode SPR sen-

sors, called plasmonic rulers, detect small distance changes between two nanoparticles.

Distance between nanoparticles joined by an analyte (e.g.DNA) changes with confor-

mational change and length of the analyte, and is thereby transduced into a large SPR

shift.[120, 121]

Gap mode enhancement applies to tip or surface enhanced Raman spectroscopy

(TERS and SERS) as well. Briefly, the working principle for SERS and TERS is

enhancement of both the laser light and the Raman scatter by the plasmonic field

of either a nanostructured substrate (SERS) or a metal nanoparticle attached to the

tip of an atomic force microscopy probe (TERS). The Raman signal from within the

enhanced field can be resolved from far-field background signal, thereby isolating the

enhanced, localized chemical information. Gap mode enhancement can improve the

limit of detection for both SERS and TERS [122, 101, 123, 124] and may improve

the resolution for chemical mapping by TERS. Generally, TERS resolution reaches

sub-diffraction limits dependent on the nanoparticle diameter, but localization of the

plasmonic field within the gap can produce sub-tip diameter resolution. By equation

(1.6), the plasmon field may be confined to smaller dimensions than the tip diameter,

D. Thus, when the distance between the structures is less than the particle diameter,

sub-tip resolution is achievable.[111]
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1.7 Overview of dissertation

As discussed in the preceding material, a main focus of SPR sensor research

is improving surface sensitivity. This dissertation explores sensitivity optimization

through tuning SP characteristics to particular analytes and conditions. Particularly,

the SPR excitation wavelength and SP penetration depth are investigated due to their

influence on surface sensitivity (Figure 1.9). For a given analyte of relative size as

pictured in figure 1.9, a smaller penetration depth will induce a greater response due

to the closer match between analyte volume (Va) and SP sensing volume (Vs). Com-

paratively, the analyte occupies less of the SP field for a larger Vs and produces a

smaller ∆λSPR for the given analyte. Furthermore, the penetration depth dictates the

distance above the surface where the field enhancement occurs and the analyte should

be positioned for SP enhanced spectroscopies. Both the bulk sensitivity[45, 125] and

penetration depth[44] increase with SPR excitation wavelength, λSPR, and may be

optimized to particular analytes.

The development of highly stable NIR-SPR instrumentation is investigated in

chapter 3 to access higher SPR excitation wavelengths past the conventionally used

visible wavelength region. Higher wavelength regions offer increased bulk sensitivity

and facilitate study of novel nanostructured materials with features in this region. The

developed accessory is more accessible than previously developed accessories, because

it utilizes the source and detector of a commercial FTIR spectrometer and requires less

initial investment and alignment (Refer to section 3 for more information). Enabling

excitation wavelength range from the visible to NIR regions also facilitates tunability

of SP penetration depth. However, with increased λSPR there is also an increase in

SP penetration depth; ld = 270 − 1630 nm for λSPR = 693 − 1560 nm is theoretically

determined from Maxwell’s equations. The use of nanostructures may reduce the

penetration depth by estimates of up to 10×, as evidenced by data collected in the

visible range (Figure 1.10). [95, 54, 96]

The accuracy of calculating penetration depth values is important to assessing
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Figure 1.9: Factors affecting SPR spectroscopy surface sensitivity (msurf). The SP field
diagrams depict different ld, and thereby Vs, with the same Va; Va/Vs1 > Va/Vs2 →
msurf1 > msurf2

.
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Figure 1.10: Comparison of theoretical penetration depth of continuous gold film (grey)
and projected penetration depth of plasmonic nanostructures (purple). The blue box
indicates the thickness of the general SPR spectroscopy analytes where, if penetration
depth was reduced to these distances, optimal Va/Vs would be attained.
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these novel nanostructured substrates, therefore an improvement upon previous exper-

imental methods is established by accounting for adsorbate-gold bonding effects and is

presented in chapter 4. The technique incorporates an adsorbate-metal bonding effect

which improves the consistency in the penetration depth value calculated at different

adsorbate thicknesses. It also improves the experimental agreement with theory, in-

creases the accuracy of assessing novel plasmonic materials and nanostructures, and

increases the precision in adsorbate parameters calculated from the penetration depth

value, such as thickness, binding affinity, and surface coverage.

The decreased penetration depth of nanostructures, and increased bulk sensi-

tivity with increasing λSPR motivates the investigation of nanostructures in the near

infrared (NIR). In particular, SP active nanohole arrays are investigated throughout

the NIR. Utilizing the NIR-SPR instrument and improved technique for calculation

of penetration depth, the sensitivity and various SP modes of the nanohole arrays

throughout the NIR range are evaluated, and an improvement in sensitivity compared

to conventional continuous gold is observed. Both the Bragg SPs arising from diffrac-

tion by the periodic holes and the traditional propagating SPs are characterized with

emphasis on sensing capability of the propagating SPs. There are numerous studies on

the transmission spectroscopy of nanohole arrays; however this dissertation presents

one of the few studies in Kretschmann mode, and the first in the near infrared, where

greater surface sensitivity is observed. The sensitivity profile of various nanohole ar-

ray parameters (periodicity, diameter, excitation wavelength) and SP modes is also

presented.

Potential for further field enhancement and increased SPR sensitivity by SP

coupling between nanohole arrays and a plasmonic nanosphere is also explored. As

previously discussed, gap mode enhancement occurs under specific conditions, which

amplifies and localizes the SP field and may be exploited for sensing purposes and

surface enhanced techniques, including tip enhanced Raman spectroscopy (TERS) or

surface enhanced Raman spectroscopy (SERS). A technique for observing nanohole

array-nanoparticle distance dependent SP interaction is developed and utilized to
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demonstrate SP interaction. Scanning probe microscopy controls the position of a

single nanoparticle (SNP) affixed to an atomic force microscope probe, and the loca-

tion (axial and lateral) specific interaction of the SNP-nanohole array surface plasmons

may be measured by darkfield surface plasmon resonance spectroscopy. This disserta-

tion presents the first empirical observations of SPM controlled gap mode enhancement

of more complex nanostructures and allows for optimization of positioning prior to use

in sensing.

An outline of the dissertation is as follows. Chapter 2 discusses the various

SP types and excitation modes of plasmonic nanohole arrays. The facile fabrication

method is presented with emphasis on the ease of structural parameter control, which

affects the SP properties and may be used for tuning accordingly. Chapter 3 describes

the development and characterization of an SPR instrument enabling measurements in

the NIR range with improved robustness and temporal stability compared to a previ-

ous NIR-SPR instrument. Chapter 4 presents an improvement to the current empirical

method for calculation of SP penetration depth. Consideration of bonding effects on

the gold permittivity, and subsequently the SPR conditions, increases the accuracy and

consistency of the calculation. This method and the instrumentation from chapter 4

are implemented in chapter 5 to evaluate surface sensitivity and SPR characteristics of

various nanohole arrays. The interaction of surface plasmons supported on a nanohole

array and a single nanoparticle affixed to an atomic force microscopy (AFM) probe is

studied in chapter 6 for application in optimizing gap mode enhancement of the plas-

monic field. Lastly, the overarching conclusions, brief summary, and future directions

are presented in chapter 7.
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Chapter 2

NANOHOLE ARRAY SP FEATURES IN VARIOUS OPTICAL
CONFIGURATIONS

2.1 Introduction

The plasmonic properties of nanohole arrays are exploited in many fields and ap-

plications with continued growth in research activity and number of publications since

the discovery of their surface plasmon activity by Ebbesen in 1998 [126] (Figure 2.1).

Applications have widely expanded from Ebbesen’s original proposed use of nanohole

arrays for near-field scanning optical microscopy and sub-wavelength photolithography[126].

The vast areas of research include surface-enhanced spectroscopy (Raman, fluorescence,

infrared)[127, 128][129, 130, 131][132], optics (polarization control, filtering, switching,

nonlinear optics, waveguiding) [13, 14][15][16][15][17, 18], optoelectronics[133, 134], and

surface plasmon resonance sensing[135, 136, 133]. In particular, this dissertation ex-

plores the SPR sensing capability of nanohole arrays, but the fundamental characteri-

zation of the SP features may provide insight to other applications as well.

SPR sensing with plasmonic nanohole arrays has demonstrated increased biosens-

ing capability over conventional continuous gold[55, 54] and has been investigated for

numerous analytes and optical configurations[133, 70, 6]. The majority of the studies

utilize transmission mode spectroscopy to measure the SPR signal and have attained

similar sensitivity as thin film SPR.[102, 103] However, measurements of nanohole ar-

rays in Kretschmann configuration exhibit comparatively greater sensitivity. A 20-fold

increase in sensitivity to Immunoglobulin G and 7-fold increase for bulk refractive index

change was observed by Couture et. al.[55] for measurements in Kretschmann config-

uration compared to transmission mode. This chapter presents the various SP modes
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Figure 2.1: Number of publications on plasmonic hole arrays listed by year. Data
retrieved from Web of Knowledge[137]

.

supported on nanohole arrays that are excited in different optical configurations. Un-

derstanding the plasmonic modes allows for manipulation and selection of parameters

for a given application.

In addition to the excitation mode, the SPR wavelength and structural param-

eters of the nanohole arrays affect the sensitivity as well. Extending SPR wavelength

into the near infrared (NIR) in Kretschmann configuration offers potential for greater

sensitivity than in the visible wavelength region [45, 125], and investigation in a novel

wavelength region (the NIR) for exciting Bragg SPs in Kretschmann configuration.

SPR on nanohole array substrates in Kretschmann configuration has been researched

in the visible wavelength region (refer to [138, 139, 55]), but has not been measured

in the NIR to our knowledge. Furthermore, the Bragg SPR wavelength depends on

the diameter and periodicity of the nanohole arrays [140, 141]. The physical param-

eters of the nanohole arrays are easily controlled by the nanosphere lithography fab-

rication technique (discussed below). This technique is easily implemented, requires

little resources, and produces highly reproducible features. Contrastingly, the colloidal

24



techniques used for fabrication of most other free standing nanostructures lacks repro-

ducibility, and fabrication by focused ion beam or electron beam lithography requires

advanced instrumentation and long fabrication times.

2.2 Nanohole array surface plasmon resonance modes

Nanohole arrays support various SP modes (Figure 2.2). Localized surface plas-

mons arising from Mie type scattering may be excited within the nanohole [142] and

propagating plasmons similar to continuous gold (equation (1.3)) may be excited in

the strips of gold between the rows [139]. Additionally, shorter range plasmons in the

regions between neighboring holes are excited by incident light that is diffracted into

the sample plane according to the Bragg resonance order of the reciprocal space lat-

tic, thereby they are called Bragg SPs. In this case, the momentum matching model

includes additional terms to equation (1.1) for the reciprocal lattice vectors (Gx and

Gy); [69, 140]

ksp = kx + iGx + jGy (2.1)

where (i,j) represents the Bragg resonance order. For a hexagonal array, the lattice

vectors may be represented in terms of the nanohole array periodicity (P), Gx = Gy =

4π/(
√

3P) [6], so that by equations (2.1) and (1.3) the SPR wavelength (λSPR(i, j)) is

determined by;[140]

λSPR(i, j) =
P√

4
3
(i2 + ij + j2)

[√
ϵsϵm

ϵs + ϵm

− ηincsinθinc

]
(2.2)

LSPs arise from scattering within the individual nanoholes, however they are

affected by other SP modes and LSP of surrounding holes when separation distances

are on the order of the wavelength of light. Comparatively, a single isolated nanohole

does not exhibit the grating type dispersion, but does support a LSP and may be

treated as a magnetic dipole. Traditional Bethe-Bouwkamp theory predicts almost

no zero order transmission through a single subwavelength hole; however, there is
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Figure 2.2: Diagram of nanohole array SP modes.

apparent extinction arising from LSPs at the edges of and along the depth of the

hole.[15, 143, 144] Detection of the near field intensity of a single nanohole demonstrates

the hole acting as a SPP point source with interference fringes arising from interference

of SPs with transmitted light.[145] The LSP of a single hole[146] or a nanohole chain

[142] may be used for sensing, similar to other LSPR sensors, though the Bragg SPs

and propagating plasmons cause enhanced transmission effects at specific wavelengths

(discussed in section2.5) and are better suited to sensing applications.

SP modes may be coexcited within the same nanohole array structure, which

further increases the electromagnetic field intensity and SPR response. Similar wave-

length excitation of various SP modes, within a 100 nm window, may facilitate coupling

between the SPs and an increase in field intensity. An increase in SPR spectroscopy

sensitivity has been observed for nanohole arrays [100] when the propagating λSPR was

100 nm redshifted from the Bragg λSPR.[100] This effect has also been observed for

ordered arrays of buried nanovoids where coupling between localized and propagating

modes was tuned by structure parameters and angle of incidence.[115, 147] Studies

of surface enhanced Raman spectroscopy (SERS) has further supported this notion

by demonstrating an increase in field and SERS intensity when Bragg SPs and LSPs

or different order Bragg SPs occur at similar wavelengths.[122] The interplay of SP

modes also creates “hotspots” or regions of greatest field intensity across the nanohole
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array surface. Hotspots are a well known phenomenon exploited in SERS for targeted

analyte placement and maximal response. The hotspots on nanohole arrays has been

imaged by SERS[128] and may also be considered to maximize signal by directing ana-

lyte binding to these hotspots and in effect reduce detection limits.[148, 149] Nanohole

arrays with D/P= 0.63-0.54 exhibit greatest field intensity at the rim of hole, whereas

for D/P<0.5, the greatest intensity occurs within the hole.

It should be noted that, in addition to SPR, other optical phenomena of the

nanohole arrays are evident in different spectroscopic configurations. In particular,

Wood’s anomalies may occur, which overlap and interact with the other optical features.[150,

144, 66] Wood’s anomalies arise from light which is diffracted into the nanohole array

plane and is redistributed into allowed orders. The diffraction wavevector, kdiffraction,

may be represented by;

kdiffraction = 2π
√

ϵd/λ (2.3)

where ϵd is the complex permittivity of the dielectric through which the light passes

(air, prism, etc...). By equations (2.1) and (2.3) the wavelength position for Wood’s

anomalies (λWA) may be determined by;

λWA(i, j) =
P
√

ϵd√
4
3
(i2 + ij + j2)

(2.4)

Different optical configurations may access and utilize different plasmonic modes

(Figure 2.3). Long- and short- range propagating plasmons cannot be excited by di-

rectly incident light, rather momentum matching must be achieved by coupling via

prism or grating. A prism may be used to excite propagating plasmons, and diffraction

from the nanoholes themselves may excite Bragg SPs. Thereby, Bragg SPs may be

excited in all configurations, however additional optical components, such as the prism

used in Kretschmann configuration, are necessary to reach the momentum to excite

propagating plasmons similar to continuous gold. Contrastingly, localized surface plas-

mons are radiative modes which may be excited directly. Traditionally they are excited
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in transmission mode and perceived as an overlying feature in the spectra.[144] Spec-

trally, the lower order Bragg SPs and propagating plasmons may be sensitive to sample

refractive index (RI) and used for sensing purposes. All of the SP modes increase field

intensity and may be utilized for field enhanced techniques.[66, 151, 44]

Figure 2.3: Different SPR optical configurations including (a) Kretschmann configura-
tion (b) reflection and (c) transmission modes.

Accordingly, different SPR spectroscopy configuration may be selected for dif-

ferent applications. Selective considerations for a given sensing application include

propagation length, sensitivity to changes in the particular sample, physical limitations

of optical setups, and SPR wavelength tunability. LSPs and Bragg SPs are confined

to within the holes and within the regions between the holes, respectively, whereas the

propagating plasmons freely propagate for distances similar to that on continuous gold

(tens of microns, depending on excitation wavelength).[138] This affects SPR imaging

capability as well as sample interaction area. Regarding SPR sensitivity, measurements

in Kretschmann configuration have shown a 20-fold increase as compared to transmis-

sion mode.[55] Additionally Kretschmann configuration allows for real-time measure-

ment in biological fluids which are highly scattering. Yet, despite reduced sensitivity,

several immunosensors have been developed based on transmission through nanohole

or nanotriangle arrays [152, 149, 153, 136], but few have investigated Kretschmann

configuration.[54, 55] This may be due to simplicity of optical setup; however, the
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addition of a prism is straightforward, requires little space, and may transition to com-

mercial use easily as there are many commercially available bench top and portable

SPR systems[6]. However, transmission mode has application in flow through analysis

where analyte binding efficiency is increased and sensitivity may be increased by 6×

compared to flow over techniques.[149]

2.3 Nanohole array fabrication by nanosphere lithography

Nanohole arrays of different nanohole diameter, periodicity, and height are fab-

ricated by a nanosphere lithography technique [154, 155, 156] in which a mask of

hexagonally close packed polystyrene nanospheres is sputter coated and removed, leav-

ing behind a nanohole array patterned gold film. The nanohole arrays are formed on

glass cover slips that are cleaned by immersion in boiling piranha solution (3:1 (v/v)

concentrated H2SO4: 30% H2O2 (Fisher Scientific, Fair Lawn, NJ) Caution: Piranha

solution is strongly oxidizing and should be handled with great care) for at least one

hour, then triple rinsed and sonicated with deionized water and actively dried with

nitrogen gas stream (Keen Compressed Gas Co., Wilmington, DE). Nanosphere tem-

plates are formed by allowing entropy driven packing to occur within a monolayer of

spheres (Figure 2.4(a)). This is achieved by one of two methods; scoop or dropcast.

For the smaller nanospheres, the scoop method was implemented, in which an aliquot

of nanosphere solution is dispensed onto a dry slide and the slide is floated atop a

water meniscus formed within a petri dish. A drop of 2% w/w sodium dodecyl sulfate

(85%, Acros Organics, New Jersey) solution is dispensed onto the water to perturb the

nanospheres and initiate ordered packing. A wet, clean slide is used to scoop a layer of

the nanospheres with a minimal underlying water layer. The slide is allowed to slowly

air dry on a level microscope slide, covered with a petri dish that is propped up slightly

with another microscope slide. The dropcast method involves direct dropcasting of so-

lution onto a dry slide and slow drying on this surface. As the solution evaporates, the

nanospheres pack within the confined, diminishing water meniscus, until they reach

close packing. Table 2.1 outlines the amount of solution dropcast onto the dry slide
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and the amount of ethanol and water added to the provided nanosphere solution (10%

w/w, 490 nm and 600 nm spheres from ThermoScientific, Fremont, CA and 450, 820,

1500, and 3000 nm spheres from Duke Scientific, Palo Alto, CA).

Figure 2.4: Schematic of nanohole array fabrication by nanosphere lithography; (a)
nanosphere mask formation (b) reactive ion etching of nanospheres to reduce diameter
(c) sputter coating nanosphere mask with gold and (d) removal of nanosphere mask.

The nanospheres are then reactive ion etched by oxygen plasma (Figure 2.4(b))

in a plasma etcher (Harrick Plasma, Ithaca, NY). The nanospheres maintain their or-

der, but the diameter size reduces, thus the periodicity is fixed by the initial nanosphere

diameter. After etching, the slide is coated in a DC magnetron sputterer (Cressington

Scientific Instruments Ltd., model 308R, Watford, UK) with 3 nm chromium (99.95+%,

Kurt J. Lesker Co., Clairton, PA) and variable thickness gold (99.99%, ESPI Metals,

Ashland, OR) layer (Figure 2.4(c)). Generally, 60-80 nm was chosen for gold thickness

and controlled within 2 nm variation. The masks are placed on a raised stage close

to the specific metal target in order to increase sputtering efficiency and direction-

ality of sputtered material plasma. This accounts for the inherent divergence in the

plasma plume with distance from the target and minimizes creep under the nanosphere.

The sputtering time changes as a function of the nanosphere template. Larger diam-

eter:periodicity ratio minimizes the space between spheres and minimizes efficiency of

sputtered material depositing within the confined space, so the sputtering time required

for a given thickness is calibrated by AFM for particular templates. After sputtering,

the nanospheres are removed by sonication in ethanol or chloroform for 10 min (Fig-

ure 2.4(d)), leaving a thin gold film with nanohole array perforations. The sample is

washed with ethanol and dried with dry nitrogen.
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Table 2.1: Procedural details for nanosphere lithography template formation.

The method choice (scoop or dropcast) and solution ratios were optimized to

achieve the largest continuous nanohole array area and the resulting procedure is pre-

sented in table 2.1. The oxygen etch pressure and time were investigated as well.

An oxygen pressure of 20-40 mTorr within the etching chamber effectively etched the

nanospheres, whereas higher pressures extinguished the plasma, and lower pressures

were inefficient. Additionally, the extent of etching depends on the time and position

within the etcher. For example, for nanospheres with diameters of 490-3000 nm, the

necessary etching time ranged from 8-75 min for etching to a <0.3 diameter:periodicity.

The appropriate etching time and final analysis of particular diameters was validated

by atomic force microscopy (AFM) of nanohole arrays fabricated at ranging etching

time. The etching time relationship to diameter reduction is nonlinear and varies

somewhat with ambient pressure, so AFM was necessary to confirm the dimensions

of each nanohole array set. Furthermore, a long initial etching phase occurs where

the portions of the nanosphere in free space are etched more rapidly than the portions

touching adjacent nanospheres. In this case, a bridge of material is formed between ad-

jacent nanospheres as demonstrated in figure 2.5. After the bridge is broken, material

is rapidly removed, and the diameter quickly reduces. The protrusions from bridging

round so that the resulting nanospheres are spherical, as evidenced by AFM images

(e.g. Figure 2.2 and Figure 5.2). Therefore, sets of particular periodicity and diameter

were etched in batches where samples were positioned within the same 2 in2 area within
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the plasma etcher and etched for the same amount of time.

Figure 2.5: SEM images of polystyrene bridges formed between nanospheres due to
anisotropic reactive ion etching.

This batch method produces highly reproducible nanohole structures. An av-

erage variation in diameter of 9% was achieved (n > 8). The periodicity was fixed by

the nanosphere diameter, which falls within a distribution as reported by the supplier

in terms of relative standard deviation (RSD); 490 nm ± <3%, 600 nm ± 1.7%, 820

nm ± <3%, 1500 nm ± 4%, 3000 nm ± <5%. This affects the periodicity variation,

and efficient packing could be disrupted if the RSD were too large. The presented

procedure culminated in ordered arrays over large areas on the scale of millimeters.

Within the ordered area there are defects such as grain boundaries/dislocations and

missing holes. The dislocation free area for given nanohole arrays is presented in table

2.2.

2.4 Kretschmann configuration SPR

SPR by Kretschmann configuration is achieved by coupling light through a

prism to the backside of the nanohole array (Figures 2.3(a) and 2.6). The nanohole

array is coupled to the prism by refractive index matching liquid. SPR at the nanohole

array-sample interface is measured as an absorption in the reflected spectrum. In
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Table 2.2: Size of single orientation area of different periodicity nanohole arrays and
number of nanoholes in continuous line. The area provided refers to average area within
grain boundaries.

the following instances, the incident angle is held constant, so that the excitation

wavelength (λSPR) is measured.

Different λSPR regimes may be accessed depending on the angle of incidence,

broadband source, detector, and optical materials used. The common wavelength

interrogation range is within the visible region and excites the propagating SPs between

600-700 nm. This involves incident angles above 70° for excitation of the propagating

plasmon through a BK-7 prism. An optical setup was built to investigate nanohole

arrays in the visible wavelength regime (Figure 2.6). The use of a dove prism simplifies

the setup by facilitating a collinear optical train.[157] As such, the collection optics

were in line with the source optics, and the angle of incidence was set by the prism

geometry (72.8°). A W-halogen light source (Oriel Instruments, Stratford, CT) was

pseudo-collimated by an SMA collimator attachment. The light passed through a

linear polarizer (25 mm ϕ, Edmund Optics, Barrington, NJ) and the angle spread and

spot size were constricted by a 1 mm aperture. The light was incident on a sample

coupled to a BK7 dove prism. The light was collected through an SMA collimator lens

and passed to an Andor SR303i spectrometer with 150 l/mm grating (South Windsor,

CT) for detection. Periodicities of 450 nm and 820 nm were investigated with this

setup. Representative spectra in various refractive index media are presented in figure

2.7. The propagating plasmon is not observed in air, but is excited at ≈ 620 nm in

water and ≈ 680 nm in ethanol. The feature at ≈ 820 nm is fairly insensitive to
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sample refractive index, appearing at a consistent wavelength regardless of dielectric

medium. This feature arises from a combination of Bragg SPs and may be removed by

subtracting the air spectrum from the other spectra in order to analyze the propagating

SP sensitivity.[139]

Figure 2.6: Optical setup for Kretschmann configuration SPR in the visible region.

SPR spectroscopy in the near infrared (NIR) is enabled by an accessory which

fits into a commercial FTIR spectrometer. The accessory directs a constricted por-

tion of the light from the FTIR spectrometer source to a prism coupled to the SPR

substrate and back into the FTIR spectrometer for detection. The first generation

accessory is a modification to a variable angle reflectance accessory, the Autoseagull

(Harrick Scientific, Pleasantville, NY) which is explained in detail in the publication

entitled “Characterization of a Variable Angle Reflection Fourier Transform Infrared

Accessory Modified for Surface Plasmon Resonance Spectroscopy”[48] and pictured in

figure 2.13(b). The modified Autoseagull accessory has automatic angle change capa-

bilities, however the stability and platform flexibility could be improved. Therefore,

a second generation NIR-SPR accessory, the “v2 accessory”, was developed from the

ground up. Chapter 3 details the development and characterization of the v2 accessory.

The NIR-SPR spectra of various nanohole arrays was collected on the v2 accessory and

is presented in great detail in chapter 5. Briefly, in addition to the propagating plasmon,

there are numerous Bragg SPs excited which depend on the periodicity. The Bragg

SPs exhibit poor sensitivity, whereas the propagating plasmon is highly sensitive and

may be used for sensing.
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Figure 2.7: Representative SPR spectra in visible Kretschmann configuration for air
(—), water (—), and ethanol (—).

The NIR-SPR setup may be used for mid-infrared SPR spectroscopy by ex-

changing the lenses and prism material to components with optical transparency in

the infrared. ZnSe lenses (Thorlabs, Newton, NJ) and CaF2 prism (Thorlabs, Newton,

NJ) can be used for interrogation of 0.8 − 8µm. In this case, the prism geometry was

an equilateral triangle, rather than a dovetail trapezoid, so that a wider range of appli-

cable angles may be accessed. Nanohole arrays of ranging periodicity (490, 820, 1500

and 3200 nm) were fabricated on CaF2 slides (Crystaltechno, Ltd., Moscow) and their

MIR-SPR spectra were acquired. The MIR-SPR spectra from 7000-3500 cm−1 (1.4-2.9

µm) did not exhibit apparent Bragg SPs and there was significant noise interference

around 4000 cm−1.

2.5 Transmission mode SPR

Nanohole array Bragg SPs and LSPs may be excited in transmission mode

(Figure 2.3(c)) and extraordinary optical transmission (EOT) due to SPR has been

widely studied since its discovery by Ebbesen et. al.[126] EOT is a phenomenon where a

greater amount of light is transmitted through the nanohole array than is geometrically
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passable through the open hole area. EOT arises from coupling of Bragg SPs and

LSPs launched from the holes on the front and back-sides of the nanohole array and

subsequent reradiation.[126, 158, 15]

Figure 2.8: Transmission spectra for various (a) periodicity (constant D/P = 0.6±0.07)
and (b) diameter (constant P=450 nm) nanohole arrays.

The transmission spectra are a complex combination of LSPR, Bragg SPs, and

Wood’s anomalies. Bragg SPs (equation (2.2)) arise from different resonance orders

(e.g. (1,0), (1,1)) and both sides of the nanohole array (glass or air).[159, 133] The

light which couples to Bragg SPs may be coupled to the other side and reradiated such

that it is measured as a peak in transmission (EOT). LSPR within the holes manifests

as a broad peak that overlays the spectrum.[66, 150] The feature may overlap with the

Bragg SPs and cause broadening or double peaks, however it is only apparent when the

wavelength of LSP and Bragg SP excitation are similar.[160] A band of light centered

at approximately 490 nm is transmitted through optically thin to near optically thick

gold layers and is apparent in spectra in this wavelength region.[150] Wood’s anomalies

transfer light into certain wavelengths governed by equation (2.4), which may interfere

with the Bragg SPs and form Fano type resonances in transmission intensity.[150, 161,

162] In effect, the spectra are complex with various maxima and minima (Fano-like
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resonances). For sensing purposes, an RI sensitive spectral feature should be selected.

Generally, the minima between the (1,0) peaks arising from the sample and glass

interface is selected[138, 133, 159], and its λSPR and sensitivity depends on diameter

and periodicity of the nanohole arrays.[140, 139]

Figure 2.9: Transmission spectra of nanohole array (P=820 nm, D=224±13 nm) in air
and sucrose solutions. Water absorption features apparent at < 6800cm−1

.

An optical setup was configured to collect and analyze transmission spectra of

various nanohole arrays. The setup for transmission spectroscopy in the visible range is

parallel to figure 2.6 with the prism removed and the sample positioned perpendicular

to the optical axis (θinc = 90◦). A Bruker Optics (Billerica, MA) Hyperion FTIR

microscope was used for transmission spectroscopy in the infrared. The condenser in

the bottom of the microscope was removed, so the light was collimated and transmitted

perpendicularly through the sample. The transmission spectra of nanohole arrays in air

was investigated as a function of diameter size (constant P=450 nm) and periodicity

(constant D/P = 0.6 ± 0.07). The SPR features likely correspond to the (1, 0)glass

Bragg SP with the (1, 0)air Bragg SP below the measured range. A red shift in λSPR
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(minimum of the transmission dip) with increasing periodicity and D/P is apparent in

figure 2.8. Thereby, the λSPR is easily tuned by nanohole array parameters.

The sensitivity of a nanohole array with P=820 nm, D=224±13 nm was assessed

by measurement in air and a set of sucrose solutions with ranging refractive index,

1.333 − 1.390 RIU (Figure 2.9). The spectra exhibit a SP feature at 1000 nm when

in solution. This can likely be identified as a dip between the (1, 0)sample and (1, 0)glass

Bragg SPs according to modeling performed by [138, 133, 159] and its sensitivity to

sample RI. A calibration curve for ∆λSPR of the (1, 0)sample peak vs. RI determines the

transmission mode sensitivity for this nanohole array; 490±18 nm/RIU (-4900±180

cm−1/RIU). This is in agreement with similar studies in literature.[55, 138, 136]

2.6 Reflection mode SPR

SPR spectroscopy in reflection mode (Figure 2.3(b)) is performed with the Au-

toseagull NIR-SPR setup [48] with the prism removed (refer to figure 2.13(b)). In

this manner, the light is directly incident on the nanohole array, and the reflected

light is detected by the FTIR spectrometer. Bragg SPs may be excited in this setup

and are offset from Kretschmann configuration by the wavevector differences due to

prism coupling (approximately 300 nm blue shifted from Kretschmann configuration

at θinc = 65◦). The RI environment is similar to that in Kretschmann configuration

(glass-gold-sample) as the nanohole array is fabricated atop a cover slip and air in-

terfaces the opposing side; however, the light is directly reflected from the nanohole

array-sample interface. Thereby, ηinc corresponds to air rather than glass and the λSPR

is offset from λSPR observed in Kretschmann configuration accordingly (equations 1.2

and 2.2). Reflectance spectra for 820 nm periodicity nanohole arrays at θSPR = 65◦

exhibit peaks at 9500-9200, 7100, and 5600 cm−1 (1050-1090, 1410, and 1790nm), refer

to figure 2.10. The potential for artifacts from possible residual polystyrene remaining

within the nanoholes is nullified, because polystyrene exhibits broad NIR absorption

peaks at 8500 and 6300 cm−1.
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Figure 2.10: Representative reflectance spectra of nanohole array with P=820 nm.

2.7 Short range plasmons with azimuthal angle

The Bragg SPs depend on the polarization of the incident light vector relative

to the nanohole array lattice axis.[163, 147] The relative orientation is characterized

by the azimuthal angle (ϕ) between the linearly polarized incident light vector and x-

axis of the nanohole array reciprocal lattice, as pictured in figure 2.11. By controlling

the azimuthal angle, the short range plasmon wavelength may be tuned.[163, 147]

Recently, a model for Bragg SPs has been developed by Masson et. al. [164] which

considers azimuthal rotation. The model involves an additional factor for azimuthal

rotation, R, in equation (2.2);

λSPR(i, j) =
P√

4
3
(i2 + ij + j2)

[√
ϵsϵm

ϵs + ϵm

− ηincsinθincR

]
(2.5)

Where,

R = i cos ϕ + j cos(ϕ + 60) + i sin ϕ + j sin(ϕ + 60) (2.6)

The theoretical Bragg SP λSPR changes with nanohole array periodicity and

ϕ (Figure 2.12). For a given periodicity nanohole array, there is a repetition of the
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Figure 2.11: Azimuthal angle (ϕ) and different Bragg resonance orders (x,y) displayed
with respect to nanohole array reciprocal lattice. a and b represent the two different
vector lengths from (0,0) included in the diagram.

Bragg SPs λSPR every ∆ϕ = 60° arising from radially symmetric Bragg lattice orders

correlating to (a) the (1,0) distance from the origin or (b) the (1,1) distance from the

origin. Furthermore, the Bragg SP λSPR are reflected every ϕ = 30°, so analysis of

the features within the first 30° represents the possible Bragg SP λSPR’s for the low

Bragg resonance orders illustrated in figure 2.11. At any given ϕ within this 30° range,

the specific Bragg SPs may be assessed. The Bragg SP λSPR’s may overlap in some

instances, and degeneracy of Bragg SP λSPR is observed. Changing periodicity causes

a red shifting of Bragg SP λSPR and larger ∆λSPR with ϕ; therefore, Bragg SP λSPR

may be tuned with periodicity and ϕ. (More detailed discussion and Bragg resonance

order designation in experimental spectra is presented in section 5.4.)

The Bragg SPs may be controlled in a highly ordered sample with consistent

azimuthal angle throughout the interrogated region. Modeling by equation (2.5) for

variable azimuthal angle (ϕ = 0− 30◦) demonstrates a tunable ∆λSPR range of 129 nm

for the Bragg SP arising from (-1,0) resonance order at both the glass (λSPR = 1909−

2038 nm) and air (λSPR = 1549 − 1678 nm) interfaces (θinc = 65◦ and P = 820 nm in

Kretschmann configuration). Similarly, when P=490 nm, a tunable range of ∆λSPR =

77 nm for the Bragg SP arising from the (-1,0) resonance order at both glass (λSPR =
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Figure 2.12: Theoretical Bragg SP λSPR as a function of azimuthal angle, ϕ, for various
periodicity nanohole arrays. The Bragg SPs supported on both the glass (ηg = 1.5)
and the sample side (ηs = 1.0 for air) were modeled with θinc = 65◦. There are
some points which do not follow the curve and may be disregarded. They result from
instances where the wavelength drops below the range of the model (700-2300 nm) and
erroneous λSPR are calculated in return.
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1148 − 1225 nm) and air (λSPR = 929 − 1006 nm) interfaces is predicted. Change

in ϕ inducing a shift in SPR wavelength for nanostructure arrays has been observed

previously.[147, 165] The range in SPR wavelength with changing azimuthal angle could

be utilized for applications in coupling to specific nanostructures or switching on and

off high coupling or SPR active regimes.

In order to adjust the azimuthal angle in practice, a rotational prism-SPR sub-

strate holder was developed which also has XY positioning (Figure 2.13). There is a

flow cell interfacing to the bottom of the prism, so that solution exchange is facili-

tated at the SPR substrate interface. Rotation is controlled within 2° and the sample

position may be adjusted with the XY positioning screws.

Figure 2.13: (a) Rotational prism-SPR substrate holder for changing azimuthal angle
within the Autoseagull NIR-SPR accessory. (b) Photograph of Autoseagull NIR-SPR
accessory in FTIR spectrometer sample compartment.

This setup was implemented with the prism removed to collect reflection spectra

at various azimuthal angle (ϕ = 0−30◦, in increments of 5°). Measurements of nanohole

arrays with P = 820 nm were acquired at θinc = 65◦ (Figure 2.14). A change in λSPR
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of 14 ± 3 nm and 11 ± 5 nm was measured for the (-1,0) Bragg SP at the glass and

air interfaces, respectively. Theoretically, ∆λSPR = 86 nm for the Bragg SP arising

from the (-1,0) resonance order at both the glass (λSPR = 1626 − 1719 nm) and air

(λSPR = 1260−1360 nm) interfaces is predicted. The difference between predicted and

measured ∆λSPR is most likely due to inhomogeneous orientation in fabricated nanohole

arrays (no dislocations for 20-40 µm) over the interrogated area (approximately 1 mm)

and broadening of the peaks.

Figure 2.14: Experimental (a) reflection spectra of nanohole array (P=820 nm) and
(b) respective λSPR at azimuthal angle=0-30°at glass (g) and air (a) interfaces.

2.8 Conclusion

The SPs on nanohole array substrates are excited in several optical modes and

should be selected according to application. The Bragg SPs are excited in each spectro-

scopic mode investigated, including transmission, reflection, and Kretschmann config-

uration. The Bragg SPs are sensitive to sample change, but the propagating plasmon

excited in Kretschmann configuration demonstrates greater sensitivity and can operate

in highly scattering samples, such as biological fluids. Therefore, Kretschmann configu-

ration is best suited for biosensing, whereas other modes may be desirable for situations

requiring a free optical axis, simplified optical scheme (no prism), or flow through anal-

ysis. SP excitation by darkfield or transmission modes is desirable for coupling with
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a scanning probe microscope (as discussed in chapter 6). Transmission spectroscopy

also facilitates flow through, rather than flow over, analysis, which has demonstrated

an increase in sensitivity of 6×[149] due to increased analyte binding efficiency and

binding to regions of greatest field intensity within the hole. However, Kretschmann

configuration remains more sensitive for biosensing and has not been previously inves-

tigated in the NIR, which may further increase sensitivity. Furthermore, situations of

increased binding efficiency within the holes may be developed and the SPs may be

tailored by structural parameters and azimuthal angle of incident wavevector.
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Chapter 3

DEVELOPMENT AND CHARACTERIZATION OF NIR-SPR
INSTRUMENTATION

3.1 Introduction

SPR spectroscopy is commonly performed in the visible range of the electro-

magnetic spectrum resulting in a plasmonic wave penetrating approximately 250 nm

into the dielectric material with lateral propagation length of 15-20 µm and sensi-

tivity to bulk RI changes approaching 3000 nm/RIU for configurations utilizing 50

nm continuous gold films in aqueous media (η = 1.333).[45] The sensitivity to RI

change is connected to the excitation wavelength and has been shown to increase

accordingly.[45, 125] Transitioning to longer excitation wavelengths simultaneously in-

creases the penetration depth into the dielectric, providing a response to RI changes

that more closely resembles the bulk sample rather than its surface [45], as well as

an increased lateral propagation length.[166] Longer excitation wavelengths may be

used to investigate novel materials that have displayed plasmonic properties in the in-

frared (IR) range. In particular, conducting metal oxides (e.g. indium-tin oxide),[167]

nanostructured arrays (refer to chapter 5),[168, 96] and, more recently, graphene,[169]

have all shown great promise as new materials for sensing applications. Additionally,

the penetration depth may be tailored throughout this region to suit different analyte

architectures and types as illustrated in figure 3.1 and discussed in section 1.7.

Most optical configurations used for IR-SPR spectroscopy measurements have

relied on custom optics and bread-board configurations guiding the IR beam from

the source, or spectrometer, to the plasmonic surface by either optical fibers[170] or

open paths.[171, 172] GWC Technologies commercializes the SPR 100 accessory,[173]

a pre-packaged NIR-SPR solution utilizing the beam coupled out of a conventional
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Figure 3.1: SP penetration depth fitting to different analytes. Nanostructured SPR
substrates exhibit smaller penetration depths (purple) than continuous gold films
(grey), both of which are variable with SPR wavelength.

bench-top FTIR spectrometer, while employing custom optics and an external detector

to generate and detect the SPR response. Although comparatively straightforward

to implement, the SPR 100 displays the inherent financial drawback associated with

dedicated optics and detector in addition to requiring the use of a Thermo Scientific

FTIR spectrometer, limiting universal access of the technique.

Recently, Menegazzo et al. described a variable angle accessory originally de-

signed for reflectance-absorption IR spectroscopy and subsequently modified for SPR

analysis.[48] This approach displayed the advantage of interchangeability between dif-

ferent brands of IR spectrometers in addition to lowering the initial cost to begin SPR

measurements by utilizing the FTIR spectrometer’s native detector and optical train.

Overall, the modified IR-SPR platform displayed an 8x improvement in sensitivity

compared to vis-SPR analysis while providing the ability to tune the excitation wave-

length over a wide range (≈700 - 1550 nm). While this approach was successfully

implemented for static measurements, low optical throughput due to the use of aper-

tures resulted in low signal-to-noise ratios translating into time-consuming spectral

averaging. Furthermore, creeping mechanical drift in the system, inconsequential to

IR reflectance spectroscopy and the accessory’s originally intended purpose, rendered
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temporal SPR spectroscopic analysis of dynamic systems impractical. Therefore, a

second generation IR-SPR accessory, described here, was designed and constructed to

overcome the limitations presented by the modified approach.

This chapter describes in detail the optical and mechanical components utilized

in the second-generation platform, along with all analytical figures of merit required

for a complete analytical characterization. Particular effort was devoted to minimize

mechanical drift, resulting in a stable signal well-suited for dynamic reactions. The

SPR response of gold in the NIR range is highlighted herein to facilitate comparison

with previous reports, however, the accessory was designed with sufficient flexibility of

input parameters and optical components to accommodate a range of novel materials.

3.2 Experimental methods

3.2.1 Instrumentation

Spectra were collected on a Bruker Optics (Billerica, MA) Vertex 70 FTIR spec-

trometer equipped with a halogen broadband NIR source, room-temperature indium-

gallium-arsenide detector, and a calcium fluoride beamsplitter. IR-SPR spectra were

recorded using two variable angle IR-SPR accessories: an Autoseagull (Harrick Scien-

tific, Pleasantville, NY) variable angle reflectance accessory custom-modified for SPR

measurements and a second generation accessory engineered specifically for IR-SPR

spectroscopy, which will be the focus of this contribution. A detailed description and

characterization of the modified Autoseagull was previously presented by Menegazzo

et. al.[48] and pictured in 2.13. To simplify the following discussion, the two accessories

will be simply referred to as “Autoseagull” or “v2”, respectively, throughout the fol-

lowing text. Measurements with the v2 accessory were acquired with 100 co-additions,

0.5 mm source aperture, 3 mm accessory iris, 100× electronic signal amplification, and

8 cm−1 resolution at ≈22◦C (unless otherwise noted). Measurements with the Au-

toseagull accessory were acquired with similar parameters with the exception of slight

adjustments for throughput to a 1 mm source aperture and 10× electronic signal ampli-

fication (unless otherwise noted). Spectra were acquired with p- and s- polarized light,
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then ratioed (Ip/Is) to produce the final SPR spectrum. Gold-coated SPR substrates

were optically coupled to BK-7 prisms with RI matching fluid (RI=1.5100) (Cargille

Laboratories, Cedar Grove, NJ).

3.2.2 Gold surface preparation

Circular (Fisher Scientific, Fair Lawn, NJ, ϕ = 25 mm) and rectangular glass

coverslips (Electron Microscopy Sciences, Ft. Washington, PA, 10.5 x 35 mm) were

used for the Autoseagull and v2 accessory, respectively. The glass coverslips were

cleaned by immersion in boiling piranha solution (3:1 (v/v) concentrated H2SO4: 30%

H2O2 (Fisher Scientific, Fair Lawn, NJ) Caution: Piranha solution is strongly oxidizing

and should be handled with great care) for at least one hour, then copiously rinsed with

deionized water and actively dried with nitrogen gas stream (Keen Compressed Gas

Co., Wilmington, DE). The clean and dry coverslips were immediately coated in a DC

magnetron sputterer (Cressington Scientific Instruments Ltd., model 308R, Watford,

UK) with 5 nm chromium (99.95+%, Kurt J. Lesker Co., Clairton, PA) functioning as

an adhesion layer and 50 nm gold (99.99%, ESPI Metals, Ashland, OR) layer. Gold-

coated coverslips were used without delay following sputter deposition.

3.2.3 Beam path and optical alignment

A simplified ray-tracing diagram of the v2 accessory is shown in Figure 3.2a

along with a front-view photograph of the accessory (Figure 1B). Converging light from

the spectrometer entering the sample compartment is collimated by using an uncoated

BK-7 biconcave lens (f = -100.0 mm, Thorlabs, Newton, NJ), through an adjustable

iris restricting the diameter of the infrared beam and minimizing stray light. The beam

is re-directed 90◦ upwards by the mirror labeled M1 towards a rotating mirror (M2)

responsible for guiding the beam towards the internal reflection element, a BK-7 dove

prism (10 mm H x 10 mm W x 42.40 mm L, Thorlabs, Newton, NJ), at the desired

incident angle. The internally reflected beam is returned to the spectrometer after

being steered through two additional mirrors (M3 and M4) and subsequently through
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a second biconcave lens and a zinc selenide polarizer (Edmund Optics, Barrington,

NJ). The divergent, polarized beam is finally re-focused onto the detector element by

an ellipsoidal mirror (part of the spectrometer’s optical train).

By adjusting the two rotating mirrors (M2 and M3) and the prism’s vertical

position, the incident angle can be changed as desired. The two adjustable mirrors in

Figure 3.2(a) are connected to a gear system, which simultaneously, and equally, rotates

both M2 and M3 by means of a knurled wheel handle located on top of the accessory. A

detailed front-view illustration and a photograph of the gear system is shown in Figures

3.2(c) and 3.2(d). The gear system consists of a 1:10 gear ratio mechanism, which in

turn is connected to a right-hand worm gear. On opposite sides of this worm gear, two

bronze worm gears equipped with anti-backlash springs are fixed onto a carbon steel

shaft. The anti-backlash springs provide constant tension in the mechanism, ultimately

preventing free movement of the rotating mirrors. A timing pulley is fixed on the same

steel shaft, meaning that movement of the worm gear produces identical motion of the

timing pulley. Finally, a timing belt transfers motion to a second timing pulley, which

is directly connected to the rotating mirror mount on the front of the accessory. A US

Digital (Vancouver, WA) X3M MEMS inclinometer fixed onto M3 provides readout

of the angle of the reflected beam incident onto the in-coupling facet of the internal

reflection element. The angle at the internal reflection point can then be calculated

from the inclinometer readout. The optical path configuration employed requires that

a change in incident angle must be accompanied by a change in the vertical position

of the prism to ensure that the internal reflection point remains at the center of the

prism. An Igus (East Providence, RI) Drylin SHT leadscrew table equipped with an

anti-backlash mechanism allowed for precise vertical positioning of the prism. The table

was further modified to provide a 48 mm travel within the constrained dimensions of

the accessory (290 mm H x 190 mm W x 150 mm D). To further minimize possible

residual backlash, incident angles were consistently approached from 7◦ above and 20◦

below the incident angle for the v2 and Autoseagull accessory, respectively.

Optical alignment of the v2 accessory was achieved by centering a helium neon
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Figure 3.2: (a) Simplified ray-tracing illustrating the beam-path as it passes through
the different optical components of the IR-SPR accessory. (b) Photograph showing the
fully assembled accessory within the sample compartment of the FTIR spectrometer.
(c) Schematic (with timing belts removed for clarity) and (d) photograph of the gear
system responsible for rotating the in- and out-coupling mirrors (M2 and M3).
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laser (632.8 nm, Research Electro-Optics, Boulder, CO) through the accessory. The

accessory and laser were both carefully leveled on breadboard platforms. Mirrors M2

and M3 were immobilized at 45◦ with a custom fixture, while mirrors M1 and M4 were

fixed on kinematics mounts (Thorlabs, Newton, NJ), also at 45◦, enabling fine-tuning.

Finally, mirrors M1 and M4 were slowly adjusted until the laser beam illuminated center

markings fixed on each mirror. However, despite a meticulous alignment procedure a

small discrepancy was inevitably observed between the incident angles measured by the

inclinometer and those determined by Fresnel modeling of the SPR spectra. Additional

details are presented in later sections of this contribution.

Finally, the accessory was mounted on a standard base-plate designed by the

instrument manufacturer to facilitate integration of different components into the spec-

trometers sample compartment. A flow cell with an internal volume of 0.6 mL was fitted

to the topside of the prism to facilitate solution exchange.

3.2.4 Bulk Sensitivity

Bulk sensitivity (∆λSPR/∆η) was calculated from the shift induced by RI cali-

bration standards of varying sucrose (≥99.5%, Sigma-Aldrich, St. Louis, MO) concen-

trations prepared in deionized water at room temperature (≈ 22◦C). While wavelength-

dependent values for RI of the sucrose solutions are not readily available, η of glucose

solutions determined by effective medium approximation may be used since sucrose and

glucose exhibit negligible (<0.0001 RIU) RI differences at a similar concentration.[171,

174]

3.2.5 Angular calibration and SPR wavelength determination

The angle of incidence in the IR-SPR v2 accessory was determined by match-

ing theoretical SPR spectra of specific incidence angle to experimental SPR spectra in

deionized water. Theoretical SPR spectra were calculated using custom MATLAB code

based on Fresnel’s equations[170] with wavelength specific RI values for water obtained
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from Segelstein[175], gold from Johnson and Christy[176] while BK-7 values were cal-

culated using dispersion coefficients available in Schott Glass product catalog.[177] The

chromium adhesion layer was omitted from calculations due to the lack of reliable RI

values for λ >1.24 µm, however the practically insignificant difference of modeled λSPR

with and without chromium (for λ >1.24 µm) substantiates omission. The location

of SPR dip minimum was determined by calculating the zero of the derivative of a

second order polynomial fit of the parabolic SPR dip. The angle of incidence used for

modeling is considered a match to the experimental angle when the difference between

experimental and theoretical minima is <1 nm.

3.3 Incident angle and bulk sensitivity calibration

The abscissa in IR spectra is commonly reported in terms of wavenumber (cm−1)

while SPR data is presented in terms of λSPR (nm). When possible, figures of merit

for the accessory will be presented as ν̃SPR (cm−1) and λSPR (nm) in order to facilitate

interpretation of the results by representatives of both fields. With the current optical

components, the IR-SPR v2 accessory enables acquisition of SPR spectra in the 14,300

- 4,200 cm−1 (700 - 2,400 nm) range with tunable SPR excitation wavelength and

sensitivity by incident angle adjustment. The angle on the incident mirror (M2) may

be adjusted with precision of 0.001◦ and standard deviation in the readout of 0.005◦

observed over a duration of at least 12 hrs, allowing for exquisite control of the desired

ν̃SPR (λSPR). Comparison between exemplary experimental and theoretical spectra for

various incident angles is shown in Figure 3.3.

The theoretically matched incident angle was compared to the angle calculated

from the inclinometer readout of the mirror position and beam path geometry. The

difference between the geometrically calculated (by ray-tracing) (θgeo) and theoretically

matched (θtheor) angle of incidence ranges from 1.10◦ to 1.35◦ for ν̃SPR = 14,620 - 7,270

cm−1 (λSPR = 684 - 1375 nm), with a linear relationship described by θtheor = 1.0353

×θgeo − 1.0429 (R2 = 0.9999). Fresnel modeling fails to match experimental spectra

only for angles near the critical angle of BK-7/water (61.8◦ in Figure 3.3), however

52



Figure 3.3: Experimental (—) and theoretical (- - -) SPR spectra at different incident
angles. Listed incident angle calculated by Fresnel modeling.
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the linear fit may be extrapolated to this region to adjust the angle by inclinometer

readout to the theoretically matched angle. For example, the spectrum collected at a

geometric angle of 60.73◦ (λSPR = 1650 nm) corresponds to a theoretical angle of 61.8◦

presented in grey in Figure 3.3. The differences observed between θgeo and θtheor are

most likely due to a combination of effects from minor misalignment of the accessory

with respect to the incoming beam and the possible error in the inclinometer readout

(up to ± 0.4◦ according to manufacturer specifications). The angular mismatch is not

detrimental to measurements collected with the accessory since it may be mathemati-

cally compensated for and there is high reproducibility in adjusting the incident angle,

as will be discussed a later section. The angle by inclinometer readout may be con-

verted to the theoretically matched angle by the linear fit. For instance, the theoretical

angle for the SPR spectrum collected at an inclinometer angle of 61.93◦ ( ν̃SPR=8532

cm−1) translates to a “true” incident angle of 63.05◦.

As the incident angle is decreased (and wavelength is increased), bulk sensi-

tivity over a linear response range shows an increase by approximately 8-fold, from

-97,242 cm−1 RIU−1 (4,983 nm RIU−1) to -250,946 cm−1 RIU−1 (38,534 nm RIU−1),

for plasmonic excitation ranging from 14,144 cm−1 (707 nm) to 8475 cm−1 (1180

nm). Calibration of the v2 accessory with sucrose solutions is presented in Fig-

ure 3.4. The bulk sensitivity (∼nm/RIU) for λSPR (nm) between those measured

may be interpolated from the second order polynomial fit to m vs. λSPR; m =

0.0976(λSPR)2 + 113.0(λSPR) − 36251, R2 = 0.994.

3.4 Parameter selection for high throughput and SPR dip quality

The quality of the SPR spectra may be affected by native components of the

spectrometer and accessory and should be evaluated for greatest SPR dip quality based

on optical throughput and sharpness of the peak. Factors influencing the SPR spectral

profile include the spectrometer’s aperture size and the size of the iris located at the

entrance port on the accessory. The assessment of the aperture is specific to the

Bruker Optics Vertex 70 FTIR spectrometer used in this study, and should be similarly
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Figure 3.4: Bulk sensitivity to sucrose solutions ranging in concentration from 0%
(pure water) to 3% w/w spanning incident angles from 68.6◦ to 64.06◦.

assessed for different spectrometers. The optimal balance was achieved by employing

a 0.5 mm aperture in the spectrometer and a 3 mm iris within the accessory (refer

to Figure 3.5). The choice in parameters resulted from a compromise between high

optical throughput and sharp SPR dip features. The ratio of the full width at half

attenuation to the attenuation (FWHA/A) of the plasmonic feature is used to define

the sharpness of the SPR dip as a measure of the SPR resolution.[44, 54] Low values

for the FWHA/A are associated with more desirable, “sharper”, dips. At ν̃SPR of 6700

cm−1, the FWHA/A significantly increases from 3680±60 cm−1 to 7370±30 cm−1 as

the aperture diameter is increased from 0.5 mm to 5 mm, making 0.5 mm the preferable

choice. Furthermore, at angles of incidence above approximately 65◦, back reflections

at different optical interfaces for aperture diameters above 1 mm result in multiple,

potentially convoluting SPR dips, rendering larger diameters additionally undesirable.

Iris diameters of 3 mm and 2 mm produce similarly low FWHA/A, so the optimal

iris diameter of 3 mm is selected based on higher optical throughput. At 3 mm iris

diameter, the FWHA/A is 4860±270 cm−1 at 6100 cm−1 and 1740±220 cm−1 at 13,450
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cm−1. Also to be noted, ν̃SPR changes with iris size, again, due to minor misalignment

of the incident beam with respect to the accessory as indicated in the difference between

geometric and theoretical incident angle.

Figure 3.5: SPR minimum (λSPR) (�) and peak FWHA/A (�) for various aperture
and iris size. The analysis of the aperture size is specific to the Bruker Optics Vertex
70 FTIR spectrometer.

3.5 Evaluation of stability metrics for two NIR-SPR accessories

The v2 accessory also offers improved temporal stability and reproducibility

over the modified counterpart, evaluated by deviation in SPR response for bare gold

layers in deionized water with respect to time, angle change, and sample change for

N number of replicate measurements per K number of trials (Table 3.1). All mea-

surements were acquired at longer wavelengths (ν̃SPR ≈7600 cm−1, unless otherwise

noted), where bulk sensitivity is highest, specifically to illustrate stability under worst-

case scenarios. The v2 accessory shows high stability and reproducibility with angle

change demonstrated by converting the observed λSPR deviation with angle change

into angle deviation by matching experimental λSPR to theoretical SPR spectra eval-

uated for specific angles. The angles used in modeling to achieve <1 nm difference

between theoretical and experimental λSPR encompass a small range in incident angles

of 62.64 ± 0.006◦, resulting in a low angle change variability of 0.01% relative standard
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deviation. The v2 accessory also exhibits superior overall stability over a period of

eight hours (sampled at two-minute intervals with ambient temperature fluctuations

of 1.1 ± 0.6◦ C) and equilibration within ≈1 h, determined by the difference in the

highest and lowest ν̃SPR; ∆ν̃SPR <10 cm−1. Of the six representative trials shown in

figure 3.6, the largest deviation observed resulted in a drift of ≈80 cm−1, though more

frequently lower values (≈20 cm−1) were recorded. In contrast, stabilization of the

modified Autoseagull resulted in an unpredictable drift in from 450 cm−1 to 50 cm−1,

sometimes with no clear indication that stable readings could be achieved. We would

like to reiterate that the angular drift observed is not damaging to conventional IR

reflectance spectroscopy, but renders kinetic measurements with IR-SPR spectroscopy

unreliable. Overall, the v2 accessory shows low temporal drift and short mechanical

stabilization periods.

Figure 3.6: Temporal stability of the (a) v2 and (b) modified Autoseagull IR-SPR
accessories in water at room temperature with bare gold SPR substrates.

The mechanical robustness of the v2 accessory was further evaluated by record-

ing the deviation in SPR response upon moving several components within the system.

The results are included in Table 3.1 for ν̃SPR ≈7600 cm−1, unless otherwise noted.
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The sample-to-sample metric quantifies the ability to obtain similar upon disassem-

bling the flow-cell and replacing the gold-coated substrate while maintaining other

parameters constant and is, perhaps, one of the most important metrics presented

in Table 3.1. SPR spectroscopic measurements often require different substrates for

replicate measurements, for example, during biosensing, denaturation of immobilized

antibodies imposes a practical limit on the repeated use of the modified surface.[45]

Since sensitivity is related to the optical parameters employed, the ability of an in-

strument to return similar experimental output upon sample change is of clear benefit.

A second metric demonstrating the resilience of the designed accessory to mechanical

perturbation is reflected by the small change in obtained following replacement of the

entire accessory assembly in-and-out of the spectrometer’s sampling compartment; on

average a deviation of only ≈5 cm−1 over a total of six measurements using two dif-

ferent gold-coated substrates was recorded. Replace flow-cell involves measurement of

following removal and re-attachment of the flow cell without disassembly, while stage

re-adjustment encompassed moving the flow-cell 5.3 mm below the ideal stage posi-

tion and subsequently re-positioning; the ideal position was interpreted as the location

on the optical patch yielding the highest throughput. Hence, the v2 accessory offers

highly reproducible measurements between replicate samples and various instrument

parameter changes over a long time scale, facilitating acquisition of temporal data or

high volume, requiring measurements of multiple substrates under similar conditions.

3.6 Capability for kinetic measurements

Spectral averaging is commonly used in both SPR and IR spectroscopies to

improve the signal-to-noise ratio at the expense of temporal resolution. The spectro-

scopic capability for rapid measurements is key to kinetic analysis of protein-protein

interactions, a popular application of SPR spectroscopy.[7] To assess the compatibil-

ity of the accessory with kinetic measurements, spectral and temporal resolution was

calculated from baseline fluctuation of IR-SPR measurements and compared to the

resolution typically adopted. The deviation in (λSPR) over 50 measurements acquired
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Table 3.1: Comparison of the stability metrics for the IR-SPR v2 and Autoseagull
accessories.

Values reported as variation in SPR response for N number of replicate measurements per K number
of trials at ν̃SPR ≈7600 cm−1, unless otherwise noted.

at one minute intervals was calculated for 10 and 100 co-additions following a period of

8 hours ensuring that the measured variation in is not of thermal or mechanical origin.

Measurements with 10 co-additions require a collection time of 5 s per spectrum and

show a standard deviation of 15 cm−1 (or 0.8 nm) at 13,213 cm−1 and 0.2 cm−1 (or 0.03

nm) at 7,419 cm−1. Comparable deviation was obtained with 100 co-additions which

require 48 s per measurement; 3.6 cm−1 (or 0.2 nm) at 13,203 cm−1 and 0.1 cm−1 (or

0.03 nm) at 7,419 cm−1. Note that the deviation is reduced at lower wavenumber due

to higher optical throughput, despite increased sensitivity resulting from excitation of

surface plasmon polaritons at longer wavelengths. Consistent with the analysis pre-

sented by Jung et al.,[73] the limits of detection (LOD) for 10 co-additions at 13,213

and 7,419 cm−1 were calculated. The bulk LOD was evaluated from baseline fluctua-

tion and bulk sensitivity as 3.8x10−4 RIU at 13,213 cm-1 and 1.7x10−6 RIU at 7,419

cm−1. These LODs correspond to a minimum detectable protein (ηa = 1.57) thickness

of 0.12 nm and 0.004 nm in buffered solution (ηs =1.33). Subsequently, this translates

to a LOD range of binding protein in solution of 1.2x10−6 M to 1.2x10−9 M at 13,213
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cm−1 and 2.0x10−8 M to 2.0x10−11 M at 7,419 cm−1 for a typical binding affinity range

of 105 L/M to 108 L/M[44, 78, 178] and 1.9 nm effective thickness of close packed pro-

tein layer.[73] Generally, association and dissociation constants are determined from

fitting to binding curves for several concentrations in the nM to mM range measured

with resolution on the scale of seconds in visible-SPR spectroscopy.[44, 78, 178, 179, 26]

Therefore, the temporal and spectral resolution obtained with 10 co-additions meets

the standard requirements for real-time monitoring of protein binding over the NIR

wavelength range. Additionally, the resolution at 100 co-additions corresponding to

minimum detectable layer thickness of 0.05 nm and 0.002 nm at 13,213 cm−1 and

7,419 cm−1 is compatible with self-assembly of alkanethiolate monolayers.[180, 97]

3.7 Conclusion

A second generation accessory for IR-SPR spectroscopy was designed to address

the limitations associated with a previously developed method based on a modified

variable angle reflectance accessory. High temporal stability of the new accessory, re-

sulting from incorporation of elements with anti-backlash mechanisms, rendered the

described platform compatible with optical and mechanical requirements for kinetic

measurements of, for example, biomolecular interactions. Furthermore, by utilizing

the spectrometer’s native baseplate, assembly of the accessory into the sample com-

partment is straightforward, requiring no user input. The accessory was also designed

to be highly flexible, displaying the potential to accommodate investigations of differ-

ent optical materials across different wavelength ranges, with demonstrations of the v2

accessory for sensing and material characterization applications presented in following

contributions.
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Chapter 4

ADSORBATE-METAL BOND EFFECT ON EMPIRICAL
DETERMINATION OF SURFACE PLASMON PENETRATION DEPTH

4.1 Introduction

SPR spectroscopy has become a popular analytical tool for studying surface-

based events, particularly as a biosensing platform for investigating protein interact-

ions.[44] A SP decays exponentially with distance perpendicular to the surface and the

conditions for matching and exciting the surface plasmon are described by its wavevec-

tor, ksp, which depends on the complex permittivity of the solution (ϵs) and plasmon

supporting material (ϵm), equation (1.3). Because complex permittivity relates to the

real (η) and imaginary (k) components of refractive index (ϵ = (η+ik)2) this translates

to local RI change affecting the ksp and, consequently, the wavelength of incident light

creating a SP that couples with the surrounding media. The SPR coupling conditions

are sensitive to near surface RI.

There is, of course, a practical difference between ‘bulk sensitivity’ and ‘surface

sensitivity’. In many bioanalytical applications of SPR, selectivity is derived from a

thin layer of bioreceptors, often antibodies or peptides, attached to the sensor surface.

High surface sensitivity, i.e. SPR response to adsorbate loading, is achieved when a

greater proportion of the evanescent plasmonic field is occupied by the adsorbate layer

rather than the bulk solution [73], a scenario which also reduces contributions from

bulk environmental RI fluctuations. Consequently, sensitivity to RI changes within the

thin region of analyte binding sites (surface sensitivity) is more informative of sensor

performance than is the sensitivity to RI changes throughout the entire penetration

depth of the SP (bulk sensitivity).
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Matching the analytical volume with the thickness of the analyte layer, so that

the analyte layer lies entirely within the sensing volume or occupies the majority of

the sensing volume, results in maximal surface sensitivity and selectivity against bulk

effects. The analytical volume sensed by the plasmonic field may be estimated from its

characteristic penetration depth (ld), which is defined as the distance from the plasmon

supporting surface at which the intensity of the field decays to 1/e, as illustrated in

figure 4.1. [44, 73] The effective refractive index (ηeff) observed by the SP is thus the

average of the bulk solution RI (ηs) and the adsorbate monolayer RI (ηa) weighted by

the portion of the analytical volume resident in each layer:

ηeff = ηs exp(−2d/ld) + ηa[1 − exp(−2d/ld)] (4.1)

where d is the thickness of the adsorbate monolayer.5 The observed shift in the SPR

wavelength, R, following adherence of a monolayer can then be expressed as a function

of the bulk sensitivity (m):

R = m(ηeff − ηs) (4.2)

If the penetration depth is too shallow, a portion of the analyte layer lies above

the sensing volume and leads to longer response times for detection schemes limited

by molecular diffusion into a sensing layer. Furthermore, if a base organic linker layer

or scaffold is used, the adsorbed analyte may only fill a small upper portion of the

sensing volume, leading to decreased analytical sensitivity.[181] Likewise, an overly

large penetration depth results in an oversized sensing volume that is only partially

occupied by the analyte; this reduces sensitivity and leaves the analysis susceptible to

interference from bulk RI changes.[182, 183] In this way, characterization of penetration

depth would enable selection of sensor conditions that are more optimal for specific

analytes.

The key to differentiating between bulk sensitivity and surface sensitivity − and

optimizing a sensor for maximum surface sensitivity − lies in determining the pene-

tration depth of the SP. Equation (4.1) and equation (4.2) can be combined to express
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Figure 4.1: Evanescent surface plasmon with intensity decaying exponentially through
bilayer of adsorbate with thickness=d and bulk solution. The penetration depth, ld, is
the distance at which the relative field intensity decays to 1/e.

the penetration depth as a function of instrument response following attachment of a

well characterized organic monolayer to the sensing surface:[73]

ld =
−2d

ln(1 − R
m(ηa−ηs)

)
(4.3)

Here accurate knowledge of the bulk sensitivity (m), bulk solution RI (ηs) and adsorbed

monolayer RI (ηa) and thickness (d) are needed to estimate the SP penetration depth.

A flaw in determining SP penetration depth by equation (4.3) occurs with the

assumption that R is derived solely from changes in bulk solution or adsorbate mono-

layer refractive index. Equation (1.3) states that SPR is equally sensitive to changes in

the complex permittivity of the solution (ϵs) and to changes in the complex permittiv-

ity of the SP supporting metal (ϵm). Electrochemists are well acquainted with changes

in the work function of electrodes (which relates to complex permittivity) following

covalent functionalization of the surface. For example, a 4% increase in the surface

63



resistivity of 40 nm gold films has been observed upon adsorption of various alkanethi-

olate monolayers that was not observed for physisorbed species.[184] Similarly, Alloway

et al.[185] demonstrated a shift in the Fermi level of gold foil samples due to dipole

change at the interface upon functionalization. These effects manifest in SPR spectra

as anomalously large dampening of the plasmon band upon thiol adsorption[186] and

a negative y-intercept for SPR response vs. alkanethiolate layer thickness on silver

nanotetrahedrons.[95]

The response following attachment of an adlayer (R) is the sum of two effects,

the contribution from changes to ϵm derived from attachment of the adlayer (Rϵm) and

the contribution from changes to ϵs derived from changes in ηeff following attachment

of the adlayer (Rϵs). For equation (4.3) to become accurate, the ensemble response

must be replaced by just the response attributable to RI changes in the adlayer: Rϵs

where Rϵs = R - Rϵm. Equation (4.3) then becomes:

ld =
−2d

ln(1 − R−Rϵm

m(ηa−ηs)
)

(4.4)

Fortunately, as will be discussed below, Rϵm can be experimentally determined by

extrapolating the observed SPR shift from a homologous series of adlayers to zero

length, leaving only the contribution of Rϵs.

In this chapter, the consequences of employing equation (4.3) versus employing

equation (4.4) to determining the SP penetration depth are explored. The reliability

in ld subsequently dictates the reliability of adsorbate parameters derived from it,

including the common translation of effective adsorbate thickness into surface coverage

and analyte-surface binding affinity constant.[73, 77, 170] Additionally, accurate ld

calculation is valuable for assessing novel nanostructured substrates; for they have

shown promise for variably shallower ld more closely matched to thin adsorbate films

as evidenced by improved surface sensitivity compared to conventional planar gold.[54,

187, 188, 189, 96] Penetration depths displayed by nanostructures may reach an order

of magnitude below planar gold [188], denoting greater sensitivity to nanometer scale
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adsorbate layers of target analytes. Proper characterization of these substrates would

lead to a large set of highly sensitive sensor substrates available for finely tuned, analyte

specific sensor surfaces. Previous studies have obtained ld estimates without Rϵm for

nanostructures and observed greater sensitivity to adsorbate binding over planar gold

substrates.[54, 187, 188, 189, 96] These studies provide a working estimate for particular

nanostructure ld’s in the visible range but may be expanded and improved by the

proposed method.

Further adjustment of ld and bulk sensitivity may be achieved by varying λSPR

through visible and near-infrared regions as both properties increase with the excita-

tion wavelength used.[69, 48] Preliminary ld measurements were completed in the NIR

to demonstrate adjustability with wavelength, exploit increased precision arising from

larger bonding effect response (Rϵm) and stability of NIR instrumentation, and advance

into wavelength regions of novel plasmonic materials. Two adsorbate systems for ld

determination, the commonly used alkanethiolates of varying carbon chain length and

a more experimentally practical and time efficient procedure utilizing polyelectrolyte

multilayer (PEM) buildup atop an alkanethiolate monolayer, are presented with em-

phasis on the increased accuracy and precision of ld calculations by including Rϵm.

4.2 Experimental methods

4.2.1 SPR spectroscopy measurements

Spectroscopic measurements were acquired on a Bruker Optics (Billerica, MA)

Vertex 70 FTIR spectrometer with an improved IR-SPR accessory based on a modified

Autoseagull NIR-SPR accessory as previously described.[48] A constant angle setup

was used in which the response was measured as a shift in wavelength (R = ∆λSPR)

at a fixed angle (Refer to the Handbook of Surface Plasmon Resonance [44] for more

information). Hereafter, the response is termed ∆λSPR . Measurements were obtained

with 100 co-additions, 0.5 mm source aperture, 3 mm accessory iris, 100× electronic

signal amplification, and 8 cm−1 resolution at ≈22◦C. Spectra were measured with p-

and s- polarized light, then ratioed (Ip/Is) to produce the final SPR spectrum.
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The Kretschmann configuration NIR-SPR accessory is illustrated in figure 3.2

and a brief description is provided below. The accessory employs uncoated BK-7

biconcave lenses (f = -100.0 mm, Thorlabs, Newton, NJ) to collimate the light within

the Vertex sample compartment. An adjustable iris controls spot size and minimizes

stray light. Two movable mirrors are positioned to set the angle of light through the

prism and incident on the sample substrate. Gold SPR substrates were coupled to the

BK-7 prism with RI matching fluid (RI=1.51) (Cargille Laboratories, Cedar Grove,

NJ). A zinc selenide polarizer (Edmund Optics, Barrington, NJ) is used to polarize the

collected light. A flow cell with 0.6 mL volume was fitted to the topside of the prism

for ease of solution exchange in contact with the SPR substrate. Six mL of solution

was sufficient to fully replace solution in the flow cell as evidenced by restoration of

SPR minima for subsequent water measurements separated by solution exchange with

ethanol in this manner. More details regarding the description and characterization of

the instrument have been previously presented in chapter 3 and the publication [49].

4.2.2 Gold sensor surface preparation

Details of cleaning slides and fabricating continuous gold films may be found in

section 3.2.2. To pattern substrates with nanohole arrays, the procedure in section 2.3

was followed. Gold-coated coverslips were used immediately after sputter deposition.

4.2.3 Bulk sensitivity calibration

Bulk sensitivity (m = ∆λSPR/∆η) was calculated from response to RI cali-

bration standards of varying sucrose (≥ 99.5%, Sigma-Aldrich, St. Louis, MO) con-

centrations prepared in deionized water at room temperature (≈22◦C). Wavelength

dependent values for RI of the sucrose solutions are not readily available in litera-

ture. Alternatively, η of the glucose solutions determined by effective medium approx-

imation may be used since sucrose and glucose exhibit negligible (< 0.0001 RIU) RI

differences.[171, 174] The sensitivity term used for ld calculations was measured over

a concentration range that covered a SPR wavelength shift similar to the adsorption
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process investigated. Solutions containing 0.5-3% (w/w) sucrose were selected for alka-

nethiolate adsorption (∆λSPR ≈ 20 nm), while 0.5-12% (w/w) were selected for PEM

formation (∆λSPR ≈ 120 nm).

4.2.4 Monolayer formation

Self-assembled alkanethiolate monolayers (HS(CH2)xCOOH, x = 2, 5, 7, 11, 15)

were formed on freshly sputtered gold slides by immersion in 10 mM solution of

3-mercaptopropionic (99+%, Acros Organics, Fair Lawn, NJ), 6-mercaptohexanoic

(90+%, Santa Cruz Technologies, Santa Cruz, CA), 8-mercaptooctanoic (95%, Sigma-

Aldrich, St. Louis, MO), 12-mercaptododecanoic (96%, Sigma-Aldrich, St. Louis,

MO) or 16-mercaptohexadecanoic (90%, Sigma-Aldrich, St. Louis, MO) acid in ab-

solute ethanol (99.5+%, Sigma-Aldrich, St. Louis, MO). The chemicals were used as

received with the exception of the 16-mercaptohexadecanoic acid, which was recrys-

tallized from absolute ethanol. Just before use, the samples were rinsed with copious

amounts of ethanol and dried with a nitrogen gas stream. One set of three samples

of each chain length and bare gold were prepared and SPR spectra were acquired at

an angle of incidence (θinc) of 66.5° in deionized water. A second set of triplicate

samples were prepared and measured in deionized water at six incident angles: 68.3°,

67.0°, 65.7°, 64.4°, 63.8°and 63.1°. For the second series, each sample was loaded and

measured at each angle before exchanging with the next sample.

4.2.5 Polyelectrolyte multilayer formation

In situ SPR spectroscopy measurements at θinc =67.3°were acquired during for-

mation of polyelectrolyte multilayers (PEM). PEMs of polyallylamine hydrochloride

(PAH) (15,000 MW, Sigma-Aldrich, St. Louis, MO) and polystyrene sulfonate (PSS)

(70,000 MW, Acros Organics, Fair Lawn, NJ) were formed by electrostatic self-assembly

within the flow cell (refer to Figure 4.2). An initial bare gold SPR wavelength base-

line in 0.75 M NaCl (Fisher Scientific, Fair Lawn, NJ) was established before sequen-

tially injecting water, ethanol, and 10 mM mercaptopropionic acid (MPA) in absolute
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Figure 4.2: Polyelectrolyte multilayer formation atop mercaptopropionic acid mono-
layer on gold surface with alternating layers of polyallylamine hydrochloride (PAH)
and polystyrene sulfonate (PSS).

ethanol. The MPA was allowed to self-assemble overnight, forming a negatively charged

monolayer precursor layer. The monolayer was exhaustively rinsed with over 90 mL

of ethanol to ensure removal of physisorbed molecules and the SPR wavelength was

measured. Steps of alternating 5 mg/mL PAH and 5 mg/mL PSS in 0.75 M NaCl

solutions were exchanged in 6 mL aliquots at a flow rate of 1.6 mL/min and left undis-

turbed for self-assembly for an additional 30 min. Between each PEM solution, the

layers were rinsed with 0.75 M NaCl. A Dynamax (Rainin, Columbus, OH) peristaltic

pump and series of solenoid valves (The Lee Co., Essex, CT) operated by custom Lab-

view (National Instruments Corporation, Austin, TX) virtual instruments were used

to exchange solution between PAH, NaCl, and PSS for the desired number of PEM

layers.

4.2.6 Atomic force microscopy

The thickness of the polyelectrolyte multilayers was determined by atomic force

microscopy. Samples from SPR analysis were used in measurements of thickness of

thirteen PEM layers. Samples with 1, 3, 5, 7, 9 and 11 PEM layers were formed

as previously described after self-assembly of the monolayer precursor in a petri dish.
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After PEM formation, samples were stored in a petri dish in 0.75 M NaCl solution until

immediately prior to analysis. The underside of the sample was dried and secured to

a 15 mm AFM specimen disc. The sample was maintained in hydrated form with 0.75

M NaCl at all times. The PEM and gold layers were carefully scratched with a razor

blade and the step height was measured with a Nanoscope IV AFM (Bruker AXS,

Santa Barbara, CA) equipped with a liquid cell accessory and silicon nitride DNP-10

probe (Bruker AXS, Camarillo, CA). A silicon o-ring was used to enclose the liquid

cell and preclude solution evaporation. Cantilevers with 0.06 N/m force constant were

used in tapping mode. Rectangular images were acquired at a scan rate of 1 Hz and

image size of 15-20 µm length × 3-5 µm width. The Nanoscope software was used

to calculate height and average roughness for three spots on each sample. A silicon

TAP-300-G probe (Innovative Solutions Bulgaria Ltd., Sofia, Bulgaria) was used in

tapping mode in air to measure the gold thickness of a bare gold sample sputtered

simultaneously with each PEM sample substrate. The total PEM layer thickness was

calculated by subtracting the gold thickness from the PEM-gold thickness in liquid.

4.3 Determination of penetration depth by alkanethiolate monolayer for-

mation

The importance of incorporating the bonding effect on the metal permittivity,

ϵm, during empirical ld determination is highlighted by assessing ld calculations from a

series of alkanethiolate self-assembled monolayers. SPR response to the formation of

alkanethiolate monolayers of different lengths on gold demonstrates a change in ϵm of

the metal upon thiol bonding that should be included in the calculations for an accurate

ld determination (equation (4.4)). The observed response (R=∆λSPR for constant

angle setup) is a function of two effects; an increase in ηeff from displacing water with

closely packed carbon chains near the sensing surface changes ϵs and covalent binding

of the thiolate to the gold impedes the free flow of electrons at the gold surface and

impacts ϵm. The SPR shift attributed to changes in ϵm (∆λSPR,ϵm) were determined

by extrapolating the linear fit of measured ∆λSPR vs. monolayer thickness to zero
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monolayer thickness (Figure 4.3, grey). The ∆λSPR for each functionalized sample was

calculated as a difference in λSPR from pristine, bare gold surfaces, and is presented

for a single incident angle of 66.54◦ where ∆λSPR,ϵm is −5.6 ± 0.2 nm for binding a

thiol on 50 nm thick gold film with λSPR of 772.1 nm. Consequently, λSPR of the gold

with altered permittivity due to thiol bonding (λSPR,Au−S) reduces the SP resonant

wavelength to 766.5 nm.

Figure 4.3: (right y-axis) ∆λSPR from bare gold for adsorption of different monolayer
thickness (�). Linear fit of ∆λSPR vs. d; m = 5.2±0.1, b = ∆λSPR,ϵm = -5.6±0.2
and R2 = 0.998. Error bars represent the standard error of the mean for N = 3,5,6,7,3
samples. (left y-axis) ld determined at varying monolayer thickness calculated with (�)
and without (N) ∆λSPR,ϵm compensation (by equation (4.3) with ∆λSPR or equation
(4.4) with ∆λSPR-∆λSPR,ϵm, respectively). Error bars on ld with ∆λSPR,ϵm representing
deviation due to error in ∆λSPR,ϵm are present but not visible due to scale. ld lines are
calculated across shift values from ∆λSPR vs. d linear fit.

Potential problems with determining SP penetration depth via equation (4.3)

are evident in figure 4.3. The black triangles represent penetration depth estimates

from the five thiol-homologs employed to determine ∆λSPR,ϵm. The ld in water for

thiolated gold was calculated with monolayer parameters, ηa and d, retrieved from

Bain et al.[180] and bulk sensitivity measured at the specific incident angle (refer
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to section 3.3). Additionally, bulk sensitivity remains practically constant across this

small range of alkanethiolate functionalizations, hence values for bare gold can be used.

Bulk sensitivity for bare and alkanethiolate functionalized gold are statistically similar

with 95% confidence (t=1.52), Figure 4.4. The sensitivity for bare gold is 6267 ± 740

nm/RIU and sensitivity for HS(CH2)xCOOH functionalized gold where x=2,7,11,15

is 5555 ± 215 nm/RIU. Similarly, Jung et al. established a 0.7% difference in bulk

sensitivity for a bare and decanethiol modified gold substrate.[73]

Figure 4.4: Bulk sensitivity of bare and alkanethiolate (MPA, MOA, MDDA, MHDA)
functionalized gold at θinc = 66.98°. Error bars on bare gold represent ±s for n=3.

Employing the thinnest adlayer, 3-mercaptopropionic acid, a negative penetra-

tion depth is estimated. Here ∆λSPR,ϵs is positive, but of lesser magnitude than the

negative ∆λSPR,ϵm; consequently a net blue shift in λSPR is measured and a negative

ld determined. For the next thickest observed adlayer, 6-mercaptohexanoic acid, a SP

penetration depth of nearly 4 microns is calculated. Here the positive ∆λSPR,ϵs is of

slightly greater magnitude than the negative ∆λSPR,ϵm. The reasons that an unrea-

sonably large penetration depth would be determined are evident in close inspection

of equation (4.3). In the case where ∆λSPR,ϵm and ∆λSPR,ϵs are of equal magnitude

and opposite sign, ∆λSPR, and consequently the denominator of equation (4.3), is zero.
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The calculated penetration depth thus is negative if ∆λSPR,ϵs < −∆λSPR,ϵm and ap-

proaches negative infinity as these two values converge in this direction. Similarly, the

calculated penetration depth is positive when ∆λSPR,ϵs > ∆λSPR,ϵm and approaches

positive infinity as the two values converge from this direction.

When ∆λSPR,ϵs >> −∆λSPR,ϵm the impact of binding induced changes on ϵm

become negligible. This is seen in figure 4.3 (N) where the estimated penetration depth

converges to a single value as the adlayer thickness increases. For this reason, Jung

recommended using relatively thick adlayers, between 10% and 25% of ld, to determine

plasmonic penetration depth.[73] However, a bias in the estimated penetration depth

remains as long as changes to the metal complex permittivity are not included in the

calculations.

When the response to change in metal permittivity from the Au-S bond (∆λSPR,ϵm

or Rϵm) is included in the calculation of ld (equation 5), the estimation of ld does not

vary with the thickness of the adlayer, d, used in the empirical calculations (Figure

4.3, �). As expected from the models, ld, estimated from equation (4.3) converges to

the ld, estimated from equation (4.4) as the thickness of the adlayer increases and the

relative contribution of ∆λSPR,ϵm to ∆λSPR decreases (compare N to � in Figure 4.3).

Repeated determination of ld on planar gold where the incident angle is changed

to tune ∆λSPR,Au−S over a wavelength range of 701-1152 nm verifies the importance

of including ∆λSPR,ϵm throughout the accessible NIR wavelength region. As ∆λSPR

advances through the NIR, ∆λSPR,ϵm becomes larger, increasing from a -5.3 nm shift

with ∆λSPR around 700 nm to a -15.7 nm shift when ∆λSPR is near 1150 nm (Table 4.1,

columns 1 and 2). Over this range of ∆λSPR, the theoretical ld, derived from solving

Maxwell’s equations, increases from ≈240 nm to ≈800 nm (Table 4.1, column 3). The

calculated theoretical penetration depth depends on the source of optical constants for

gold; complex permittivity values supplied by Johnson and Christy [176] gave estimates

of greater penetration than did complex permittivity values included in the Handbook

of Optical Constants of Solids [190]. Accounting for ∆λSPR,ϵm in the determination of

ld, yields a penetration depth estimate much closer to the theoretical values (Table 4.1,
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columns 4 and 5) and an estimate that is much more consistent across the range of

adlayer thickness studied (Table 4.1, column 6).

The small bias in comparison of theoretical ld to empirically determined ld (ac-

counting for ∆λSPR,ϵm) may occur from ϵm discrepancies in the literature and following

thiol binding.[44, 69] Variation in ϵm present in literature [176, 190, 191] produces a

deviation in ld of 2-4% over the wavelength region investigated and there may be slight

additional uncompensated ϵm variance, including the change due to thiol bonding. In

comparison to surface plasmons on bare gold, surface plasmons supported on thiolated

gold surfaces have an estimated 5% shallower theoretical ld as calculated with a re-

duction in the imaginary component of ϵm proportional to the conductivity drop[192]

observed by Zhang et. al.[184] Given these minimal inaccuracies in theoretical deter-

mination, it is argued that the empirical ld is most reliably and accurately determined

with the inclusion of ∆λSPR,ϵm relative to theory given that unreasonable values for ld

are obtained without inclusion of ∆λSPR,ϵm in the calculations.

Stability and accuracy in ld calculations by equation (4.4) across multiple adlayer

thicknesses remains superior even with consideration of worst-case error presented by

the range of ld determined when including the error in ∆λSPR,ϵm derived from linear

regression statistics, ±s∆λSPR,ϵm
(Table 4.1, column 5). The intercept error introduces

a 6% relative range in ld calculated at ∆λSPR,Au−S = 767 nm. Despite pessimistic error

considerations, improved precision and accuracy are maintained for ld estimates with

∆λSPR,ϵm as illustrated in comparing columns 5 and 6 in table 4.1.

If ∆λSPR,ϵm is not included in the calculations, ld varies with 41-1089% RD across

all thicknesses for ∆λSPR,Au−S values between 701 nm and 1152 nm. In contrast, by

accounting for ∆λSPR,ϵm, RD of ld drastically decreases to 2% at ∆λSPR,Au−S = 767 nm

and 9-11% for all other wavelengths investigated. The greater deviation at ∆λSPR,Au−S

values other than 767 nm is due to variance from changing the angle between samples.

The data for ∆λSPR,Au−S = 767 nm were collected without changing parameters on the

NIR-SPR accessory between measurements. For the other measurements, ∆λSPR was

determined at multiple angles for each self-assembled monolayer in succession; thus
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Table 4.1: Penetration depth calculated from experimental data with and without
∆λSPR,ϵm compared to theoretical determination

Experimental values reported as x̄ ± s determined from all thicknesses (Column 4 and 6) or a range
of ld calculated by including the error in ∆λSPR,ϵm (s∆λSPR,ϵm) (Column 5) from all thicknesses.
Theoretical values calculated with ηAu values from (a) Handbook of Optical Constants of Solids[190]
and (b) Johnson and Christy[176].
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random errors were introduced by slight irreproducibility in returning to the same

angle between samples. Accordingly, the deviation may be further reduced by keeping

the angle constant during measurement such as with ∆λSPR,Au−S = 767 nm.

The ability to determine ld from thin layers is important for characterization of ld

of surface plasmons in the near-IR, mid-IR and, potentially on other exotic materials or

nanostructures. As the plasmonic resonance approaches the IR, both ld and ∆λSPR,ϵm

increase (Table 4.1), requiring thicker adlayers be applied to accurately employ the

simplifying assumption that ∆λSPR,ϵm << ∆λSPR,ϵm. However, the adlayer must also

be thin enough (< 20% ld) to uphold the assumption of consistent ld throughout the

bilayer.[73] Additionally, surface functionalization of plasmonic conducting metal ox-

ides, nanoparticles, and nanoparticle arrays will also result in a significant ∆λSPR,ϵm.

To our knowledge there has been no systematic study to determine the ∆λSPR,ϵm for

these materials and provide recommendations for appropriate adlayers to accurately

determine ld. Hence, ∆λSPR,ϵm compensation may be used to provide a reliable rep-

resentation of the ld, regardless of adlayer thickness, due to proper isolation of the

modeled response, ∆λSPR,ϵs.

The superior performance of the empirical ld determination method with ∆λSPR,ϵs

compensation at small adsorbate thickness (relative to the ld) is demonstrated in figure

4.5. The ld calculated from the smallest thickness, MPA monolayer, by equations (4.3)

and (4.4) are compared to values predicted from theory:[44]

ld =
λ

2π

√
ϵ′m + ϵs

ϵs

(4.5)

where ϵ′m is the real component of ϵm and ϵAu values were obtained from Handbook

of Optical Constants of Solids.[190] The λSPR is tuned by varying the incident angle

of light from 63.1°to 68.3°. Generally, if ∆λSPR,ϵm is not accounted for in the calcula-

tions, unreasonable estimates of ld are obtained (Figure 4.5, inset). For ∆λSPR,Au−S =

701-1152 nm, a difference from theory of 5-14% upon inclusion of ∆λSPR,ϵm (equation

(4.4) represents a vast improvement over the 360-5557% difference for calculations not
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including ∆λSPR,ϵm (equation (4.3). Calculation of ld by equation (4.4) greatly outper-

forms equation (4.3) for small thicknesses necessary for nanostructure characterization.

Figure 4.5: Experimental (�) and theoretical (N) ld determined for d=0.828 nm at var-
ious wavelengths. Error bars represent experimental ld range resulting from calculation
with ∆λSPR,ϵm range of (∆λSPR,ϵm − s∆λSPR,ϵm

, ∆λSPR,ϵm + s∆λSPR,ϵm
). Inset shows plot

including the experimental ld determined without the ∆λSPR,ϵm (�), which is out of
range on the main plot.

Prediction of ld for use under explicit experimental conditions should be per-

formed with ld calculation parameters chosen to parallel anticipated experimental pa-

rameters, particularly ηa, ηs, and excitation wavelength, given that each parameter

affects the ld. In addition to adjusting the wavelength for ld measurements to the in-

tended λSPR as shown above, RI and thickness of adsorbate should also be tailored to a

range approximating the biorecognition element-sample of interest (e.g. linker-protein

in PBS buffer). To demonstrate the method’s capability, ld was calculated from the

shift obtained with various monolayers at 66.54◦ θinc in different bulk solutions of 0,

1.8, 3.5 and 5.3% w/w sucrose. Bulk sensitivity values used in the calculation are

converted from λSPR of bare gold in each solution by a second order polynomial fit
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to sensitivity (nm/RIU) as a function of λSPR (nm) (refer to section 3.3). The ld in

different solution RI was calculated; 368±6 nm, 446±6 nm, 458±15 nm, and 429±14

nm for ηs =1.333, 1.336, 1.338, and 1.341 solution, respectively, with a difference from

theoretical predictions of 14%, 33%, 31% and 19%. As shown for variable ηs and λSPR,

ld may be effectively determined by this method for different experimental conditions.

4.4 Toward determination of penetration depth by PEM formation

SPR analysis of self-assembled PEM buildup may be used as a practical method

for rapidly quantifying ∆λSPR,ϵm and ld with high precision while requiring few sample

substrates. These characteristics are particularly important for novel SPR surfaces that

are costly or difficult to fabricate. Sequential buildup of PEMs, such as polyallylamine

hydrochloride (PAH) / polystyrene sulfonate (PSS), offers linear thickness increase per

layer on a single substrate. By contrast, changing layer thickness through controlling

monolayer chain length requires several-hour SAM formation on many substrates, one

per each monolayer. For example, the SPR shift for MPA and each PEM layer is

measured as the difference following each rinsing step relative to the bare gold substrate,

∆λSPR = 789.7 nm, on a single substrate with 44 min elapsed per layer (Figure 4.6(a)).

This time may be reduced to 1 minute per layer for adequate layer formation (refer

to chapter 5). Thus, automated PEM buildup reduces sample numbers and time and

enables a larger sample set of different thicknesses, improving the precision in ∆λSPR,ϵm.

However, calculation of ld requires precisely known adsorbate layer RI (ηa) and

PEM layer RI values are not consistent in literature. The published range of PAH/PSS

PEM ηa is unsuitably large to support accurate ld determination. A change in wave-

length through the near-infrared region[193] or variations in concentration of salt or

polyelectrolyte in solution[194, 195] causes minimal change in PEM RI, yet the reported

RIs of PAH/PSS layers vary between 1.34 and 2.0 RIU, with most values ranging be-

tween 1.4 and 1.5 RIU.[194, 196, 197, 198, 199] A more definitive RI, necessary for

reliable ld calculations based on PEM layers, may be determined by rearranging equa-

tion (4.6), where R=∆λSPR, and utilizing the previously determined ld values calculated
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Figure 4.6: (a) Sensorgram for PEM buildup with NaCl rinse after each PEM layer.
The straight line is provided as a visual aide. (b) ∆λSPR with PEM thickness buildup.
Vertical error bars correspond to the standard deviation in shift for N = 3. Horizontal
error bars represent ±sd. Linear fit; m = 2.12±0.04, b = ∆λSPR,ϵm = -10.2±1.4, R2 =
0.998.
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from monolayer formation on the appropriate substrate:

ηa =
∆λSPR − ∆λSPR,ϵm

m[1 − exp(−2d/ld)]
+ ηs (4.6)

RI values calculated with ∆λSPR,ϵm are compared to RI values calculated without

∆λSPR,ϵm evaluated by a rearrangement of equation (4.3), where R = ∆λSPR:

ηa =
∆λSPR

m[1 − exp(−2d/ld)]
+ ηs (4.7)

The MPA and PEM layers are treated as a homogeneous adsorbate layer due to simi-

larity in RI 25 31, 33-36, hence ηa = ηPEM in equations (4.6) and (4.7).

Figure 4.7: AFM images of (a) bare gold and (b) 3 PEM layers on gold. The profile
images correspond to the average of the height across the y-axis of the image directly
above them. Step height is determined by calculating the difference between the glass
substrate (between black vertical lines) and sample (between red vertical lines).

The thickness of PEM layers used in estimation of ηPEM was measured by AFM

and found to increase linearly with number of layers as demonstrated by the SPR

spectroscopic data and supported by several sources in literature that indicate linear

buildup. [196, 198, 200, 201] Although contrasting reports suggest PEM thickness may
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initially increase exponentially with number of layers[202] or reach linear growth only

after the fifth layer [194, 203], the measured SPR shift with layer number, η, exhibits

linearity for layers 1-7 (Figure 4.8). Therefore, a linear fit of the thickness to layer

numbers is a sound working foundation. The AFM thickness was measured for 1, 3,

5, and 7 layers to determine the trend and thickness with sequential layer buildup.

Representative AFM images used to calculate step height of PEM layers are presented

in figure 4.7. The gold thickness is subtracted from the PEM-gold height to determine

PEM layer thickness. Weighted least squares regression was used to evaluate linear fit

of thickness to layer thickness accounting for heteroscedascity (Figure 4.8).

Figure 4.8: (left y-axis) AFM thickness, d, vs. number of PEM layers, n, ( .) ±sd

intervals (- - -). Linear fit; d = 7.9± 0.9n+1.1± 1.1, R2 = 0.979. (right y-axis) ∆λSPR

vs. number of PEM layers, n (�). Linear fit; ∆λSPR = 16.7 ± 0.3n − 7.9 ± 1.4, R2

= 0.998. Error bars represent standard error of the mean of N = 3 sample spots for
thickness and N = 3 samples for ∆λSPR.

Variation in PEM layer thickness based on average roughness of the PEM layers

and spot-to-spot deviation calculated from AFM data is considered. Average roughness

increases from 3.9 nm to 25 nm from layers 1 to 7; however, given that the roughness

is substantially smaller than the ld, field intensity changes within the scale of surface

roughness are negligible. Accordingly, it may be treated as an average thickness per-

ceived by the plasmonic field.[73] For structures where ld approaches the same order
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as the roughness, the height variation becomes significant, but may easily be circum-

vented by fabricating thinner PEM layers through varying salt concentration and pH

to reach sub-nanometer layer thickness.[194, 204] For this analysis, 2-21% RSD varia-

tion calculated from three sections (15-20 µm width × 3-5 µm length) per sample is a

more relevant assessment of uniform thickness than the roughness, and is incorporated

within the error of the ηPEM calculation.

The ηPEM was determined from equations (4.6) and (4.7) utilizing ∆λSPR,ϵm

calculated from the plot of ∆λSPR vs. PEM thickness, ∆λSPR,ϵm = −10.2 ± 1.4 nm

(Figure 4.6B). The ηPEM was then calculated by equations (4.6) and (4.7) with NaCl

solution RI from Ladam et al.[194], bulk sensitivity of 8526 nm/RIU (refer to Figure 4.4

and section 3.3), and ld from monolayer formation at ∆λSPR,Au−S = 766.5 nm (Figure

4.9). Despite the 13 nm difference in ∆λSPR,Au−S, the empirical ld value at ∆λSPR,Au−S

= 766.5 nm is an acceptable value to use with PEM buildup at ∆λSPR,Au−S = 779.5 nm,

because the ld difference over this wavelength range is within experimental error. The

theoretical ld difference over ∆λSPR,Au−S = 766.5-779.5 nm is 12 nm, whereas the error

in empirical ld is 21 nm (Table 4.1, column 5). In this manner, the ηPEM at ∆λSPR,Au−S

= 779.5 nm calculated at various PEM thicknesses with ∆λSPR,ϵm is 1.389±0.002 RIU

and without ∆λSPR,ϵm is 1.379 ± 0.009 RIU corresponding to RD of 0.2% and 0.7%,

respectively.

The ηPEM computed with ∆λSPR,ϵm shows improved precision and better approx-

imation of ηPEM determined with theoretical ld as compared to ηPEM computed without

∆λSPR,ϵm. The reproducibility of ηPEM calculated at different PEM thicknesses is not

significantly worse for calculation without ∆λSPR,ϵm, however, closer inspection of fig-

ure 4.9 reveals that the estimated ηPEM deviates with decreasing thicknesses. Parallel

to figure 4.3, the error increases as ∆λSPR,ϵs approaches -∆λSPR,ϵm. Hence, the ηPEM

by equation (4.6) exhibits much greater consistency across PEM layers translating to

earlier convergence with ηPEM calculated from theoretical ld. Both averaged values do

exhibit a 0.37% difference from a ηPEM value of 1.384 RIU calculated with theoretically

determined ld from Maxwell’s equations; however, these evaluations assume the proper
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Figure 4.9: The ηPEM at varying PEM thickness calculated with (�) and without (N)
∆λSPR,ϵm, by equations (4.6) and (4.7), respectively. A larger variation is established
when ηPEM is calculated with ld not corrected with ∆λSPR,ϵm (N). Error bars on ηPEM

calculated with ∆λSPR,ϵm represent range determined with ∆λSPR,ϵm ± s∆λSPR,ϵm
.

calculation of ld including ∆λSPR,ϵm. If ηPEM in equation (4.7) is calculated with ld

from monolayers with equation (4.3) rather than with equation (4.4), the difference

from ηPEM with theoretical ld increases to 5.0%. Thereby, the most reliable ηPEM value

incorporates full consideration of ∆λSPR,ϵm and error including PEM thickness varia-

tion (d ± sd); 1.384-1.395 RIU. Together with this ηPEM value, SPR measurements of

PEM buildup may be used to calculate a viable ∆λSPR,ϵm value, ∆λSPR,ϵs as a function

of d, and consequently accurate plasmonic ld on various surfaces.

4.5 Calculation of penetration depth of nanohole array surface plasmons

The presented method for including ∆λSPR,ϵm in ld calculations has greater im-

plications for nanostructured SPR substrates as compared to continuous gold due to

their heightened bonding effects and reduced ld (and consequently smaller d:ld). To

demonstrate the increased bonding effects and application of this method to nanostruc-

tured substrates, the penetration depth was calculated with and without ∆λSPR,ϵm for

a nanohole array SPR substrate with diameter/periodicity= 0.29 and periodicity= 820

nm at λSPR= 883 nm (Figure 4.10). A 2750% improvement in RD for ld calculated
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with inclusion of ∆λSPR,ϵm was observed (8% RD for ld calculated with ∆λSPR,ϵm com-

pared to 220% RD for ld calculated without ∆λSPR,ϵm across all thicknesses). The

ld for the nanohole array is 230 ± 31 nm considering ∆λSPR,ϵm, which is a 37% de-

crease in ld as compared to continuous gold under similar conditions. A greater d:ld

implies that smaller d is necessary in the analysis of nanostructures. Furthermore, the

∆λSPR,ϵm = −31.3± 3.8 nm for Au-S bond on the nanohole array is three times larger

than the ∆λSPR,ϵm for Au-S bonding to continuous gold at λSPR = 883 nm (−10.2±1.4

nm), so the effects of not including ∆λSPR,ϵm is greater for nanostructures. It can be

expected that ∆λSPR,ϵm will increase with wavelength similar to continuous gold. The

increased ∆λSPR,ϵm and reduced ld cause the consideration of ∆λSPR,ϵm to have even

larger impact for nanohole array substrates than continuous gold.

Figure 4.10: Nanohole array surface plasmon penetration depth calculated with and
without ∆λSPR,ϵm

4.6 Conclusion

The significance of including bonding effects on the permittivity of the sup-

porting metal, ∆λSPR,ϵm, in surface plasmon ld determination was demonstrated over

various wavelengths. Comparison of ld values calculated with and without ∆λSPR,ϵm

establishes increased accuracy and precision when ∆λSPR,ϵm is included and exhibits

a particularly pronounced difference for smaller adsorbate thicknesses. This method
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may be executed with a more empirically practical system of polyelectrolyte multilay-

ers built on a single plasmonic sample and performed over ranging λSPR. Wavelength

and condition specific ld values can be used for determining the expected response to

surface binding, structural parameters of adsorbate, and comparison of various sensor

configurations and substrates. The precision and accuracy of these values is dictated

by the statistical merit of the ld value used in their calculation. Furthermore, the

determination of ld coupled with bulk sensitivity may facilitate selection of a more

sensitive sensor construct where ld matched to analyte size could maximize signal from

adsorbate and minimize environmental noise.
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Chapter 5

SENSITIVITY OF NANOHOLE ARRAY NEAR INFRARED-SURFACE
PLASMON RESONANCE SPECTROSCOPY

5.1 Introduction

Surface plasmon resonance (SPR) spectroscopy can detect low concentrations of

nanoscale analytes, such as proteins, for use in various biosensing applications. The ad-

vantage of this technique is high surface sensitivity arising from the evanescent nature

of the surface plasmon extending from the sensor-sample interface. Current detec-

tion limits correspond to diagnostic protein concentration levels [76], but capabilities

could improve from increased sensitivity with the ability to discriminate small changes

in concentration, detection of proteins with poor binding affinity to biorecognition

elements, and detection of even lower concentration biomarkers.[44, 45, 6, 7] Nanos-

tructuring SPR substrates may increase SPR sensitivity, thus biosensors based on plas-

monic nanostructures have been widely investigated.[52, 53, 43] The surface sensitivity

of several nanostructured SPR biosensors has been compared to thin film SPR biosen-

sors and nanohole arrays [55] have shown a marked improvement in surface sensitivity

compared to continuous gold films. However, little difference from continuous gold thin

films was observed for nanotriangles [56], nanodisks [57], and nanorods [58].

Surface plasmon resonance active nanohole arrays have demonstrated increased

biosensing capability over conventional continuous gold films[55, 54], and have other

applications in surface enhanced Raman spectroscopy [127, 128], optoelectronics [133],

and waveguiding [17, 18]. This chapter intends to primarily investigate the sensing

properties of SPR on nanohole arrays in the near infrared, yet the fundamental surface

plasmon (SP) characterization may provide insight into other applications as well. The

sensing capability of nanohole arrays arises from SP sensitivity to adsorbates adhering

85



to nanohole array substrates within the shallow penetration depth (ld) region of the

SP, i.e. the depth at which the SP electric field intensity decays to 1/e (Figure 5.1).

These structures support several SP modes (refer to chapter 2). The various plasmon

modes are excited within the holes (LSPR), between the neighboring holes (Bragg

SPs), and within the semi-continuous regions between rows of holes (propagating SPs),

and these modes exhibit variable sensitivity to adsorbate binding.[126, 138, 144, 205,

142] Furthermore, the SP modes can be excited in different optical modes, namely

transmission and Kretschmann configuration (Figure 5.1); however, sensing with the

propagating SP in Kretschmann mode has exhibited greater sensitivity than sensing

with the Bragg SPs in transmission mode[55] and this configuration allows real-time

measurements in highly scattering samples, such as biological fluids.

Figure 5.1: Diagram of nanohole array in Kretschmann configuration with adsorbate
volume (d1 to d2) and sensing volume (gold interface to ld) illustrated. The refractive
index (RI) sensed by the plasmonic field is an effective RI composed of the adsorbate
RI (ηa) and bulk RI (ηs).
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Nanohole array SPs may be tailored to control field enhancement regions, sensi-

tivity, and interaction between coexcited SPs, which may increase sensitivity.[100, 115]

The SPR conditions depend on the physical parameters of the nanohole array, trans-

lating to tunability of the Bragg surface plasmons with nanohole array structure (refer

to chapter 2).[140, 141] Additionally, SPR sensitivity changes with excitation wave-

length (λSPR).[48, 45, 125] In this manner, measurements with λSPR in the near in-

frared (NIR) exhibit greater bulk sensitivity than the conventionally used visible re-

gion. [45, 48, 125, 49] However, sensitivity to bulk RI changes throughout the entire

plasmonic field, i.e. bulk sensitivity, does not exactly translate to surface sensitivity.

The working principle of SPR sensing is sensitivity to near surface interactions, so it

is the surface sensitivity to bound analyte that is of particular interest. High surface

sensitivity is achieved when a greater proportion of the sensing volume is occupied by

the adsorbate layer rather than the bulk solution.[73] Furthermore, it is optimal to

nearly fill the sensing volume with the analyte in order to preclude contributions from

bulk environmental RI fluctuation. Consequently, sensitivity to RI changes within the

thin analyte adsorption layer (surface sensitivity) is more informative of sensor perfor-

mance than is the sensitivity to RI changes throughout the entire plasmonic field (bulk

sensitivity).

Maximal surface sensitivity and selectivity against bulk effects is achieved when

the analyte occupies the majority of the sensing volume. The surface sensitivity, msurf ,

to an analyte of specific volume, Va, residing within the sensing volume, Vs, may be

calculated by;

msurf = m
Va

Vs

= m
exp (−2d2/ld) − exp (−2d1/ld)

exp(−2) − 1
(5.1)

where m is the bulk sensitivity. For full surface coverage, Va/Vs may be calculated by

integrating over the respective distances within the exponentially decaying plasmonic

field (Figure 5.1). The sensing volume, Vs, extends from the gold surface (d=0 nm)

to the penetration depth (d=ld). The analyte volume spans from the binding distance
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(d=d1) to the top of the th bound analyte (d=d2). By evaluating the msurf merit

for a specific analyte thickness, sensing parameters may be optimized. Another figure

of merit for sensor capability is resolution, which depends on system noise and SPR

peak sharpness, represented by peak height/full width at half maximum (FWHM).

Similar peak height/FWHM has been previously observed between nanohole arrays

and continuous gold in the visible region.[55, 54], thereby this contribution focuses on

analysis of surface sensitivity and contributing factors.

The surface sensitivity depends on Va/Vs and bulk sensitivity, so factors which

contribute to these terms affect the sensing capability and should be optimized. The

SP penetration depth directly affects the sensing volume and may be tailored to specific

analyte sizes [182, 183], and it controls the region of field enhancement for surface and

tip enhanced spectroscopic techniques. Both penetration depth and bulk sensitivity

depend on SPR wavelength. As a result, surface sensitivity may be optimized by tuning

SPR wavelength and penetration depth. In addition to changing wavelength, the use

of different nanostructured sensing substrates offers variable SP characteristics.[206]

This chapter presents the characterization and optimization of various nanohole array

parameters and is the first study to our knowledge of nanohole arrays in Kretschmann

configuration in the NIR region.

5.2 Experimental methods

5.2.1 SPR spectroscopy measurements

Spectroscopic measurements were acquired on a Bruker Optics (Billerica, MA)

Vertex 70 FTIR spectrometer with an IR-SPR accessory based on a NIR-SPR accessory

as previously described in chapter 3 and section 4.2.1. A constant angle setup was used

in which the response was measured as a shift in wavelength (∆λSPR) at a fixed angle.

The λSPR is determined by fitting a second order polynomial to SPR dip and solving

for the zero of the derivative of the curve. The shift in wavelength is relative to λSPR

for the bare, non-functionalized substrate in water.
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5.2.2 Gold nanohole array sensor surface preparation

Rectangular glass coverslips (Electron Microscopy Sciences, Ft. Washington,

PA, 10.5×35 mm) were cleaned by immersion in boiling piranha solution (3:1 (v/v)

concentrated H2SO4: 30% H2O2) (Fisher Scientific, Fair Lawn, NJ) for at least one

hour and triplicate rinsing and sonication in deionized water for one minute. The slides

were sonicated in a 5:1:1 (v/v) mixture of water, hydrogen peroxide, and ammonium

hydroxide followed by washing with deionized water. The nanosphere lithography

procedure from section 2.3 was utilized to produce a set of nanohole array substrates

with varying periodicity and diameter. Samples were kept under vacuum prior to

metallization until use.

5.2.3 Sensitivity measurements

Bulk sensitivity (m = ∆λSPR/∆η) was calculated from response to RI calibra-

tion standards of varying sucrose (≥ 99.5%, Sigma-Aldrich, St. Louis, MO) concentra-

tions (0− 3%) according to the procedure outlined in section 4.2.3. Triplicate samples

were measured for each nanohole array set. For each sample, λSPR was measured in air

at every angle, then for the series of sucrose solutions at each angle before proceeding

to the next angle (θinc = 61.85 − 64.32◦).

Surface sensitivity was calculated by equation 5.1 with values for bulk sensitivity

calculated as detailed above, adsorbate thickness set to match desired analyte, and pen-

etration depth evaluated as follows. Penetration depth was calculated from response to

sequential buildup of known thicknesses of polyelectrolyte multilayers (PEM) of polyal-

lylamine hydrochloride (PAH) and polystyrene sulfonate (PSS). A detailed procedure

is presented in section 4 with the folloing changes to the procedure; the PEM solutions

were prepared in deionized water and solutions were allowed to rest and form adlayers

for one minute before exchange with 2 mL aliquots. This was sufficient to fully replace

the solution within the flow cell (0.0048 in3 volume). In some cases, triplicate samples

were not available, rather, a third trial was attained by duplicate measurement of a

sample after it was oxygen etched for one hour. The variation in the bare surface SPR
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wavelength between the sample before and after etching was within experimental error.

Thereby, this duplicate sample measurement serves as a reliable replicate measurement.

5.2.4 Atomic force microscopy

The physical parameters of the nanohole array substrates were determined by

atomic force microscopy with a Nanoscope IV AFM (Bruker AXS, Santa Barbara,

CA). A silicon TAP-300-G probe (Innovative Solutions Bulgaria Ltd., Sofia, Bulgaria)

was used in tapping mode in air. For each nanohole array set, three spots on three

separate samples were evaluated. A 5 × 5 µm2 image was acquired and analyzed with

Nanoscope software.

5.3 Physical characterization

Sets of nanohole arrays with various diameter and periodicity were fabricated

and analyzed by AFM to determine the height, diameter and periodicity. To investigate

effects of periodicity and diameter, sets of various periodicity (490-3000 nm) with same

diameter to periodicity ratio (D/P) (0.36 ± 0.02) and sets of various D/P (0.27-0.44)

with same periodicity (820 nm) were fabricated (refer to Figure 5.2). The diameter

varied between nearest sets by 40-56%. Considering the variation in D/P (standard

deviation of 0.01 − 0.03), the sets remain statistically different with 95% confidence

(tcalc = 2.9 − 3.8 where ttable = 2.78). The gold was 78 ± 5 nm thick.

5.4 Nanohole array SPR features

Various surface plasmons on the nanohole arrays may be excited in the NIR and

are easily visualized in different dielectric media. Fundamental characterization of the

SPs provides insight for improving field enhanced spectroscopy and SPR spectroscopy

sensitivity. Understanding the SP features is important to full exploitation of their

interaction, tunability, and subsequent application. With the nanohole array in air,

Bragg SPs of various resonance orders are observed as shallow SPR dips (Figure 5.3).

At incident angles between 61.8-64.3° in water, the SPR dip arising from the propa-

gating plasmon overwhelms the shallower Bragg SPs and obscures it from view (Figure
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Figure 5.2: AFM images of nanohole arrays with various diameter (D) and periodicity
(P).

5.3), however they are still prevalent. The Bragg SP λSPR generally shifts minimally

with change in sample RI and incident angle. Some of the SPR dips arise from Bragg

SPs on the nanohole array-prism interface, therefore a change in sample RI on the

topside does not affect these specific SPR features. Conversely, some Bragg SPs are

supported on the nanohole array-sample interface and exhibit a range of sensitivities

to sample RI. These Bragg SPs may be used for sensing purposes and interaction with

propagating SPs.[100, 115, 122]

Features which demonstrate sensitivity to changes in sample refractive index

and may affect SPR sensing are highlighted in figure 5.4(b). These Bragg SPs were

assessed in various sample media by SPR spectroscopy at higher incident angles, where

the propagating SP is blue shifted out of the measured range to allow evaluation of

otherwise obscured Bragg SPs. In this manner, measurements at θinc=69.9° established

the RI sensitivity of the Bragg SPs from a change in water to air (Figure 5.5(b)). The

sensitivities are presented in table 5.1.

The λSPR of Bragg SPs is primarily periodicity dependent (refer to equation

(2.5)), so it may be tuned by changing the nanohole periodicity. Contrastingly, nanohole
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Figure 5.3: Representative nanohole array SPR spectra (θinc = 64−62◦) demonstrating
Bragg SPs (in air) and propagating SPs (in water). A spectrum of sucrose is included
to visualize potentially convoluting absorptions from the analyte.

diameter has little affect on λSPR of Bragg SPs. For example, for varying D/P (0.27 to

0.44) and P=820 nm, the Bragg SPs are consistently excited in air at λSPR=1050, 1250,

1695, and 2040 nm with little variation (standard deviation <20 nm) (Figure 5.4(a)).

Additionally, there is negligible change in the Bragg SP λSPR with angle (61.8◦<θinc

<64.3◦). For changing periodicity (490-3000 nm) and same D/P, the Bragg SP features

vary greatly. The lower periodicity nanohole arrays (P=490-820 nm) exhibit several

sharp features at different wavelengths (Figure 5.4(b)), whereas the larger periodicity

(P=1500 nm and 3000 nm) structures exhibit broad features.

Theoretical Bragg SP λSPR values were calculated for various Bragg resonance

orders with consideration for the angle between the incident light vector and x-axis of

the nanohole array reciprocal lattice, i.e. the azimuthal angle (ϕ) (Figure 5.5 and 5.6).

A more accurate model of the Bragg SP λSPR which accounts for the azimuthal angle

has recently been developed by Masson et. al. [164], refer to equation (2.5). Analysis
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Figure 5.4: Nanohole array SPR spectra in air demonstrating Bragg SPs for various
nanohole (a) D/P and (b) P. Bragg SPs that demonstrate sensitivity to sample refrac-
tive index are highlighted in (b).

of the features within the first ϕ = 30◦ represents the possible Bragg SP λSPR’s for the

low Bragg resonance orders (as pictured in figure 5.5 and 5.6). The modeled Bragg SP

λSPR are displayed for ϕ = 0 − 60°, because the features repeat symmetrically every

60°. Furthermore, each ∆ϕ = 30°, the features are reflected, so the Bragg SP λSPR

are considered for ϕ = 0 − 30◦. The Bragg SP λSPR’s fluctuate moderately over this

ϕ range, therefore Bragg SP features are proportionally broadened for measurement

of an area including several azimuthal orientations of the nanohole array. In this

case, the nanohole arrays are continuous without dislocations or grain boundaries for

approximately 20 µm2 area (Table 2.2), and the spot size is approximately 4 mm2.

Therefore, a single SPR spectrum collected with this setup is representative of several

nanohole array orientations. The experimental features are expected to be broader

than measurements of an area with a smaller range in azimuthal orientation. Also,

there are some modeled values for P=1500 nm which do not follow the curve and may

be disregarded. They result from the wavelength dropping below the boundaries of the

model (700-2300 nm), which returns erroneous λSPR calculations.

For each Bragg SP observed in the experimental spectra there is a corresponding

theoretical Bragg SP at a given interfacing medium (glass or sample) (Figure 5.6). In
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Figure 5.5: Bragg SPs supported on various periodicity nanohole arrays; (a) Theoretical
λSPR vs.ϕ for glass (···), water (- - -), and air (—) and (b) experimental spectra in water
(- - -), and air (—). Bragg resonance orders are labeled with the interfacing medium
(sample (s) or glass (g)) in (b), and inset figure illustrates the reciprocal space nanohole
array lattice with the excited orders circled.
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general, the experimental λSPR are approximately 80-100 nm red shifted from the

modeled λSPR, most likely due to both differences in complex permittivity values and

lack of accounting for SP interaction. Accounting for this difference, modeling indicates

the Bragg resonance orders (relative to ϕ) of the experimental SPR features. There are

several patterns which substantiate the Bragg resonance order designations. Similar

Bragg resonance orders are excited for various periodicity nanohole arrays with a red

shifting of each Bragg SP feature with increasing periodicity. The resonance orders

closest to the incident light vector are excited more intensely, meaning they appear as

sharper peaks in spectra, and the λSPR for these orders varies less with ϕ than those

further away. Also, the Bragg SPs excited on the sample side exhibit change with

measurement in water vs. air.

Accordingly, the spectral features are labeled by their respective Bragg reso-

nance orders. A relatively sharp feature arising from the (-1,0) resonance order is

measured for the lower periodicity arrays. This corresponds to the resonance order

most closely aligned with the incident light vector for the investigated ϕ range (0-30°).

The Bragg SPs from the next nearest lattice orders in the direction of the azimuthal

rotation, (0,-1) and (-1,-1), prominently appear in the spectra as well. The experi-

mental peaks for P=600 nm and P=490 nm that coincide with Bragg SPs from (-1,1)

and (-2,1) lack consistency across different periodicity nanohole arrays, therefore these

designations are solely inferred from wavelength matching. Furthermore, these peaks

coincide with λSPR from orders that are closer to the incident light vector as well, which

suggests they may rather result from these other resonance orders. The Bragg SPs from

lattice orders excluding (-1,0) may be excited at overlapping wavelengths and mani-

fest as composite features (apparent in figure 5.5 at lower wavelengths than the (-1,0)

peak). Spectrally, they appear as broader peaks that slightly shift and broaden with

sample change. As demonstrated for P=1500 nm, features exist at lower wavelengths

which correspond to Bragg SPs from orders further from the incident light vector axis,

(-1,2) and (0,-1), and the Bragg SP peaks are generally broader for higher periodicity

due to large ∆λSPR with ϕ.
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Figure 5.6: (a) Theoretical (open markers) and experimental (filled markers) Bragg
SP λSPR for various periodicity nanohole arrays (∼ nm), Bragg resonance orders, and
interfacing dielectric (glass (g), water (w), and air (a)). Error bars represent the SPR
peak width (FWHM) determined from theoretical variation in λSPR with ϕ = 0−30°or
experimental FWHM and the gray band designates features which are not consistent
across different periodicity nanohole arrays and may result from different resonance
orders. Bragg SPs that exhibit measured RI sensitivity are highlighted. (b) Reciprocal
space nanohole array lattice illustrating Bragg resonance orders and azimuthal angle,
ϕ.
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Many of the Bragg SPs are sample sensitive; however, the propagating SPs

are more sensitive than these Bragg SPs by over an order of magnitude. Table 5.1

presents the RI sensitivity of the Bragg SPs. The theoretical values have been included

for comparison, but the sensitivities are not consistent in every case. This is most

likely due to sample inhomogeneity and a lack of accounting for SP interactions, gold

thickness, hole diameter, and surface roughness in the model. The propagating SP may

interact with the Bragg SPs which increases sensitivity and excitation wavelength.

This interaction and the Bragg SPs affect the spectral profile and understanding of

the nanohole array plasmonics, but the main focus of the sensitivity assessment are

the propagating SPs. Hence, the ∆λSPR of the propagating SPs is measured in the

forthcoming studies. For specific conditions, the Bragg SP features may convolute

the propagating SP. In this case, the λSPR is determined by fitting a second order

polynomial to the broader propagating SPR dip with the Bragg SP region removed.

Absorptions from the analyte are not of concern for potential convolutions, because

the sucrose solutions utilized in bulk sensitivity calibration show minimal absorptions

within the NIR region investigated (Figure 5.3). The following studies evaluate the

sensitivity of the propagating SPs with consideration of Bragg SP effects.

Table 5.1: Theoretical and experimental sensitivity of sample sensitive Bragg SPs
supported on various periodicity nanohole arrays. Bragg SP resonance orders which
are not consistent across different periodicity nanohole arrays and may result from
different resonance orders are represented in grey.
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5.5 Bulk sensitivity

The bulk sensitivity (m) of the nanohole arrays depends on the λSPR and the

physical parameters of the nanohole array (diameter, thickness, and periodicity). By

manipulating the experimental parameters, the bulk sensitivity may be tuned and

optimized. The bulk sensitivity for various D/P and P is investigated throughout the

near-infrared and compared to conventional continuous gold. The gold thickness is

kept consistent for the nanohole array substrates (78± 5 nm), and the thickness of the

continuous gold samples is 50± 2 nm. The λSPR is controlled by changing the angle of

incidence (θinc) and increases as incident angle decreases from 64.3-61.8°.

The bulk sensitivity of nanohole arrays deviates from the angle dependent be-

havior of continuous gold as D/P is increased. Figure 5.7(a) demonstrates the deviation

from the bulk sensitivity profile of continuous gold as D/P increases. The local max-

imum in bulk sensitivity occurs at θinc=62.5◦ for D/P=0 to 0.32 (where D/P=0 rep-

resents continuous gold) and deviates to higher incident angles for larger D/P ((θinc=

63.1◦ and 62.8◦ for D/P=0.37 and 0.44, respectively). As the hole size increases, the

nanohole array deviates from behavior of continuous gold. The different sensitivity-

angle profiles arise from a change in λSPR at a given θinc. The λSPR increases with

D/P as demonstrated in figure 5.7(b). The peak bulk sensitivity aligns with the same

λSPR for each nanohole array (1634 ± 31 nm), whereas the peak bulk sensitivity for

continuous gold occurs at λSPR = 1412 ± 12nm. The maximum bulk sensitivity of the

nanohole array substrates (P=820 nm) occurs at a different λSPR than for continuous

gold substrates and the λSPR red-shifts with D/P, indicating effects of the nanohole

array structures and possible interactions with Bragg SPs.

The λSPR for maximum bulk sensitivity lies between two sample sensitive Bragg

SP λSPR which may affect the propagating SP (Figure 5.7(b)). These Bragg SPs appear

at λSPR of 1970 nm and 1260 nm in water and are sensitive to sample refractive index,

whereas the other Bragg plasmon (within the 900-2200 nm range) is not sensitive

(depicted as grey dashed line in figure 5.7(b)). The refractive index sensitivity of

Bragg SPs indicates excitation at the nanohole array-sample interface and supports
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Figure 5.7: (a) Bulk sensitivity and (b) λSPR of various diameter nanohole arrays
(P=820 nm) as a function of incident angle. D/P=0 nm represents continuous gold.
The points of maximum bulk sensitivity for each sample are outlined and the λSPR of
the Bragg SPs are represented by dashed lines.

the potential for coupling to the propagating SP on the same nanohole array interface.

Coupling has been observed for nanohole arrays [100] and nanovoid arrays [147] in the

visible range when the propagating λSPR is approximately coincident with or 100 nm

redshifted from the Bragg λSPR. Coexcitation of propagating and Bragg SPs on the

nanohole array-sample interface at similar NIR wavelengths may lead to coupled SPs

and increased bulk sensitivity. Effectively, the difference in excitation wavelength for

maximum sensitivity between continuous gold and nanohole array substrates may be

a combination of coupling between the Bragg SPs and propagating SP, gold thickness

effects[44, 69], and comparatively red-shifted λSPR.

The dependence of the λSPR position for maximum sensitivity on sensor struc-

ture is further illustrated by the offset wavelength-sensitivity profiles of continuous gold

vs. nanohole array in figure 5.8. The λSPR for maximum sensitivity with the nanohole

array remains consistent for all D/P and lies between the λSPR of the sample sensitive

Bragg SPs (represented as bold dashed lines) in figure 5.8. The λSPR for maximum

bulk sensitivity is unchanging for the P=820 nm nanohole arrays, however the bulk

sensitivity value decreases with decreasing D/P.

The magnitude and wavelength of maximal bulk sensitivity also depends on
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Figure 5.8: Bulk sensitivity of various diameter nanohole arrays (P=820 nm) as a
function of λSPR. D/P=0 nm represents continuous gold. The λSPR of the sample
sensitive Bragg SPs are represented by red dashed lines.

the periodicity of nanohole arrays. The bulk sensitivity peaks at a different incident

angle and wavelength for various periodicity nanohole arrays (Figure 5.9), most likely

due to effects from the sample sensitive Bragg SP λSPR if within range (highlighted in

figure 5.9(b)) and variable λSPR. For P=600 nm, maximum bulk sensitivity occurs at

λSPR = 1542± 43 nm, which is 60 nm red shifted from a sample sensitive Bragg SP at

λSPR=1480 nm. The P=490 nm nanohole arrays do not support any sample sensitive

Bragg SPs within the wavelength range investigated. The nearest Bragg SP is excited at

λSPR = 1115 nm. Consequently, its bulk sensitivity profile reflected that of continuous

gold (Figure 5.9(a)) with an offset in wavelength. The larger periodicity (P=1500

nm and 3000 nm) structures exhibit broad Bragg SP features that severely convolute

the propagating SP of interest; therefore, analysis across the entire angle region was

impeded and the sensitivity for these structures was not fully investigated. The λSPR

position for maximum sensitivity depends on the periodicity and only deviated from

continuous gold when Bragg SPs are present, suggesting tunability and SP coupling.
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Figure 5.9: Bulk sensitivity of various periodicity (D/P= 0.36± 0.02) nanohole arrays
as a function of (a) incident angle and (b) λSPR. P=∞ represents continuous gold.
The λSPR of sample sensitive Bragg SPs are represented by dashed lines in (b).

5.6 Surface sensitivity

The surface sensitivity of nanohole arrays of various diameter, periodicity, and

wavelength was measured and compared to continuous gold to determine optimal

nanohole array parameters for sensing in NIR Kretschmann configuration and to in-

vestigate the fundamental ld characteristics. Sensitivity was calculated for specific

analyte thicknesses; d=10, 100, and 500 nm, with negligible linkage layer thickness.

These thicknesses represent a range of SPR analytes, such as proteins, cell membranes,

protein scaffolds, viruses, etc... The measured response to a 10 nm adlayer is also

presented, because this thickness regime represents the majority of SPR studies based

on protein binding. Furthermore, measurements are executed in aqueous environments

with an adsorbate of similar RI to a protein, which mimics the environment of biosens-

ing conditions.

It is necessary to determine wavelength dependent ηPEM values for accurate

calculation of SP penetration depth (ld) and subsequently, surface sensitivity (msurf)

of nanohole arrays. The ηPEM was calculated according to the previously presented

method in section 4.4 which utilizes measured ∆λSPR for sequential buildup of five PEM
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bilayers on continuous gold, measured PEM thickness, and previously determined ld.

The PEM thickness (d) of five bilayers was determined by AFM in water (via procedure

presented in section 4.2.6), then d for 1-4 bilayers was calculated from the established

linear thickness vs. bilayer number relationship (refer to section 4.4) [97]. The ld values

used in this study are calculated from the previously determined relationship for ld and

wavelength (refer to section 4.3);

ld = 6.308e–4 λ2
SPR + 2.352e–1 λSPR − 128.0 (5.2)

The prior measurements were performed on gold with a self assembled monolayer pre-

cursor to PEM buildup. Therefore, ld was affected by the thiol bonding of this mono-

layer to the surface. Contrastingly, the PEMs for this investigation bind directly to

the gold by electrostatic interaction, so ld values should be corrected to represent non-

functionalized gold by reducing ld measurements from thiolated gold by a theoretical

estimate of 5%. This reduction rate is determined by comparing theoretical results from

Maxwell’s equations where gold complex permittivity values[176] are implemented as

unaltered values or reduced according to the conductivity drop from thiol attachment

to gold as measured by Zhang et. al.[184] Differences in ld due to effective refractive

index of the solution and PEM layer with and without the thin monolayer is minimal

(<0.1%), as expected. Therefore, a total 5% difference in ld is considered and results

in a negligible difference (0.14%) in ηPEM, so that ld values measured from thiolated

gold are acceptable for ηPEM calculation. The PEM refractive index was determined

at five different λSPR ranging from 1070 ± 15 nm to 2050 ± 19 nm and a second order

polynomial was fit to the five data points, R2 = 0.943;

ηPEM = 4.63e–8 λ2
SPR − 1.70e–4 λSPR + 1.41 (5.3)

ηPEM from this equation is used for msurf calculations at specific wavelengths.

The msurf for nanohole arrays with various nanohole diameter and consistent
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P=820 nm was calculated by equation (5.1) at λSPR = 1440 nm, and a decrease with

D/P is observed. Despite decreasing ld with increasing D/P as illustrated in figure

5.10(a), the msurf also decreases with increasing D/P due to variable bulk sensitivity.

The resulting msurf is displayed in figure 5.10(b) for analytes with thickness of d=10,

100, and 500 nm. There is no statistical difference in msurf for the smallest D/P

nanohole array substrate and continuous gold (7 ± 8% difference for 10 nm analyte),

and msurf decreases with increasing D/P. The measured ∆λSPR for two PEM bilayers

represents an experimental metric of msurf for a 10 nm analyte (Figure 5.10(a)). The

most sensitive D/P is 0.27, but at the given wavelength, does not exhibit improved

msurf over continuous gold.

Figure 5.10: SP (a) ld, ∆λSPR for two PEM bilayers (d=10 nm), and (b) surface
sensitivity of various D/P nanohole array substrates (P=820 nm, λSPR = 1440 nm).
D/P=0 represents continuous gold. Error bars on ld represent standard deviation of ld
calculated from different thicknesses (1-5 bilayers). Error bars on ∆λSPR and surface
sensitivity represent standard deviation of triplicate measurements.

The dependency of nanohole array msurf on nanohole periodicity was investi-

gated at λSPR = 1460 nm for various periodicity nanohole arrays with consistent D/P

(0.36±0.2). The ld increases with periodicity where continuous gold is characterized by

infinite periodicity. The ∆λSPR for two PEM bilayers indicates similar msurf for 10 nm

PEM, regardless of periodicity (Figure 5.11(a)). However, the calculated msurf demon-

strates an apparent increase with periodicity from P=600 - ∞ nm (Figure 5.11(b)). At
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D/P=0.36±0.2 nm and λSPR = 1460 nm, msurf is highest for continuous gold, followed

by P=820 nm.

Figure 5.11: SP (a) ld, ∆λSPR for two PEM bilayers (d= 10 nm), and (b) surface sen-
sitivity of various periodicity nanohole array substrates (D/P=0.36 ± 0.2 nm). P=∞
represents continuous gold. Error bars on ld represent standard deviation of ld cal-
culated from different thicknesses (1-5 bilayers). Error bars on ∆λSPR and surface
sensitivity represent standard deviation of triplicate measurements

The msurf and ld may be further optimized by controlling λSPR. The wave-

length profile of msurf of a nanohole array with P=820 nm, D/P=0.37, and 78± 5 nm

thick was investigated and compared to continuous gold. ld increases with wavelength

and is consistently lower than ld of SPs on continuous gold (Figure 5.12(a)). Despite

smaller ld, the reduced m causes msurf for the nanohole array to remain less than or

equal to that of continuous gold (Figures 5.12). The local msurf maximum occurs at

λSPR=1550 nm for the nanohole array and at λSPR=1300 nm for continuous gold. For

the nanohole array, there is an improvement of 201±18% in msurf to a 10 nm analyte

measured at λSPR=1550 nm compared to measurement at λSPR=1310 nm. Interest-

ingly, for continuous gold, there is an improvement of 202±42% in msurf to a 10 nm

analyte measured at λSPR=1300 nm over measurement within the conventionally used

visible region (λSPR=700 nm). Thus, highest msurf is achieved at λSPR=1300 nm for

continuous gold (50 ± 2 nm thick) and at λSPR=1550 nm for a nanohole array of the

given parameters.
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Figure 5.12: SP (a) ld, ∆λSPR for two PEM bilayers (d=10 nm), and (b) msurf

of continuous gold (open red markers) and nanohole array substrates (P=820nm,
D/P=0.36 ± 0.2 nm) (filled blue markers) at various wavelengths. Lines are added
to guide the eye. Error bars on ld represent standard deviation of ld calculated from
different thicknesses (1-5 bilayers). Error bars on ∆λSPR and msurf represent standard
deviation of triplicate measurements

The analysis of the msurf as a function of D/P, P, and λSPR has established op-

timal nanohole array parameters as measured; D/P=0.27, P=820 nm, and λSPR=1550

nm. msurf for these optimized nanohole array parameters is compared to continuous

gold at its most sensitive λSPR (1300 nm) for different analyte thicknesses (Table 5.2).

The nanohole array substrate demonstrates an improvement of 130 ± 16% for d=10

nm, a thickness representative of experiments based on protein-protein interaction.

Considering adjustments to thiol-functionalized, continuous gold ld to represent non-

functionalized, continuous gold, the improvement is reduced to 124±15% for d=10 nm.

The optimized nanohole array exhibits a larger sensitivity over continuous gold sensing

substrates.

The nanohole array msurf calculations are validated by comparing predicted and

measured ∆λSPR for a 106 nm thick PEM at λSPR=1440 nm. ∆λSPR was measured for

formation of 19 PEM bilayers (106 ± 1 nm) on a nanohole array (D/P=0.32, P=820

nm). ∆λSPR was predicted from msurf by ∆λSPR = msurf(ηPEM − ηwater). There is

no statistical difference between predicted and measured ∆λSPR. The predicted shift

for analyte adsorption to continuous gold was 157.5 ± 0.9 nm, and the measured shift
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Table 5.2: Comparison of optimized continuous gold and nanohole array surface sensi-
tivity at various analyte thicknesses.

Conditions were optimized for continuous gold (λSPR = 1300 nm) and nanohole array substrates
(λSPR = 1550 nm, D/P=0.27, P=820 nm) accordingly. Improvement is given for increase in msurf

of nanohole array as compared to continuous gold. The msurf for analyte thicknesses > 500 nm are
statistically similar.

was 164 ± 6 nm. The values agree within experimental error with 95% confidence

(t=1.8, ttable=4.3). The predicted shift for analyte adsorption to the nanohole array

(D/P=0.32, P=820 nm) was 146.6 ± 0.7 nm, and the measured shift was 120 ± 18

nm. Again, the values agree within experimental error with 95% confidence (t=2.5,

ttable=4.3). The disparity in expected compared to measured shift is due to the devia-

tion in the measured shift; 15% relative standard deviation (RSD), whereas there was

0.3% RSD for continuous gold.

5.7 Adsorbate attachment effect on nanohole array ld and msurf

The ∆λSPR due to adsorbate effects on gold permittivity, ∆λSPR,ϵm, perturbs ld

and msurf , thus ∆λSPR,ϵm was considered in all presented calculations. As previously

described in chapter 4, bonding of the adsorbate to the gold greatly affects the gold

permittivity and its plasmonic characteristics. The extent of this effect is represented

by ∆λSPR,ϵm, and may be quantified by solving the linear fit of ∆λSPR vs. d for d=0

(refer to section 4.3). Similarly, but to a lesser extent than bonding, electrostatic

adsorption of PEM layers directly to the gold surface induces a change in gold permit-

tivity. For continuous gold at various wavelengths, ∆λSPR,ϵm ranges from -3.5 to 0.4
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nm (∆λSPR,ϵm = −2.2± 1.7 nm). For nanohole arrays of various parameters, ∆λSPR,ϵm

ranges from -3.5 to 2.1 nm (∆λSPR,ϵm = 0.5 ± 0.6 nm). Although the ∆λSPR,ϵm is

effectively zero, the effect at smaller thicknesses is substantial. In this case, ∆λSPR,ϵm

is a greater proportion of the total measured ∆λSPR. The RSD for ld calculated from

analyte thicknesses of 5-23 nm improves by an average of 137±24% when ∆λSPR,ϵm is

included, and there is an additional gain in accuracy and precision for increased sam-

pling at the five different thicknesses required for determining ∆λSPR,ϵm rather than

one thickness.

The importance of including ∆λSPR,ϵm in ld and msurf calculations increases for

conditions involving adsorbate bonding, nanostructured surfaces, and/or increasing

wavelength. The effects of Au-S bonding on gold permittivity of a nanohole array are

increased compared to continuous gold (refer to section 4.5). For a nanohole array

(D/P=0.29, P=820 nm) at λSPR = 883 nm, ∆λSPR,ϵm = −31.3 ± 3.8 nm for Au-S

bonding. This magnitude is three times larger than ∆λSPR,ϵm for Au-S bonding to con-

tinuous gold under the same conditions (−10.2±1.4 nm). The RSD for nanohole array

ld calculated from analyte thicknesses of 9-70 nm improves by 2750% when ∆λSPR,ϵm is

included (8% RSD compared to 220% RSD). Furthermore, the magnitude of ∆λSPR,ϵm

for continuous gold increases with wavelength from −5.6 ± 0.2 nm at λSPR = 700 nm

to −16 ± 3 nm at λSPR = 1150 nm. Thereby, consideration of ∆λSPR,ϵm for nanohole

array ld and msurf becomes extremely important for situations were bonding occurs

and/or higher wavelengths are implemented.

5.8 Conclusion

The SP characteristics of nanohole arrays have been investigated throughout

the NIR region as a function of D/P, P, and λSPR to establish trends and optimize

surface sensitivity to specific analytes. Various Bragg SPs are supported in the NIR

and depend on array periodicity. The maximum bulk sensitivity of the nanohole ar-

ray propagating SP is affected by interactions with these Bragg SPs. Consequently,

the bulk sensitivity may be tuned by the periodicity. Bulk sensitivity decreases with
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nanohole array diameter, however penetration depth must also be considered in as-

sessing the msurf to different analyte thicknesses. Consideration of adsorbate effects

on gold permittivity was implemented to increase accuracy and precision in penetra-

tion depth and subsequent msurf values. Surface sensitivity was greatest for P=820

nm, D/P=0.27, and λSPR=1550 nm, within the given investigated conditions. This

nanohole array structure demonstrated a 130 ± 16% increase in surface sensitivity for

10 nm analyte over continuous gold at its optimal λSPR (1300 nm).
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Chapter 6

PLASMONIC INTERACTION BETWEEN A SINGLE
NANOPARTICLE AND A NANOHOLE ARRAY

6.1 Introduction

Current SPR spectroscopy research seeks to increase the control of the plasmonic

field enhancement and environmental sensitivity, one predominant means of which is

the use of nanostructured materials that support surface plasmons (SPs).[52, 43] The

primary difference between SPs supported on nanostructures versus continuous films

is that SPs propagate along the surface in continuous films of plasmonic materials,

whereas in plasmonic nanostructures, the SP exists as a standing wave that is confined

to the nanostructure. Thus, SPs on nanostructures are localized to the structure

(a “localized surface plasmon” (LSP)) and amplify the local field intensity.[66, 62]

Fundamentally, both types of SPs are collective oscillations of electrons at the interface

of plasmonic and dielectric materials, and the SPs are excited when the momentum of

incident light matches that of the SP, i.e. surface plasmon resonance (SPR) occurs. For

propagating SPs excited at a specific incident angle and for LSPs, SPR manifests as an

extinction band at a specific wavelength of light in a broadband spectrum, known as

the SPR wavelength (λSPR). Also, both propagating SPs and LSPs exist as evanescent

waves, which leads to confinement of the field and sensitivity to changing conditions

near the surface.[44] In particular, SPR spectroscopy measurements can a detect change

in refractive index of the surrounding dielectric sample as a shift in the SPR response,

which, is wavelength (∆λSPR) in this case. This is the basis for SPR sensing. The

refractive index sensing capability as well as the field enhancement may be increased

when SPs of nearby plasmonic structures interact.[62, 112] Within this chapter, a
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technique for mapping the interaction of a nanoparticle and plasmonic substrate SP is

demonstrated which could be applied to optimizing interaction and field intensification.

The relative position and gap distance of plasmonic structures affect the sens-

ing capability and field intensification.[62, 112, 207] Under specific conditions, nearby

SPs couple together and the electric field between the structures is further ampli-

fied and localized (details may be found in chapter 1.6), which may be exploited

for sensing purposes and surface enhanced techniques, such as tip enhanced Raman

spectroscopy (TERS) or surface enhanced Raman spectroscopy (SERS).[208, 62, 122]

Plasmonic coupling decreases exponentially with distance between structures, whereby

greatest coupling is achieved at gap distances of less than 0.2× the diameter of the

nanostructure.[62, 112] Within this distance regime, gap mode enhancement may oc-

cur where the field intensity between nanostructures is greatly intensified by up to five

orders of magnitude.[62] In addition to increased field intensity, a shift in the SPR wave-

length and broadening of the peak occurs due to coupling.[207, 209] In this manner,

the coupling of SPs may be evaluated. The fundamental study of plasmon coupling as

a function of gap distance and relative location may be used for optimizing field ampli-

fication and ultimately combining TERS and SERS substrates or increasing biosensor

sensitivity. In particular, this chapter investigates the development of a technique for

mapping the interaction of a nanosphere affixed to an AFM probe (effectively a TERS

probe) over a plasmonic nanohole array and presents the results of these interactions.

As discussed in the preceding chapters, nanohole arrays uniquely support both

propagating SPs between the holes as well as LSPs within the holes leading to extensive

investigation for numerous applications. Of particular interest, they may be used for

biosensing [76, 149, 153, 136] and SERS [127, 128]. The coupling of nanostructures

to the nanohole array could further increase the function of these sensors. An SPR

sensor utilizing the coupling between nanohole arrays and nanoparticles has not been

demonstrated in current literature, but other gap mode SPR sensors based on multiple

nanoparticles or a nanoparticle and thin film have shown increased sensitivity over

isolated structures. [1, 113, 114] Therefore, the superior sensitivity of the nanohole
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array, over both nanoparticles and thin films,[55] suggests gap mode coupling capability

with nanohole arrays could also surpass sensors based on these architectures. A related

SERS study exhibited a 100-fold increase in SERS signal for a nanohole-nanoparticle

substrate compared to traditional nanoparticle aggregates has been achieved [210], and

could be further improved by optimizing gap distance [62, 112].

Darkfield imaging of the nanohole array SPR wavelength and intensity with

varying single nanoparticle (SNP) probe-nanohole positions can elucidate the location

specific SP interaction and optimal enhancement conditions. Different optical modes

may be used to excite and directly observe the nanohole array SPs.[126, 138, 144, 205,

142] Darkfield spectroscopy was chosen for this study, wherein the reradiated light cou-

pled to SPs was measured, and the characteristic SPR wavelength shift (∆λSPR) was

evaluated as a direct indicator of the SPR conditions including surrounding refractive

index and SP coupling. This study offers experimental investigation of SP coupling

as a function of controlled relative location that is complementary to available finite

differential time domain (FDTD) simulations [210, 211]. Studies of nanostructure in-

teractions with a similar nanostructure or with a continuous metal film where the

relative position is controlled by scanning probe microscopy has been examined in

literature.[212, 213, 214, 215] However, the current literature lacks investigation of

more complex nanostructures such as nanohole array-nanoparticle interaction and the

imaging of such interactions has not been well documented. The imaging of trans-

mission through standalone nanohole arrays in the farfield [216, 217] and nearfield

[17, 18, 218, 219] has been established where low divergence of light (<3°) and beam-

ing or increased directionality of the light occurs[17, 18, 218, 220]. These images focus

solely on the intensity with the exception of the study by Bohn et. al.[217] in which

the dispersion curves were mapped for various conditions. This chapter seeks to im-

age the intensity as well as the location specific λSPR of a nanohole array with and

without interaction of a SNP by integrating scanning probe microscopy (SPM) with

darkfield spectroscopy. Software controlled hyperspectral imaging of the nanohole ar-

ray is demonstrated in addition to the SNP-nanohole array surface plasmon interaction
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at a single nanohole array position. This chapter presents the first empirical observa-

tions of SPM controlled gap mode enhancement of more complex nanostructures and

allows for optimization of positioning prior to sensing applications. The SPM-SPR

instrument has great implications to the field for analysis of several structures in a

similar manner.

6.2 Experimental methods

6.2.1 Nanohole array fabrication

Circular glass coverslips (Fisher Scientific, Fairlawn, NJ, 25 mm diameter) were

cleaned by immersion in boiling piranha solution (3:1 (v/v) concentrated H2SO4 :

30% H2O2) (Fisher Scientific, Fair Lawn, NJ) for at least one hour, triplicate rinsing

and sonication in deionized water for one minute, and drying with nitrogen gas (Keen

Compressed Gas Co., Wilmington, DE). Caution: boiling piranha solution is very cor-

rosive and should be handled with extreme care. The clean coverslips were sputter

coated in a DC magnetron sputterer (Cressington Scientific Instruments Ltd., model

308R, Watford, UK) with a 5 nm chromium (99.95 + %, Kurt J. Lesker Co., Clairton,

PA) adhesion layer and 60 nm gold (99.99%, ESPI Metals, Ashland, OR) layer.

The nanohole array perforations were formed by focused ion beam (FIB) milling

a gold-coated glass cover slip to form a 100µm × 100 µm, hexagonally patterned nanohole

array with 490 nm hole center-to-center separation and 224 nm hole diameter. FIB

milling was performed at a beam current of 460 pA and an acceleration voltage of 30

eV. Nanohole arrays may be fabricated easily and homogeneously over large-scale areas

(mm) by a nanosphere lithography technique for application [221, 222] (section 2.3),

however, to ensure a well-defined, defect-free area for this fundamental study, focused

ion beam milling was employed.

6.2.2 Atomic force microscopy

The physical parameters of the nanohole array substrate were determined by

atomic force microscopy (AFM). A Bruker Optics (Billerica, MA) Dimension AFM
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equipped with a silicon TAP-300-G probe (Innovative Solutions Bulgaria Ltd., Sofia,

Bulgaria) was used in tapping mode in air. Three 5 × 5 µm2 images were acquired

and the average depth, diameter, and periodicity for > 90 nanoholes per image was

calculated using Bruker Optics Nanoscope software.

6.2.3 Integrated AFM-darkfield measurements

A MV2000 scanning probe microscope (SPM) (Nanonics Imaging Ltd., Jerusalem,

Israel) was used for atomic force microscopy (AFM) measurements integrated with

darkfield spectroscopy measurements acquired on a Bruker Optics (Billerica, MA) SEN-

TERRA microscope spectrometer. The source was a Xenon arc light (Ushio, Tokyo,

Japan), and the collected light was dispersed with a 1200 grooves/mm grating (0.1 nm

resolution). The spectra were acquired from 532-812 nm with 20 s integration time

and 3 co-additions. A 50 µm aperture was utilized in the confocal setup, which allows

for a collection spot size of ≈ 2 µm. The MV2000 allows independent piezoelectric

movement of both the sample and probe and provides a free optical path in which

the nanohole array and probe were positioned for collection of scattered light (Figure

6.1). Within the microscope optical train, a darkfield condenser (Olympus, Center Val-

ley, PA) was focused on the underside of the nanohole array sample and a 100× long

working distance objective (Nikon, Tokyo, Japan) was focused on the opposing side of

the sample for collection of light scattered from the sample. The darkfield condenser

(NA = 0.92 − 0.8) produces a hollow cone of illumination, which lies outside the cone

of acceptance of the objective (NA = 0.7), so that only scattered light is collected.

Thereby, light scattered from the interaction point of the nanohole array sample and

a SNP probe (a 200 nm diameter gold nanosphere affixed to a AFM probe, effectively

a TERS probe) was measured where the SPM was used to position the SNP probe

(Nanonics Imaging Ltd., Jerusalem, Israel) in relation to the nanohole array sample.

The position was measured and controlled by an oscillation feedback mechanism of the

tuning fork attached to the SNP probe.

The light scattered from the nanohole array was collected by the spectrometer
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Figure 6.1: Simplified integrated scanning probe microscope and optical spectrometer
schematic demonstrating measurement of scattered light from nanohole array sample
with SNP probe out of contact (a) and in near-contact (b) with the nanohole array.
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at specific SNP-nanohole array positions. The SPM system can control the motion of

both the SNP and sample in the X, Y and Z directions. As the SNP is brought into and

out of near-contact with the nanohole array, a change in the wavelength of scattered

light may be detected (Figure 6.1). The SPM operates in tapping mode, where the

probe oscillation is approximately 5 nm; therefore, near-contact refers to an oscillating

tip-sample distance of 0-5 nm. The SPM and optical measurements are integrated

to enable automatic triggering of spectral acquisition at specified points of stationary

rest throughout the AFM scan. In this manner, location specific darkfield scatter

spectra are compiled to form a raster image of the nanohole array spectral features.

Specifically, a second order polynomial was fit to the darkfield scatter peak and the

zero of the derivative of the curve was solved to determine the darkfield spectrum

maximum. The wavelength corresponding to this maximum for the spectral series was

assembled into a hyperspectral image using MATLAB software.

The instrument is capable of imaging by movement of either the nanohole array

or SNP, while holding the other component stationary. Either the piezoelectrics sup-

porting the sample or the probe may be used for XY scanning and Z feedback. However,

in the current electronic configuration, XY scanning by the sample piezoelectrics is nec-

essary for software controlled integrated measurements, therefore manual positioning

of the SNP is necessary when utilizing raster scanning of the probe, not the nanohole

array. A spectral image of the nanohole array with the SNP positioned outside of the

field of view was collected to demonstrate imaging capability of the nanohole array

without SNP interaction (Figure 6.4). To observe SNP-nanohole array interaction, the

nanohole array was kept stationary while the SNP was manually scanned across the

nanohole array with near-contact maintained throughout the scan (Figures 6.5 and

6.6). In this instance, the spectra represent the same sample position with varying

SNP position.
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6.3 Darkfield spectroscopy of nanohole array substrate

The darkfield spectrum of a nanohole array exhibits a peak in intensity that

corresponds to the surface plasmon resonance excitation wavelength (λSPR) (Figure

6.2, black). The λSPR depends on the dimensions of the nanohole array, which are

as follows for this particular sample; 224 nm nanohole diameter, 481 nm hole-to-hole

periodicity, 41 nm depth of glass milled within the hole, and λSPR of 621.6±0.5 nm. The

darkfield spectrum was determined by normalizing the sample spectrum by a reference

spectrum of elastically scattered light from a scratched glass slide that is of similar

intensity to the sample spectrum. A spectrum of the system dark noise was collected

with the optics shuttered and this spectrum was subtracted from both the reference

and sample spectra prior to analysis. A background spectrum is represented by the

ratio of two reference spectra (Figure 6.2, grey).

Figure 6.2: Representative normalized darkfield spectrum of nanohole array (black),
λSPR = 622 nm, and background spectrum (gray).

The scatter mostly arises from the LSP, but the short range SPs couple with

and greatly affect the LSP and the peak [205, 142, 211], thereby the peak represents

a composite of the interaction of the short range SPs and the LSP of the hole within

the wavelength region. Angle spread of the incident angle may cause a broadening of

the measured peak due to angle dependency of the short range SPs.[126, 216] For this
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setup, the hollow cone of incident light spans an angle range of 53° to 67°, so that the

observed peak may be broader than that of a smaller angle range. The observed SP

is sensitive to the surrounding refractive index, which in this case is glass (substrate

supporting the nanohole array) and air (above the nanohole array). A shift in λSPR

(∆λSPR) of the spectrum may arise from either a change in the refractive index or

coupling of surface plasmons.

6.4 Integrated AFM-darkfield spectroscopic imaging

Location specific darkfield spectra were acquired to compile a hyperspectral

image of the nanohole array. A 5 × 5 µm2 AFM image of the nanohole array was

collected to locate a region of interest (Figure 6.3). A small section of the AFM scan

is selected for integrated AFM and optical measurements.

Figure 6.3: AFM image of nanohole array acquired with SNP probe.

Hyperspectral SPR imaging of the nanohole array was collected without inter-

actions by the SNP. A 1.95 µm2 AFM scan was attained (Figure 6.4(a)) with darkfield

spectra acquired at points corresponding to an 11× 11 grid throughout the scan. The

λSPR was measured at each of 121 (X,Y) locations (Figure 6.4(b)) and converted to

an optical λSPR mapping of the nanohole array (Figure 6.4(c)). The location was con-

trolled by AFM where the probe was outside the collection spot, so the measured λSPR
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of 621.6± 0.5 nm across the image represents the nanohole array without any interac-

tion of a SNP. There is an apparent ∆λSPR (≈ 1 nm) laterally across the image (Refer

to Figure 6.4(c) and periodic oscillations in Figure 6.4(b)) that most likely results from

a change in incident angle[126, 216] caused by a slight change in position relative to

the darkfield illumination cone and tilt of the sample within the illumination spot. The

consistency in wavelength vertically across the image indicates minimal spatial drift,

as the fast scan axis was in the X-direction.

Figure 6.4: (a) AFM image acquired simultaneously with darkfield spectral acquisition
where SPR measurement points within the scan are indicated by white dash marks. (b)
corresponding λSPR at each measurement point (line added as guide) (c) SPR image
of nanohole array λSPR(nm) (pixel spacing=195 nm).

6.5 SNP-nanohole array interaction

The interaction of a SNP with the nanohole array was investigated by scanning

the probe over the stationary nanohole array. The SNP probe was scanned in a 10 ×

8 µm2 area around the collection spot. Darkfield spectra were acquired at points spaced

by 1 µm and the spectral range was reduced to 603-710 nm in order to capture the SPR

feature but reduce acquisition time. The average λSPR across the image was 620 ± 3

nm. An increase in λSPR occurs when the SNP is in near-contact with the nanohole

array within the collection spot (Figure 6.5). The increase in λSPR was constrained to

a 1 × 2 µm2 region presented in figure 6.5(a) where five points centered at the focal

spot demonstrate a ∆λSPR maximum of 8 nm and average of 6± 1 nm. This ∆λSPR is

significant, as it is 12× larger than the λSPR deviation for the scanned nanohole array
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without tip interaction (0.5 nm). The increase in λSPR indicates the region of SNP

interaction with the nanohole array within the collection spot. The average λSPR for the

single spot on the nanohole array without SNP interaction is determined by excluding

the 1× 2 µm2 region of SNP interaction where the SNP was within the collection spot.

The nanohole array λSPR = 619 ± 2 nm without SNP interaction. Relative to this

λSPR rather than the average λSPR, the maximum ∆λSPR for interaction increases to

9 nm. Furthermore, this SPR image matches the scattering profile (Figure 6.5(b)), in

which the scatter intensity is greater at the points of SNP-nanohole array interaction,

indicating field enhancement and SP coupling. The scatter intensity was increased by

21 ± 4% when the SNP and nanohole array were in near-contact. Both the intensity

and the λSPR increased when the SNP was in near-contact with the nanohole array

within the collection spot.

Figure 6.5: λSPR of stationary nanohole array with SNP probe positioned at various
spots (spacing= 1 µm) represented as (a) spatial image where white space represents
five missing data points and (b) corresponding λSPR (blue dots) and scatter intensity
(green open circles) at each measurement point (line added as guide).

The field intensity of a nanohole array is greatest within the hole centers [128],

thus the greatest interaction is expected when the probe is positioned within the hole as

demonstrated by FDTD simulations by He et. al.[211] The location specific interaction

of the SNP position within the hole compared to between the holes was investigated by

imaging the SNP-nanohole interaction over a 1.2 × 1.8 µm2 region with 200 nm pixel
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spacing. This spacing allows for spectral collection with the SNP in various (X,Y)

positions relative to the center of several nanoholes within the collection spot. The

average λSPR over the entire image is 617 ± 6 nm. Relatively large ∆λSPR from the

average was confined to three points of variation, labeled 1-3 in figure 6.6, where SNP-

nanohole array interaction exhibited a maximum ∆λSPR of 13 nm (λSPR = 630 nm)

and an average ∆λSPR of 11± 7 nm (λSPR = 628± 4 nm). The greatly shifted regions

correspond to the SNP residing in or near the hole. The conversion of the voltage

manually applied to the piezos for scanning of the tip cannot account for hysteresis in

this case, which may induce up to 16% and 40% increase in the apparent distance along

the x and y axis, respectively. With this consideration, the scanned area is reduced

to 1.5 × 0.72 µm2, but potential effects of nonlinear motion are not compensated for.

Within this area, it is deduced that the three spots of increased λSPR correspond to three

nanoholes within the collection spot, refer to figure 6.6(b). Therefore, the average λSPR

determined with the points of greatest variation removed represent the SNP-nanohole

array interaction where the SNP resides at the gold between the nanoholes and is

calculated to be 616 ± 3 nm. This scan was repeated and a maximum ∆λSPR of 17

nm was measured from an average λSPR of 618 ± 5 nm (Table I) and λSPR for SNP

between nanoholes was 616± 3 nm. Again, an increase in intensity coincided with the

∆λSPR (Figure 6.6(b)), which further supports the coupling observation. The scatter

intensity was increased by 31 ± 4% when the SNP was within the nanohole, with a

maximum increase of 37%. The ∆λSPR for SNP within the nanohole measured from

λSPR where SNP was between the nanoholes is significant, as it is more than 22× larger

than the λSPR deviation for the scanned nanohole array without tip interaction (0.5

nm) and increased the scatter intensity. Both the field intensity and the λSPR increased

for instances where the SNP was within the nanohole as compared to between holes.

The SNP occupies approximately 1% of the collection area. Thereby the mea-

sured darkfield spectrum is mainly representative of nanohole array region without

direct SNP contact, however, the LSP and short range SPs interact so that the SNP

affects SPs in surrounding regions and may cause a ∆λSPR for the entire collection area.
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Figure 6.6: λSPR of stationary nanohole array with SNP positioned at various spots
represented as (a) spatial image and (b) corresponding λSPR (blue dots) and mean
centered scatter intensity (green open circles) at each measurement point (line added
as guide) and inset AFM image of nanohole array outlining proposed scanned area and
corresponding nanoholes with distance adjusted for hysteresis.
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Nonetheless, the greatest effect occurs within the region where the probe resides, so a

greater ∆λSPR could be measured by reducing the spot size toward the nanosphere size.

The current technique remains useful for relative comparison in coupling efficiency and

illustrates the composite SPR spectrum of the SNP-nanohole array LSP and several

surrounding holes. For absolute comparison of scatter intensity increase, a correction

factor for the ratio of the collection area to nanosphere area (100:1) is applied and

increases the determined local scatter intensity enhancement to 137×. The collection

area is determined from the spot size, and the nanosphere area is determined from its

radius.

Table 6.1: ∆λSPR from average λSPR observed for SNP (TERS) probe or AFM probe
in near-contact with stationary nanohole array (n > 40).

The observed increase in λSPR with SNP interaction was not due simply to in-

creased local refractive index change near the nanohole array, but rather from plasmonic

coupling. Two AFM probes without nanoparticles affixed to the end were scanned

across the stationary nanohole array to observe ∆λSPR due to refractive index change

from air to the probe material, which was silica or chromium-coated silica (Table I).

Similar parameters to the SNP scan with 0.2 µm pixel spacing across the stationary

nanohole array were implemented. For an uncoated AFM probe, approximating the
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SNP probe without nanosphere, a maximum ∆λSPR of 1 nm was observed. The gold

nanosphere on the uncoated single nanoparticle affixed AFM probe induced a 17×

higher ∆λSPR than just the silica AFM probe residing within the hole. Likewise, a

sharper, chromium-coated AFM probe (tip diameter = 20 nm) induced a maximum

∆λSPR of 4 nm. The chromium coating and sharper tip simulated a higher refractive

index and deeper penetration into the hole, yet the ∆λSPR remained significantly less

than that measured for the SNP probe interaction.

Furthermore, the measured ∆λSPR is significantly larger than the predicted

∆λSPR due to refractive index change from the nanoparticle. The expected shift,

∆λSPR, is approximated for a RI change from air, ηair = 1.0003 RIU at λSPR =632

nm [223], to an effective refractive index, ηeff , composed of both the nanoparticle and

surrounding air;

∆λSPR = m(ηeff − ηair) (6.1)

The RI sensitivity of the nanohole array, m (226 nm/RIU), was obtained from

Murray-Methot et. al.[156] and ηeff is determined from the sensing volume fraction that

the nanoparticle occupies (Vsensing/VNP);

ηeff = ηair(1 − Vsensing/VNS) + ηNP(Vsensing/VNS) (6.2)

The sensing volume, Vsensing, is calculated from the spot size and SP penetra-

tion depth determined by Couture et. al.[55], and the volume of the nanosphere residing

within the SP penetration depth, VNS, is considered. The refractive index of a gold

nanoparticle deviates from that of continuous gold, so ηNP (3.184 RIU at λSPR = 632

nm) is estimated as an average value from two literature sources [224, 225] approx-

imating the given experimental conditions. By equation (6.2), the estimated ∆λSPR

for ηair to ηeff is 3.7 nm, whereas the measured ∆λSPR ranges from 8-17 nm. The sig-

nificantly larger measured ∆λSPR value indicates additional effects from SP coupling.

Furthermore, the expected ∆λSPR due to RI change is similar to that observed for the
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non-plasmonic chromium-coated probe (4 nm).

It should be noted that the variation in λSPR across trials without SNP interac-

tion (from 622 to 613 nm) may be due to slight tilt in the sample which changes the

angle of incidence and shifts λSPR.[126, 216] However, this does not affect the study of

interaction as ∆λSPR is measured relative to the particular trial and sample position.

Future studies may establish spot specific non-coupled λSPR by incorporating spectral

collection at each point with the SNP outside of the interaction distance range.

6.6 Additional instrumentation characterization

The stability and capability of the integrated SPM optical instrumentation is

important to determine the system capability and has been characterized accordingly.

Stage drift was less than 0.44 µm/16 h and linearization coefficients accounted for

piezo hysteresis to within 1.5% and 1.1% in the x and y directions. The measurable

spectral range for the given setup was 532−1000 nm with manual concatenation neces-

sary for spanning ranges > 100 nm. For software controlled integrated measurements,

the electronic configuration is such that the XY raster scanning and Z offset must all

be performed by the same piezo (upper or lower). Thereby, when scanning the sam-

ple, it is also offset in the Z direction during automated offset measurements where

rastered measurements are acquired with the sample and SPM probe in contact, then

retracted to a specified offset distance. To investigate the effects on intensity, Raman

signal with the sample positioned within the Z collection volume (714 nm by Abbe

resolution) was measured with a 20 µm aperture. A negligible 3% reduction in Ra-

man intensity was observed when the sample was retracted by 200 nm. Furthermore,

the darkfield scatter peak for the FIB milled nanohole sample (613.6 ± 0.8 nm) is

not statistically different from when the sample is retracted 200 nm (613.5 ± 0.9 nm;

tcalc = 0.22 < ttable = 2.53(n = 14). However, for a larger retraction of 1 µm, an 11.2%

reduction in Raman signal was observed.
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6.7 Conclusion

The coupling of surface plasmons on a nanohole array and a nanosphere af-

fixed to a AFM probe at various lateral locations has been demonstrated in addition

to the ability for hyperspectral imaging of the nanohole array. This chapter presents

the first empirical observations of SPM controlled gap mode enhancement of more

complex nanostructures and allows for optimization of positioning prior to sensing ap-

plications. The findings for greatest enhancement with the nanoparticle positioned

within the nanohole are validated by agreement with theoretical studies on nanohole

array-nanoparticle gap mode enhancement.[211, 210] The SPM-SPR instrument has

great implications to the field for analysis of several structures in a similar manner.

The system is capable of hyperspectral imaging, similar to figure 6.4, where the SNP

is held at a specified distance above the sample during the optical measurement. In

this manner, future studies may be performed with the SNP in focus where interaction

with the nanohole array is imaged at varying gap distance from 5-100s of nanometers

to discern the gap distance for greatest gap mode field enhancement. Also, the ∆λSPR

and increased scatter due to interaction can be isolated by determining ∆λSPR as a dif-

ference from λSPR with the nanoparticle-affixed AFM probe retracted from the sample

(outside the coupling distance). Furthermore, the use of polarized light could increase

the enhancement [62] and evidence of coupling could be supplemented by observing

the FWHM of the peaks by collecting the full spectral peak.[207, 209] Additionally, the

SPM-SPR instrument may be used for combined Raman enhancement of SERS and

TERS, which has only been previously studied for TERS measurements of benzenethiol

on roughened (> 2 nm) gold surfaces (SERS substrate) with a 10-fold enhancement

observed at sharp edges.[226]

125



Chapter 7

CONCLUSION

7.1 Main Conclusions

This dissertation established novel analytical methods to evaluate the tunable

properties and increased sensitivity of nanohole array SPR sensing substrates both in

the near infrared and in interaction with other nanostructures. Increased surface sensi-

tivity will improve sensing capability for discriminating small changes in concentration,

detecting proteins with poor binding affinity, and detecting even lower concentration

biomarkers.[44, 45, 6, 7] The available nanohole array SPR modes were presented and

measurement of propagating modes in Kretschmann configuration was substantiated

as the foremost mode for SPR sensing. The tunability of SPR excitation wavelength

(by incident and azimuthal angles) and physical parameters (nanohole array diameter

and periodicity) for sensitivity optimization and tailoring toward SP coupling was also

demonstrated. An instrument accessory for Kretschmann configuration measurements

in the NIR and a technique to improve the reliability of assessing SP properties, namely

penetration depth, were developed. The instrument and technique were applied to eval-

uation of nanohole array sensing substrates with different physical parameters. The

most sensitive nanohole array structure (820 nm periodicity, 0.27 diameter/periodicity,

and λSPR=1550 nm) was found to improve surface sensitivity to protein-protein binding

conditions by 130 ± 16% compared to using a continuous gold film substrate. Further

enhancement of the SP field was enabled by development of an instrument for integrat-

ing scanning probe microscopy (SPM) control of a plasmonic nanostructure and SPR

spectroscopy measurements. By these means, gap mode enhancement of the plasmic

field between a nanohole array and nanosphere was observed at various lateral positions
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between the structures. It has potential for measurements at various axial distances

as well. These studies have implications for improved sensing capability and refined

evaluation of SP properties, and they provide the basis for novel instrumentation and

sensor architectures as discussed in the following sections.

7.2 Empirical findings

SPR active nanohole arrays support several types of SPs, all of which depend

on physical parameters of the nanohole array. Chapter 2 discusses the SP types (prop-

agating, Bragg, and localized surface plasmons) and excitation modes. Bragg SPs

are excitable in each mode; whereas, propagating SPs require additional momentum

matching (e.g. a prism), and LSPs are primarily excited in transmission. The choice of

Kretschmann configuration over transmission mode is established for sensing purposes.

Furthermore, chapter 2 presents the tunability of SPs by changing the azimuthal angle

between the incident light wavevector and the x-axis of the nanohole array and by ad-

justing physical nanohole array parameters. The facile fabrication method allows for

simple adjustment of nanohole array parameters which may be investigated in various

optical configurations accordingly.

The development of a second generation (v2) instrument enabling surface plas-

mon resonance (SPR) spectroscopic measurements in the infrared (IR) range is de-

scribed in chapter 3. The new design uses the optical train (optics and detector)

within conventional FTIR spectrometers by confining dimensions of the accessory to

space available within the sample compartment of the spectrometer. The v2 accessory

builds upon knowledge gained from a previous version based on a modified commer-

cial variable angle spectroscopic accessory, and it addresses observed limitations of the

original design. The v2 accessory improves temporal stability and measurement acqui-

sition speed, crucial to biomolecular binding studies, as well as optical flexibility which

allows for investigation of novel plasmon-supporting materials. Different aspects of the

accessory, including temporal stability, mechanical resilience and sensitivity to changes

in refractive index of a sample are evaluated and presented.
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In chapter 4, the significance of incorporating an adsorbate-metal bonding effect

in the calculation of SP penetration depth is demonstrated in theory and in practice.

The SP penetration depth is commonly determined from the observed response for ad-

sorbate loading on gold surface plasmon resonance (SPR) substrates; however, changes

in the SPR spectrum may originate from both changes in the effective refractive index

near the metal surface and changes in the metal permittivity following covalent binding

of the adsorbate layer. The bonding effect should be considered as well as the change

in refractive index. Accordingly, the bonding effect is determined from the non-zero

intercept of a SPR shift vs. adsorbate thickness calibration and incorporated into the

calculation of penetration depth at various excitation wavelengths. Comparison of de-

terminations of plasmon penetration depth with and without the bonding response for

alkanethiolate-gold show a significant difference for a thiol monolayer adsorbate system.

Additionally, plasmon penetration depth evaluated with bonding effect compensation

exhibits greater consistency over different adsorbate thicknesses and better agreement

with theory derived from Maxwell’s equation, particularly for adsorbate thicknesses

that are much smaller (< 5%) than the plasmon penetration depth. The method

is also extended to a more practically applicable polyelectrolyte multilayer adsorbate

system and applied to the study of nanohole array SPR substrates.

Chapter 5 investigates the SPR characteristics and surface sensitivity of various

nanohole arrays with the aim of tuning the parameters for optimal sensing capabil-

ity. Nanohole arrays exhibit unique surface plasmon resonance (SPR) characteristics

according to hole periodicity, diameter, and excitation wavelength (λSPR). Both the

Bragg SPs arising from diffraction by the periodic holes and the traditional propagat-

ing SPs are characterized with emphasis on sensing capability of the propagating SPs.

Several trends in bulk sensitivity and penetration depth are established, and the surface

sensitivity is calculated from bulk sensitivity and penetration depth of the SPs for differ-

ent analyte thicknesses. Increased accuracy and precision in penetration depth values

is achieved by incorporating adsorbate effects on substrate permittivity according to

the method developed in chapter 4. The optimal nanohole array conditions for highest
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surface sensitivity were determined (820 nm periodicity, 0.27 diameter/periodicity, and

λSPR=1550 nm), which demonstrated an increase in surface sensitivity for biosensing

conditions over a continuous gold film at its optimal λSPR (1300 nm).

The interaction of surface plasmons supported on a nanohole array and a single

nanoparticle affixed to an atomic force microscopy (AFM) probe is studied in chap-

ter 6 for optimizing gap mode enhancement of the plasmonic field. Scanning probe

microscopy controls the AFM probe position, and the location specific interaction of

the single nanoparticle probe (SNP)-nanohole array surface plasmons is measured by

darkfield surface plasmon resonance spectroscopy. Raster scanned darkfield imaging

of the surface plasmons on the nanohole array is demonstrated, as well as image for-

mation from measuring the SNP interaction at various (x.y) probe locations relative

to the nanohole. Coupling of the nanoparticle to the nanohole array exhibits a max-

imum when the SNP resides within a nanohole, which resulted in a maximum SPR

wavelength shift of 17 nm and an increase in scatter intensity. This technique may

be expanded to mapping nanostructure coupling across three dimensions to determine

optimal coupling conditions for use in biosensing and surface enhanced spectroscopy

applications.

7.3 Implications

There are numerous studies on the transmission spectroscopy of nanohole arrays;

however this dissertation presents one of the few studies in Kretschmann mode, and

the first in the near infrared, where greater surface sensitivity was observed (maximum

experimental surface sensitivity at λSPR = 1550 nm, Chapter 5). The observed trends

in SP properties with nanohole array parameters were not all consistent with those

presented by Live et. al. [54] in the visible wavelength range. The surface sensitivity

was observed to decrease with diameter:periodicity (D/P) in chapter 5, whereas it

increased with D/P in [54]. However, penetration depth decreased with D/P in both,

so presumably, the observed difference is mainly an effect of the variable bulk sensitivity

present in the NIR. Additionally, a similar increase over continuous gold was observed
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for studies in the visible [54, 55] and NIR (chapter 5), however in the case studied in

chapter 5, the wavelength was optimized. The IR-SPR instrument allowed for the vast

experimental tunability of wavelength that may be utilized for other SPR studies in

the NIR through the infrared with a change in optical materials accordingly.

NIR-SPR measurements with nanohole array SPR substrates offer a viable SPR

system for increasing sensitivity. It accesses the increased sensitivity of higher wave-

lengths in an easily approachable system that fits into a commercial FTIR sample

compartment. The nanosphere lithography fabrication method for the nanohole array

substrates is facile and requires few resources in addition to those required for conven-

tional thin film SPR. There are added advantages as discussed below and in chapter

1.5, and this technique maintains the characteristic SPR features that are important to

the study of biomolecular binding mechanisms (real-time analysis, label-free detection,

and high selectivity). Other techniques in addition to those investigated in this disser-

tation are available for increasing sensitivity over conventional thin film SPR, however

exhibit some drawbacks. Long range surface plasmon (LRSP) resonance spectroscopy

utilizes coupled SPs from opposite sides of a thin metal film between dielectrics and has

demonstrated up to 20% increase in surface sensitivity. However, LRSP propagation

length and penetration depth are much longer, and in some cases the the LRSPR spec-

tral peak is much broader. More research is necessary to refine selection of dielectric

support materials.[50, 51] Another technique involving phase modulation may double

the sensitivity, however these setups involve interferometry which requires much more

complicated analysis and optical components.[7]

An SPR sensor utilizing the coupling between nanohole arrays and nanoparti-

cles has not be demonstrated in current literature. Other gap mode SPR sensors based

on multiple nanoparticles or a nanoparticle and thin film have shown increased sensi-

tivity over isolated structures. [1, 113, 114] Therefore, the superior sensitivity of the

nanohole array, over both nanoparticles and thin films, suggests gap mode coupling

capability with nanohole arrays would also surpass sensors based on these architec-

tures. This dissertation presents the first empirical observations of SPM controlled
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gap mode enhancement of more complex nanostructures and allows for optimization

of positioning prior to sensing applications. The findings for greatest enhancement

with the nanoparticle positioned within the nanohole are validated by agreement with

theoretical studies on nanohole array-nanoparticle gap mode enhancement.[211, 210]

The SPM-SPR instrument has great implications to the field for analysis of several

structures in a similar manner. Furthermore, the SPM-SPR instrument may be used

for combined Raman enhancement of SERS and TERS, which has only been previously

studied for TERS measurements of benzenethiol on roughened (> 2 nm) gold surfaces

(SERS substrate) with a 10-fold enhancement observed at sharp edges.[226] The prob-

able increased sensitivity of a nanosphere TERS probe with a nanohole array SERS

substrate are attested by SERS experiments with static nanohole-nanoparticle pairs.

A 100-fold improvement was demonstrated for this couple as compared to parallel

SERS measurements on an isolated nanoparticle or nanohole [210], and SERS studies

with nanohole arrays and nanoparticles where the gap distance is controlled by varied

dielectric spacer thickness demonstrate up to 100× additional enhancement at opti-

mized vs. arbitrary separation [227, 228]. Thereby, studies of increased SERS-TERS

measurements with a TERS nanosphere probe-nanohole array are promising.

The technique developed in chapter 4 improved the consistency in the pene-

tration depth value calculated at different adsorbate thicknesses from 41-1089% RSD

(without binding effect) to 2-11% RSD (with binding effect). It also improved the

experimental agreement with theory; from 360-5557% difference (without binding ef-

fect) to 5-14% difference (with binding effect). This modification to the Jung method

[73] should be implemented when empirically determining penetration depth. It will

increase the accuracy of assessing novel plasmonic materials and nanostructures, and

increase the precision in adsorbate parameters calculated from the penetration depth

value. The precision in the penetration depth value dictates the precision in subse-

quently derived values. Commonly, several parameters related to protein binding are

derived from the penetration depth, including refractive index (ηa) or thickness (d).
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Thickness is subsequently used in the calculation of surface coverage, θ (mlc/cm2):

θ = dρ (7.1)

where ρ is the protein density. The surface coverage value is used to evaluate non-

specific binding of interfering proteins in sample, and it is used to calculate the affinity

constant, Keq, for solution phase analyte (A) binding to surface sites (S) on the SPR

surface:[73, 77, 181]

[A − S] ↔ [A][S]

Keq = [A − S]/[A][S] = θ{(1 − θ)[A]}
(7.2)

7.4 Future directions

Several of the studies presented in this dissertation may be expounded upon

and implemented in various forms. The NIR-SPR instrument can be used for inves-

tigation of unconventional plasmonic materials (metal oxides, overlayers, graphene...).

In particular, metal oxides have been measured on this instrument in collaboration

with the Franzen research group. [“Infrared surface plasmon resonance on aluminum

zinc oxide: relation to materials properties”, manuscript in preparation] The tunability

of penetration depth with excitation wavelength throughout the IR may also be used

to measure larger analytes and unconventional attachment schemes (Figure 3.1). Ad-

ditionally, the tunable λSPR, and therefore tunable ld, could be used to probe analytes

at different depths and compose an SPR depth profile. Additionally, the NIR-SPR

instrument may be used for surface enhanced IR absorption spectroscopy. The SPR

wavelength can be tuned to specific IR absorptions for enhancement.

The nanohole array SPR sensing substrates can replace conventional gold thin

films for biosensing applications with the advantages of increased surface sensitivity,

localization of field, reduced binding area (and potential absolute detection limit), and

SP tunability. The detection limit may be further decreased in future endeavors by

using data processing methods such as principal component analysis and singular value
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decomposition to denoise the spectra, and by controlled binding to specific areas on the

on the nanohole arrays. Increased binding efficiency in regions of greatest field intensity,

i.e. hotspots, across the sensor surface may decrease detection limit. Studies by Correia-

ledo et. al. [128] located the greatest field intensity on nanohole array surfaces with

D/P= 0.63-0.54 and D/P<0.5 at the rim of hole and within the hole, respectively.

Binding analyte to the sensor surface accordingly may increase sensitivity. Surface

chemistry may be controlled such that biorecognition elements are attached primarily

to the hotspots. Studies performed in transmission mode with increased binding within

the hole achieved by flow through technology [149] or by blocking the planar surface

such that binding occurred solely within the holes [148] showed improved sensitivity.

The TERS probe-nanohole interaction findings in chapter 6 can be expanded to

optimize gap mode enhancement parameters, to perform empirical biosensing studies,

and to investigate other optical excitation modes. SPM-SPR measurements acquired

at various axial distances and with nanohole arrays of different hole diameters (Figure

7.1) can elucidate the greatest SPR enhancement between the structures in addition

to the previously determined lateral position. An increase in SPR sensitivity to RI

between the nanohole arrays and nanosphere is expected for axial distances within the

gap mode coupling region. Gap mode enhanced SPR sensing is promising; however,

currently, the main practical problem is highly controllable, reproducible fabrication

of dimers.[62] The SNP probe-nanohole array setup overcomes this by fine control of

the gap distance by the AFM feedback system. Highly localized, tip-enhanced SPR

spectroscopy can be performed above the nanohole arrays. This lends to multiplexing

and extremely low detection limit studies. The nanoholes can act as a nano-well

plate, similar to studies by Storhoff et. al [61], and specific analyses within different

holes can be performed with high lateral and spectral resolution. This setup can

also be used for sensitive detection of interactions within a single hole. Similarly,

combined SERS-TERS measurements can be performed as discussed in section 7.3.

TERS probe-nanohole interaction with excitation in Kretschmann configuration could

also be investigated with this instrument by adding prism based optics to the underside
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of the Nanonics SPM system. This would expand the capability to probing interaction

of the nanohole arrays in the most sensitive excitation regime so that findings can be

applied to this optical mode.

Figure 7.1: Toward mapping different TERS probe-nanohole array (a) distances and
(b) hole diameters. The nanohole arrays in (b) have been focus ion beam milled (section
6.2.1) to different diameters (229 ± 5, 272 ± 5, 369 ± 6 nm) and each has a duplicate
structure with 89± 6 nm milled into the underlying glass substrate through the holes,
so that the interaction above and below the hole may be observed.

Combined nanohole array-nanoparticle structures offer interesting sensor archi-

tectures without scanning probe microscope control as well. Nanoparticles attached

within the hole can be used to amplify the SPR signal. A sensor which can switch

the gap mode enhancement on and off with analyte adsorption would produce large

responses. One such scheme could use nanoparticles attached within the hole of the

nanohole arrays where the spacer layer attaching the two structures changes with ana-

lyte adsorption. In this case, a large signal would be transduced if the analyte adsorp-

tion correlated to a large distance (change or correlated to a length change from within

gap mode enhancement region (dres) to beyond the gap mode distance (d > D). One

type that can be investigated is a “solenoid sensor” in which the analyte adsorbs into
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and swells a selective polymer spacer layer between the nanoparticles and the bottom

of the nanoholes (Figure 7.2(a)). Another type could be a sandwich assay in which

the analyte adsorption and secondary antibody scaffold are spaced according to the

optimal gap mode distance(Figure 7.2(b)). A sandwich assay with gold nanoparticles

performed by Sharpe et. al. [136] demonstrated a 3-fold increase in sensitivity without

gap distance optimization.

Figure 7.2: Proposed nanohole array-nanoparticle sensor with variable gap distance
transduction system; (a) with swellable polymer and (b) with sandwich assay. The
analyte is represented by red triangles. Gap mode enhancement occurs when d < D.

Additionally, other types of nanostructures affixed to the AFM probe tip for

SPM-SPR measurements can be investigated. More complex nanostructures support

various LSPs with geometry-specific electric field hotspots (refer to chapter 1.3 and

figure 7.3). The shape specific hotspots illustrated in figure 7.3(b) were determined

from FDTD and DDA modeling [88, 87] and likely lend to different levels of enhance-

ment (sensitivity) and confinement (spatial resolution). Currently, Nanonics, Ltd.

solely manufactures nanosphere functionalized AFM probes, but in-house fabrication

of probes with different nanostructure geometries is possible. Colloidal nanofabrication

techniques of various nanostructures is widely available [52, 62] and the nanoparticle
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may be attached to sharply pointed fibers produced with a fiber puller (Figure 7.3(c)).

FDTD analysis of the plasmonic fields would complement both this study and the

previous studies, and future studies could be directed by preliminary FDTD analysis.

Figure 7.3: Illustration of (a) different SPM probe nanoparticle geometries and (b)
corresponding SP field localization. (c) Micrograph of pulled fiber coated with gold for
in house probe fabrication.
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Appendix A

LIST OF ACRONYMS AND SYMBOLS

A.1 Acronyms

D: diameter

LRSP: long range surface plasmon

LSP: localized surface plasmon

P: periodicity

PEM: polyelectrolyte multilayer

RD: relative deviation

RSD: relative standard deviation

SP: surface plasmon

SPR: surface plasmon resonance

A.2 Symbols

ksp: SP wave vector

λSPR: SPR wavelength

∆λSPR: SPR wavelength shift

θinc: incident angle

ld: penetration depth

m: Bulk sensitivity, ∆λSPR for given refractive index (∼nm/RIU)

msurf : Surface sensitivity

∆λSPR,ϵm: SPR wavelength shift due to change in complex permittivity of metal

ϵ: Complex permittivity
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ϵm: Complex permittivity of metal

ϵs: Complex permittivity of sample

η: Refractive index

ηa: Refractive index of adsorbate

ηs: Refractive index of solution or sample

ηPEM: Refractive index of polyelectrolyte multilayer

d: adsorbate layer thickness or gap distance

ϕ: azimuthal angle
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