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A BROADLY TUNABLE SURFACE PLASMON-COUPLED
WAVELENGTH FILTER FOR VISIBLE AND NEAR
INFRARED HYPERSPECTRAL IMAGING

AJAYKUMAR ZALAVADIA

ABSTRACT

Hyperspectral imaging is a set of techniques that has contributed to the study of
advanced materials, pharmaceuticals, semiconductors, ceramics, polymers, biological
specimens, and geological samples. Its use for remote sensing has advanced our
understanding of agriculture, forestry, the Earth, environmental science, and the universe.
The development of ultra-compact handheld hyperspectral imagers has been impeded by
the scarcity of small widefield tunable wavelength filters. The widefield modality is
preferred for handheld imaging applications in which image registration can be
performed to counter scene shift caused by irregular user motions that would thwart
scanning approaches. In the work presented here an electronically tunable widefield
wavelength filter has been developed for hyperspectral imaging applications in the visible
and near-infrared region. Conventional electronically tunable widefield imaging filter

technologies include liquid crystal-based filters, acousto-optic tunable filters, and



electronically tuned etalons; each having its own set of advantages and disadvantages.
The construction of tunable filters is often complex and requires elaborate optical
assemblies and electronic control circuits. I introduce in the work presented here is a
novel widefield tunable filter, the surface plasmon coupled tunable filter (SPCTF), for
visible and near infrared imaging. The SPCTF is based on surface plasmon coupling and
has simple optical design that can be miniaturized without sacrificing performance. The
SPCTF provides diffraction limited spatial resolution with a moderately narrow nominal
passband (<10 nm) and a large spurious free spectral range (450 nm-1000 nm).

The SPCTF employs surface plasmon coupling of the m-polarized component of
incident light in metal films separated by a tunable dielectric layer. Acting on the -
polarized component, the device is limited to transmitting 50 percent of unpolarized
incident light. This is higher than the throughput of comparable Lyot-based liquid crystal
tunable filters that employ a series of linear polarizers. In addition, the SPCTF is not
susceptible to the unwanted harmonic bands that lead to spurious diffraction in Bragg-
based devices. Hence its spurious free spectral range covers a broad region from the blue
through near infrared wavelengths. The compact design and rugged optical assembly
make it suitable for hand-held hyperspectral imagers. The underlying theory and SPCTF
design are presented along with a comparison of its performance to calculated estimates
of transmittance, spectral resolution, and spectral range. In addition, widefield

hyperspectral imaging using the SPCTF is demonstrated on model sample.
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CHAPTER 1

INTRODUCTION

Hyperspectral imaging (HSI), known also as chemical or spectroscopic imaging,
has emerged as a technique that integrates conventional imaging and spectroscopy to
attain both spatial and spectral information from the sample. By integrating wavelength
selection devices with imaging optics and sensitive detectors, HSI enables spectral
information from each assigned pixel location on a sample or target location to be
recorded. Hyperspectral data is rich with information content and has outstanding feature
identification potential, which makes it highly suitable for numerous applications.
Hyperspectral imagers have been developed for every optical region of the
electromagnetic spectrum to measure variations in the absorption, emission,

transmittance, reflectance, fluorescence and scattering of light by complex samples. To



accommodate this broad range of modalities, HSI instruments are custom-designed for
specific applications.

HSI can be performed in a few different modalities; point mapping, line scanning,
widefield spectral imaging, and spatial or wavelength multiplexing are common
approaches. Regardless of its implementation, HSI produces a set of spectra in which
each spectrum corresponds to an assigned location on or in the sample, such as the set of
pixel locations corresponding the field of view within some image plane. A necessary
capability of HSI instruments is wavelength tuning. For widefield HSI, electro-optic
devices like the acousto-optic tunable filter (AOTF), liquid crystal tunable filter (LCTF)
and Fabry-Perot tunable filter (FPTF) are frequently used to provide wavelength
selection.!”” Besides the use of traditional optical filters, a few specialized solutions like
the resonance ionization imaging detector (RIID), hybrid holographic-liquid crystal
filters, and photonic crystals have been developed for the same purpose.®!2

The work presented here introduces a novel widefield tunable filter for visible and
near infrared region based on surface plasmon coupling. The surface plasmon coupled
tunable filter (SPCTF) is designed to leverage advances in consumer-based technologies
so that HSI can be miniaturized and incorporated into compact devices for handheld and
airborne applications. As part of this work the design and construction of the SPCTF is
presented along with a theoretical description of surface plasmon generation in thin metal
films. Experimental reflectance data as a function of wavelength and incident angle with
respect to the metal film, deposited on a glass prism in the Kretschmann-Raether
configuration, is presented along with theoretical estimates for comparison. Wavelength

tuning using a coupled surface plasmon interaction in a symmetric cavity created by

2



closely juxtaposing two prisms with their coated hypotenuses facing each other across as
airgap has been demonstrated. Using this configuration as the basis of the SPCTF design,
HST using the SPCTF has been demonstrated for the first time and the transmittance and
bandpass values as a function of wavelength are provided. By exploiting the sensitivity of
surface plasmon generation to the angle of incident light, a narrow passband SPCTF is
presented. The bandpass and acceptance angle of the narrow passband device are given
along with a brief discussion of the relationship between short-range and long-range
surface plasmons in the SPCTF.

Significance: Hyperspectral imaging has emerged as a powerful tool for
noninvasive and nondestructive characterization of complex samples. The integration of
HSI with optical microscopy is often performed in the laboratory setting to map
compositional changes in heterogeneous samples. Of the many spectroscopic methods
that can be integrated with HSI, the most chemically specific ones are Raman scattering
and infrared (IR) absorption or reflectance. Collectively referred to as vibrational
spectroscopies, Raman and IR spectra reveal detailed information regarding the
vibrational/rotational band structure of molecules. In recent years, advances in
instrumentation have led to small, battery powered, handheld Raman spectrometers.
Unlike the IR modality, little or no sample preparation is needed for Raman analysis.
Hence these portable systems enable point-and-shoot sample identification in the field.
The development of portable widefield Raman imagers has been more challenging and
practical devices are not yet available. The main impediment to the introduction of

compact Raman imagers is the development of efficient narrowband tunable filters. The



development of the SPCTF described here is a first step towards the creation of compact

Raman imaging system based on surface plasmon coupling,

1.1 Hyperspectral Imaging

Hyperspectral imaging has originated from remote sensing and has been explored
for various applications.!> The HSI approach simultaneously delivers chemical and
spatial information from the sample by generating a spatial map of spectral variations by
combining imaging with spectroscopy, HSI not only allows important extrinsic
characteristics of the sample (i.e. size, geometry, appearance, color, etc.) to be revealed
through image feature extraction, it also enables the identification of chemical
constituents of the sample through spectral analysis.® 1# The HSI offers many advantages
over conventional analytical methods. It is a noninvasive, noncontact and non-destructive
method for which no sample preparation is inherently required. It is therefore more
economic than traditional methods, due to the savings in labor, time, supplies and reagent
cost associated with intensive sample preparation. By acquiring spectral and spatial
information simultaneously, HSI enables a more complete description of constituent
concentration and distribution throughout heterogeneous samples than single channel
techniques.

The ability to identify the spatial distributions of chemical and physical

components in a sample makes HSI useful for biomedical!>!®, pharmaceutical®*-?2

agriculture?-%, remote sensing!>273° archeology®!-®, forensic®**, food quality?! 25 453,

67-77

astronomy>"%, defense®””” and other industrial applications, many of which have yet to

be discovered.



1.1.1 Hyperspectral Imaging for Remote Sensing

Spectral imaging was originally substantiated within the remote sensing fields,
such as airborne surveillance and satellite imaging. It has been successfully applied to
application in mining and geology, agriculture, forestry, defense, environmental, and
climate change research. For example, the airborne visible infrared imaging spectrometer

(AVIRIS) is a premier instrument in the earth remote sensing and delivers 224

contiguous spectral bands in the wavelength range between 400 nm and 2500 nm.” ™

The AVIRIS has enabled study of water vapor maps to be generated above lakes over

large time periods®, wild fire damage assessment®! *2 mineral mapping®***, the mapping

86-88

2

of oil spills and residua spread on sea surfaces and the environmental impact of

active and abandoned mine lands®* have all benefitted from AVIRIS remote sensing.
Forestry: The HSI has enabled the identification of tree species®, the assessment

of canopy health®”*!, the determination of water content as well as relative abundances of

photosynthetic and non-photosynthetic vegetation for the forestry research.”> %3

Chemometric techniques were used on hyperspectral data acquired by AVIRIS over the

Harvard Forest to identify plant species based on nitrogen and lignin content in the

foliage ** >

Vegetation and Soil Resource Control: Airborne HSI has been employed in

various agricultural application. With the use of HSI, crop variables such as wet

t98

biomass™, leaf area index®’, plant height®®, grain yield”, and chlorophyll content of

2
plants can be quantified.!®” Mineralogical composition of soil, crop moisture assessment,
crop yield modeling, carbon flux assessment from vegetation, and discrimination of crop

residues from soils can also be estimated using HSI.!10%- 102
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Environmental Analysis: Environmental studies have also benefited from the
use of HSI. For example, the identification of waste piles with the potential to leach
heavy metals into water streams and ground water was determined by AVIRIS data at
Leadville, CO. Ultimately, millions of dollars were saved in cleanup costs.’ Data from
another HSI platform, advanced spaceborne thermal emission and reflection radiometer
(ASTER) was used to create detailed maps of land surface temperature, reflectance and
elevation. Hyperspectral data from airborne (i.e. AVIRIS) and spaceborne (i.e. ASTER)
imagers helps environmental scientists achieve a more complete understanding of the
Earth’s response to change, and to better predict variability and trends in climate,
weather, and natural hazards.

Climate: For over 30 years, NASA has flown instruments in space to aid our
understanding of climate. Satellites equipped with hyperspectral imagers provide
information about weather, carbon emission, air quality and many other factors that help
us understand the Earth’s climate. The Geostationary Carbon Observatory (GeoCarb)
built by NASA’s Jet Propulsion Laboratory (JPL) set to launch in 2020 will collect
concentration of carbon dioxide, methane, carbon monoxide and solar-induced
fluorescence.

Astronomy: The gorgeous images of stars and galaxies that are often published
by NASA are almost never simple three channel (red, green, and blue) images but are the
result of a spectral image data that has undergone extensive processing before being
recast in pseudo-color. Spaceborne telescopes equipped with the ability to capture
spectral images helps us understand the chemistry of distant stars and galaxies. The

Chandra, NASA’s flagship mission for X-ray astronomy, observes X-rays from clouds of
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gases in space. For the spectral images captured by the Hubble, spectral shapes are used
to previously reveal hidden astronomical objects. Peaks and dips at specific wavelengths
in a spectrum indicate the presence of elements like carbon, oxygen, hydrogen, and iron
among others.

Defense: Geospatial intelligence (GEOINT) provides information about human
activity by collecting data from various sources. Landsat, remote sensing and radar data
are often employed by GEOINT to provide terrain information to military troops
stationed overseas. Landsat provides the longest temporal record of multispectral data of
the Earth’s surface on a global basis. Geospatial intelligence data is used for targeting,
guiding missiles, damage assessment, navigating in foreign terrain, and espionage.

Surveillance: Airborne surveillance is routinely used in applications related to
border protection, homeland security, command and control or even maritime
surveillance. High resolution infrared imaging used in airborne surveillance activities
provide valuable information regarding target shapes, temperatures and chemical nature.
The spectral information provided by the infrared HSI adds selectivity and efficiency to
the task of detecting and identifying ground targets based on their unique spectral
signature.!®® Hyperspectral video cameras developed by Rebellion Photonics have also
been employed for the real-time surveillance of oilfields, refineries, drilling sites and
tanker filling sites to detect methane leaks as a means to lower methane emissions,

prevent loss and prevent accidental casualties.!**



1.1.2 Hyperspectral Imaging for Microscopy and Macroscopy

Traditional RGB cameras like the ones used for photography and video
surveillance, bin the wavelength information into 3 broad spectral bands corresponding to
red, green and blue. Combining HSI with optical microscopy enables the determination
of the spatial and spectral characteristics of a specimen for each pixel in an image. As a
result, HSI has become an attractive and powerful method for detailed nondestructive
investigation of chemical distribution, in complex small heterogeneous samples. Various
application areas include, but are not limited to, semiconductors, polymers, minerals, art
conservation and archeology, forensics, pharmaceuticals and the study of cell and tissues.

Semiconductors: Spectral maps of absorption sites in integrated circuits (ICs)
with near infrared light reveal structures that have a different optical absorption than
neighboring sites. A nonuniform absorption in a semiconductor structure located near an
electrical overstress defect can be an important feature in failure analysis of 1Cs.1%
Although non-optical, another important spectral imaging modality is X-rays mapping.
X-ray imaging capability is often integrated into scanning electron microscopes for
characterizing the elemental make-ups of samples like semiconductors and ICs.!96-108
Specific X-ray wavelengths or energies are selected and measured, either by wavelength
dispersive X-ray spectroscopy (WDS) or energy dispersive X-ray spectroscopy (EDS).
EDS generates a spatially resolved distribution of electron energy emission data, where
each element on the periodic table has characteristic x-ray emission spectrum.

Polymers: Light-emitting diodes (LEDs) based on conjugated polymers have
potential use in applications such as flexible displays. Spectral imaging has been used for

electroluminescence (EL) characterization of a polymer blend-based LEDs to elucidate
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the relationship between the morphologies of the blend polymers and EL emission
properties on a microscopic scale.!” Bio-degradable implant material poly-L-lactic acid
(PLLA), have also been studied with HSI. For example, Raman HSI is used by other
researchers in my lab to identify crystalline and amorphous domains in the polymer
scaffolds which affect their biodegradation properties.!'

Minerals: Lithologic and mineralogic logging of drill cores are used by the
mining industries to help manage mining operations. Drill cores are often the first
evidence of deep mineral deposits. Most of the time mineral identification methods are
subjective and depend on the skills and experience of geologists and mineralogists which
vary from person to person. To standardize and objectify these observations, HSI can be a
very useful tool for mineral identification and mineral mapping process at mining sites.!!!
Many minerals display unique spectral features in the infrared and Raman modalities.

Archeology and Art Conservation: Multispectral imaging and HSI are in
increasing demand in the field of art conservation, art history and archaeology. Spectral
imaging has mostly been applied to paintings and manuscripts. Applications of HSI in art
conservation include the detection of damage and past interventions, In addition, HSI is
useful for monitoring the degradation of varnish on paintings, recovering erased or
overwritten scripts in old manuscripts, as well as for identifying pigments.*’

Forensic and Crime Scene Investigations: The HSI enables investigators to
analyze the chemical composition of small samples and trace constituents, and to
simultaneously visualize their spatial distribution. In addition, HSI offers significant

potential for the detection, visualization, identification and age estimation of forensic



traces.*> * The rapid, non-destructive and non-contact features of HSI enhance its
suitability as an analytical tool for forensic science.

Food Quality and Safety Control: The HSI has been employed to provide a
user-friendly analytical tool for various applications in food quality and safety. For
example, it is used to monitor quality and shelf life of grains and nuts!!?, to estimate the
sweetness and amino acid content of fresh soybeans!!3, to evaluate the quality of
mushroom by estimating the hunter L value!'* (commonly applied feature for mushroom
quality grading), to detect the size, color and presence of defects in citrus fruits, and to
correctly classify lemons and mandarins.!'> 116 A suite of HSI methods is also used to
assess the quality and safety of meat, meat products and fish.!17-122

Pharmaceuticals: In the drug industry, HSI enables mapping the distribution of
an active pharmaceutical ingredient (API) in an excipient, where not only the potency of
the API is of importance but also its content uniformity. Other parameters are also
monitored. For example, the particle sizes, their distribution, and sometimes the layer
thicknesses of the coating or other structural details may also be measured. Infrared
hyperspectral imaging can be used to identify the contaminants on the surface of a tablet
and can also provide information regarding dissolution problems.!? More recent efforts
have sought to replace IR methods at the bench with Raman scattering techniques which
simplifies sample preparation. In fact, Raman can be used to monitor pharmaceutical
tablets that are still wrapped in bubble packaging.!%* 1%

The process analytical technology (PAT) initiative emphasizes quality by design
rather than testing the final product, which results in cost savings, uniform quality, and

higher throughput manufacturing in pharmaceuticals.?’ The rapid analysis afforded by
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HSI, and its non-destructive and non-invasive nature makes it an attractive process
analytical tool for the pharmaceutical industry, for both process monitoring and quality
control in the many stages of drug production.

Hyperspectral Machine Vision: Hyperspectral machine vision systems enable
automated sorting by detecting very small differences in similarly colored materials that
cannot be distinguished with conventional imaging technologies. Machine vision systems
are widely used throughout all sectors of the manufacturing industry. Other types of
applications are also benefiting from the enhanced discernment capabilities of real-time
HSI For example, the use of near-infrared HSI has been explored as a way to augment
the decision-making process during surgeries for cancer removal. A suit of techniques are

also being explored for use in unassisted robotic surgeries.!26-13!
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1.1.3 Hyperspectral Imaging in the Biomedical Field

The HSI offers great potential for medical applications as a noninvasive
diagnostic tool and for surgical guidance. The HSI is able to deliver nearly real-time
images of biomarker information. The reflected, fluorescent, scattered and transmitted
light from tissue captured by HSI carries quantitative diagnostic information about tissue
pathology.!*? Retinal imaging spectroscopy can provide functional maps using
chromophore spectra. Oxygen saturation maps show ischemic areas from diabetes and
venous occlusions.!® Oxygen saturation of hemoglobin also reveals two hallmarks of
cancer, angiogenesis and hypermetabolism, which are used to distinguish between
healthy and malignant tissue in cancer diagnoses.'3* The HSI has been applied to the
diagnosis of hemorrhagic shock!®®, the assessment of peripheral artery disease!*®, early
detection of dental caries'®”, fast characterization of kidney stone types'*®, detection of
laryngeal disorders'®, and so on.

Surgical Guidance: During a surgery, HSI can help surgeon to visualize the
tissue types, organs, and blood vessels, which are sometime easily obscured with the
presence of blood. HSI offers the potential to aid and extend the surgeon’s vision at the
tissue, cellular and even molecular level, so that better judgements can be made. The HSI
has already been explored in surgeries, such as intestinal surgery'®, abdominal
surgery'*!, and renal surgery.!4% 143

Fluorescence: Significant advances in instrumentation and detector design, as
well as growing number of new fluorophores has led to a dramatic increase in multi-color
fluorescence microscopy which is a type of hyperspectral imaging. Recent advances in

fluorophores include synthetic quantum dots and genetically encoded fluorescent proteins
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that span the entire visible spectral region.!** Hyperspectral imaging combined with
linear unmixing is a highly useful technique that can be used to untangle overlapping
florescence bands originating in cells and tissues labeled with multiple synthetic
fluorophores. In addition, HSI is a very powerful tool to reduce or eliminate signal bleed
and artifact in fluorescence microscopy when imaging multiply labeled specimens. By
imaging many wavelengths within a fluorescence band, rather than just one wavelength
near the band center, a higher signal-to-noise ratio is achieved for each fluorophore in the
specimen. Wavelength bands that are representative of the spectral differences between
the fluorophores are sometime useful for more rapidly identifying the target constituent in
a specimen.

Raman: Raman microscopy has been gaining recognition in the biomedical field
due to its ability to nondestructively measure the distribution of biochemical components
within complex biological samples. Raman spectroscopy in combination with optical
microscopy provides a label-free method to assess and image cellular processes, without
the use of extrinsic fluorescent dyes. The sub-micrometer resolution of confocal Raman
enables cellular organelles to be imaged at spatial resolution similar to conventional
microscopy. Raman spectral imaging has also been employed to study intracellular
delivery and degradation of polymeric nanoparticulate drug carrier systems.'*> The
combined use of Raman and infrared imaging is being investigated as a complimentary
diagnostic method to conventional histopathology with the hope it will provide molecular

level understanding of cancers.!4
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1.2 Principle of Hyperspectral Imaging

Hyperspectral imaging is a technique that generates a spatial map of spectral
variation. The essential hardware, acquisition control software, and data processing
strategies can differ markedly among HSI instruments. Likewise, the type of information
desired from the sample governs which type of spectroscopy is utilized. Regardless of its
implementation, HSI produces a set of spectra in which each spectrum corresponds to an
assigned location on or in the sample as illustrated in Figure 1.

To visualize changes in the sample across its spatial extents, data processing is
performed on the hyperspectral data so that a pseudo-color image map or volume view of
the sample can be rendered. Color differences in the rendered result correspond to
meaningful variations in the spectral characteristics of the sample. Depending on the type
of data processing performed, the numerical scores upon which this color contrast is
based can be used to extract either qualitative or quantitative information, or both.

Acquisition of hyperspectral data can be achieved using various methods like
point mapping, line scanning, widefield (global) HSI, spatial multiplexing and spectral
multiplexing. Also, there has been significant interest in developing a non-scanning
approach such as snapshot hyperspectral imaging in which a full three-dimensional

hyperspectral data cube is recorded for each frame.!33: 147 148
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In widefield hyperspectral imaging a whole frame containing the portion of the
sample within the field of view is captured at a series of wavelengths. Wavelength
selection is generally achieved by electro-optic tunable filters. Spatial scanning methods
such as point mapping and line scanning has their own set of advantages and use
scenarios. Point mapping is ideal for small samples in a benchtop setup where spectrum
at each location on the sample is recorded. The sample stage or the acquisition assembly
is moved in a raster pattern using a translation mechanism. Geospatial hyperspectral data
is collected using line scanning where light in one dimension of the sample is dispersed
via grating onto an imaging chip and the acquisition assembly is scanned across the other
dimension of the sample via the motion of airborne spectral imagers.

Multiplexing can be performed via spatial multiplexing or spectral multiplexing.
In the spatial multiplexing method whole field of view is illuminated, and a series of
binary spatial mask are applied to the light coming from the sample. Spatial masking can
be accomplished using a device like digital micromirror device (DMD), which consists of
a two-dimensional array of many microscopic mirrors, these mirrors can be controlled
individually to on or off position. Spectrum is collected for each mask and the resulting
data is deconvoluted using Hadamard transform to reconstruct spectral and spatial
information. Spatial multiplexing offers better signal to noise ratio in low signal-to-noise

ratio applications. 1% 14°
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1.3  Wavelength Selection

A necessary capability of HSI instruments is wavelength tuning. Early
multispectral imagers often utilized a small number of fixed bandpass filters, mounted in
a filter wheel, that could be individually introduced into the optical path of the imaging
detector. The data, while limited in scope, was often sufficient to allow meaningful
differences across the field of view to be revealed by performing simple calculations such
as dividing the image acquired for one band by another. Global illumination of the
sample, either by sunlight or the use of a diffuse source, simplified data acquisition by
enabling concurrent capture of pixel locations across the widefield area in a single
snapshot using detector arrays. For these experiments, the image resolution was
determined by the magnification, the wavelength of light, and the pixel geometry and
pixel density of the detector array. Many applications in remote sensing and microscopy,
even today, use multispectral imaging. It remains an attractive alternative to HSI due to
its high image resolution, small acquisition times, comparatively straightforward data
analyses, ease of data visualization, and lower cost.

Even so, spectral imaging has advanced far beyond these early multispectral
implementations and there are now many types of imaging approaches. For widefield
HSI, electro-optic devices like the acousto-optic tunable filter (AOTF)*> 1-15° Fabry-
Perot tunable filter (FPTF)” 1158 and liquid crystal tunable filter (LCTF)S 64 159-162 gre
frequently used to provide wavelength selection. A number of specialized filters like the
resonance ionization imaging detector (RIID)* ' hybrid holographic-liquid crystal
filters'®*, and photonic crystals are also used.'! 1% %7 In addition, wavelength multiplexing

has been performed in widefield applications using step-scan interferometers and radio

17



frequency (RF) multiplexed AOTFs.1>% 19 Comparatively simple instruments that utilize
a series of angle tuned fixed filters are also available.!® Each of these approaches has
been utilized for the widefield modality because they provide sufficiently high spatial
resolution, are electronically tunable, and can be implemented in a way that imparts
suitably small spatial aberrations.

Apart from the widefield modality, point-mapping and line scanning approaches
that use optic fiber-coupled spectrographs equipped with sensitive multichannel detectors
are also common.'%”17" An adaptation of line scanning, sometimes called pushbroom
imaging, is useful in remote sensing applications in which the detector is moving relative
to the target area. In scanning approaches, each frame of the array detector captures the
wavelength-dispersed spectral information and the spatial map is built-up over time. To
improve the signal-to-noise ratio in low-light applications, spatial multiplexing can be
performed by introducing imaging optics and a spatial light modulator (SLM), such as a
digital micromirror device (DMD), between the sample and the collection fiber. For
binary encoding sequences in which each pixel either contributes fully or not at all to a
measurement, Hadamard-based transformations are commonly used to recover the
spectrum at each pixel in the image.!*” "' The benefits of scanning and spatial

multiplexing approaches include high spectral resolution and large spectral range.
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1.4  Widefield Tunable Wavelength Filters

Among the traditionally used wavelength filtering devices the AOTF, LCTF,
FPTF and angle tuned dielectric filters are commonly employed in various commercially
available widefield hyperspectral imagers.

AOTFs are solid-state birefringent crystals that provide an electronically tunable
passband in response to an applied acoustic field. A generalized schematic of the AOTF
is shown in Figure 2A, a piezo-electric transducer is bonded to one face of a tellurium
dioxide (TeOz) crystal. Here, a change in birefringence as a function of incident angle is
used to compensate for the momentum mismatch that occurs between the incident light
and the applied acoustic wave across a large input angle. The AOTF requires a variable
radio frequency (RF) driver, making the system bulky overall and hard to miniaturize.
Because the angle of diffracted light in the AOTF changes according to the scanning
wavelength, an image shift can result as a function of tuning wavelength. Image blur is
also a challenging problem in AOTFs and occurs as a tradeoff between scene shift and
image clarity. Improving one worsens the other.

LCTFs are tunable birefringent (Lyot) filters constructed from liquid crystal
variable phase plates sandwiched between linear polarizers. There are main two ways to
make a birefringent filter tunable. The first is to vary the physical thickness of the
birefringent material in the optical path. This effectively changes the retardation of one
polarized component relative to the other and can be accomplished using liquid crystal
waveplates. The second approach makes use of a quarter-wave plate followed by a
rotating half-wave plate in front of the exit polarizer. A device with an electronically

tunable variable retarder (liquid crystal variable phase retarder) can be used as an
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alternative to the rotating half-wave plate (Figure 2B). Nominal bandpasses of <2 nm can
be achieved with LCTF but the overall peak transmission, out-of-band rejection and
temperature stability of the filter are often poor.

The free spectral range of the angle tuned Fabry-Perot (FP) filter is limited by the
occurrence of harmonic and overtone bands, the tuning of the passband is achieved by
tilting the thin-film interference filter. Spectral transmission of most thin-film filters
shifts toward shorter wavelengths when the angle of incidence increases from normal
incidence to higher angles. However, the filtered spectrum becomes highly distorted at
higher angles, and the shift can be significantly different for o- polarized and n-polarized
light, leading to a significant loss in performance and strong polarization dependence

with limited free spectral range.
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1.5  Summary of the Work Presented

The work presented here introduces a novel widefield tunable filter for visible and
near infrared HSI based on surface plasmon coupling. The surface plasmon coupled
tunable filter (SPCTF) is designed to leverage advances in consumer-based technologies
so that HSI can be incorporated into compact handheld devices. As already discussed,
there are many types of HSI implementations. The complexities associated with these
approaches have slowed the use of HSI beyond basic materials research, bioresearch,
remote sensing, industrial applications, and military applications. Until recently, the high
cost of sensitive array detectors, light sources (lasers), high performance imaging optics,
and the need for specialized computer hardware for acquisition and data processing
impeded the spread of HSI to the consumer marketplace. In the last decade, the use of
large imaging arrays in consumer products like smart cell phones, aerial drones, self-
driving vehicles, and powerful portable computers has become ubiquitous. The necessary
components for high resolution imaging, including data storage and on-board graphical
displays, are embedded into these devices along with wireless networking and file
transfer capabilities. In addition, bright optical sources like solid-state lasers and
broadband LEDs (light emitting diodes) are commonplace, affordable, and already exist
in many of these products. The last impediments to consumer-based HSI by non-
specialists are turnkey software applications for automated data processing and the
availability of compact, inexpensive, high performance, and low power wavelength
selection devices.

The choice of which imaging strategy to use for compact, field-capable, HSI

devices accounts for the capabilities and limitations of the potential modalities. Rapid
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data acquisition, high image resolution, narrow spectral resolution, broad spurious-free
spectral range, and high signal-to-noise level are desirable. Unfortunately, there exist
tradeoffs among the number of pixels imaged, the number of optical bands interrogated,
the desired signal-to-noise level, and the total acquisition time.!'”? Although a full
consideration is beyond the scope of this work, some generalizations are useful to
consider. For example, as the number of wavelengths increases, the widefield acquisition
time increases, but the time for the scanning methods remains unchanged. Conversely, as
the number of pixel elements increases, there is no change in the duration of the widefield
experiment, but longer acquisition times are needed for the scanning modalities. Data
sparsity, a term used to describe that portion of the data that yields no relevant
information, often leads to unnecessarily long acquisition times. For spatially complex
samples, which are commonly studied using HSI, sparsity in the wavelength dimension is
often greater than in the spatial dimensions, thereby making the widefield implementation
more attractive. It is also important to consider the optical characteristics of the sample.
For instance, longer exposure times are required to reach the desired signal-to-noise level
in light-sensitive applications in which optical attenuation is applied to avoid sample
damage. If a scanning modality is used in this circumstance, longer dwell times at each
pixel location are needed and the overall acquisition time increases. Conversely, little or
no attenuation of the light may be needed for the widefield approach if the same radiant
source is used because the light will be defocused, thereby resulting in less optical power
per pixel at the sample. Hence the disparity between the scanning and widefield
acquisition times diminishes when the total number of scanned steps approaches the

number of optical bands for these types of samples.
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The SPCTF was designed to exploit existing and forthcoming technologies to
achieve useful HSI capability. The large detector arrays and embedded circuitry of
existing consumer products are most easily adapted for the widefield imaging modality in
which no mechanized or tightly-regimented scanning protocols are needed. Software
modification of existing platforms can readily provide image postprocessing to account
for image registration errors that might result from detector or sample motion during the
acquisition period. In fact, many consumer cameras already make use of image
registration algorithms but do so to provide image stabilization during video recording or
for reducing image blur in still pictures. Recent advances in computational imaging that
enable post-acquisition refocusing of the image!” will likely benefit widefield HSI
approaches by allowing the user to retroactively confine the depth of field to within the
sampled region so that off-sample regions in the image are ignored. Because the SPCTF
preserves the trajectory of light rays in the Fourier space that lie within its acceptance
angle, it can be easily integrated with computational imaging detectors.

As part of this work, a theoretical description of surface plasmon generation in
thin metal films, and design and construction of the SPCTF are presented. Experimental
reflectance data as a function of wavelength and incident angle with respect to the metal
film, deposited on a glass prism in the Kretschmann-Raether configuration, is presented
along with theoretical estimates for comparison. Also demonstrated is wavelength tuning
using a coupled surface plasmon interaction in a symmetric cavity created by closely
juxtaposing two prisms with their coated hypotenuses facing each other. Using this
configuration as the basis of the SPCTF design, HSI using the SPCTF is demonstrated for

the first time. The transmittance and bandpass values as a function of wavelength are also
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reported. By exploiting the sensitivity of surface plasmon generation to the angle of
incident light, a narrow passband SPCTF is introduced as a proof of principle. The
bandpass and acceptance angle of the narrow passband device are given along with a
brief discussion of the relationship between short-range and long-range surface plasmons

in the SPCTF.
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CHAPTER 2

THEORY OF THE SURFACE PLASMONS

Plasma oscillations are cooperative oscillations of free electrons such as those that
can be induced in metals. The quasi-particle representation of the collective oscillation
frequency is called a plasmon. Surface plasmons are said to exist when the oscillations
are mostly localized at the surface, usually at the interface of a thin metal film with a
dielectric. Other types of interfaces, such as those that form at dielectric-dielectric and
dielectric-semiconductor boundaries can also support surface plasmons. The plasma
waves are confined to the interface and exist as transverse magnetic (TM) waves that
travel along the interface. At planar interfaces, the combined effect of the electron motion
with the electromagnetic (EM) fields it creates in and around the metal (Figure 3) are

referred to as a surface plasmon polariton (SPP).!7* 17>
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While a full description of SPP generation is given by electromagnetic field
theory, a classical treatment is useful for describing those aspects that involve reflection,

transmission, and absorption of optical energy.!”® 177

2.1 Optical Excitation of Surface Plasmon Polaritons

In optical refraction, which is described by Snell’s Law and the Fresnel equations,
the refractive index, n = co/cn, 1s used to relate the velocity of light, ce, in a vacuum to
the wave velocity in a refractive medium, ¢».!”® In non-optical substrates such as in
metals, the behavior of electromagnetic radiation is described by Maxwell’s equations
(Appendix A) which depend on the electric permittivity, &, and magnetic permeability, u.
Because of dispersion, the refractive index, permittivity, and permeability are frequency
dependent. It is convenient to recast the permeability and permittivity values for a
substrate relative to their vacuum values so that &.(w) =e(w)/e, and p,.(w) =
u(w)/ 1o , where w is the angular frequency and ¢, and p, are the relative permittivity
and relative permeability, respectively. Maxwell’s equations are generalized expressions
that apply to optical refraction as well. The relationship between the n, &., and p,. is
given by n = /g1, . Because most refractive substrates are non-magnetic at optical
frequencies where p, = 1, the refractive index can be approximated by letting ~ /¢, .
In metals where damping occurs, the complex permittivity, &. = &, + &, , is used where
& is the imaginary part of the permittivity. Hence, there exists a complex refractive

index, &, with real, n, and imaginary, k, parts such that & = n? = (n + ix)2.
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The interaction of metals with electromagnetic radiation is largely dictated by the
free electrons of the conduction band in metals. Light incident on a metal film interacts
with the free electrons in the film that move in a manner to compensate for the incident
field gradients. This motion accounts for the reflection of light by highly conductive
metals. The extent to which electrons compensate for the applied field oscillations can be
understood by considering the plasma frequency of the metal. When electrons are
displaced by a small amount from their ions, a Coulombic restoring force results. The

plasma frequency, w,, of a metal is the natural frequency at which the electrons

collectively oscillate upon removal of the applied field. The magnitude of the Coulomb

force governs the value of w,. At low field frequencies, the electrons can move in way

that prevents the electric field from entering the metal. When the applied frequency
exceeds wy, the field oscillations are too fast for the electrons to follow. Consequently,
the metal can no longer reflect the light and the field propagates into the metal.

The momentum of optical photons at a given frequency is much smaller that the
momentum associated with electron oscillations in most metals at the same frequency.
This momentum mismatch makes it impossible to directly excite SPPs on a metal surface
using light traveling in air. By exploiting the geometric arrangement between the incident
ray and the metal surface in an optically refractive material, and by relying on damping in
the metal, plasmonic motion can be induced on a metal surface by the incident ray. Two
common geometric arrangements, the Kretschmann-Raether and Otto configurations,
enable coupling of SPPs to incident photons (Figure 4).!7% ' 89 In both cases m-
polarized light traveling in a right-angle prism is incident to the prism hypotenuse at an

angle above the critical angle. In the Kretschmann-Raether configuration, which is used
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here to construct the SPCTF, the hypotenuse surface is coated in a thin metal film (~48
nm Ag).

In the Otto geometry if a metallic substrate is placed in the vicinity of the prism so
that the evanescent fields of the reflected light impinge onto the metal, and the incident
angle is appropriate, SPPs can be excited along the metal surface. In Otto geometry the
metal thickness can be much larger than the decay length of the surface-plasma field in
the metal.

In the Kretschmann-Raether configuration, the metal film is deposited on top of a
glass prism. The film is illuminated through the dielectric prism at an angle of incidence
greater than the angle of total internal reflection. The wave vector of light is increased in
the optically dense medium. At a certain angle of incidence 6, the in-plane component of
the photon wave vector in the prism can coincide with the SPP wavevector on an air-
metal surface. The result is photon-plasmon coupling and the formation of surface

plasmon polaritons.
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2.2 Dispersion Relation of Surface Plasmon Polaritons

For optical refraction in transparent materials, dispersion describes the change in
refractive index as a function of the applied optical frequency. In the more complex case
of a coupled interaction between photons and plasmons, dispersion can be thought of as
the relationship between the applied optical frequency and the angular wavenumber,
k, =2m/A,. Here, A, is the wavelength associated with the collective electron
oscillation at the metal-dielectric interface. The wavevector, k,, lies within the plane of
incidence along the metal-dielectric (air) interface. A plot of the dispersion curve as a
function of angular wavenumber £, along the metal film is shown in Figure 5.

In air, the angular frequency of light, w.:, exceeds the plasmon frequency except
where k. approaches zero. In refractive materials such as glass, the slope of the light line
changes by 1/n, enabling the light line to intersect the dispersion curve for electron
motion at a suitably large 4. value. For the w and 4. values at the intersection, coupling
between photons and SPPs is possible for m-polarized light. Even though the incident
angle at the prism hypotenuse exceeds the critical angle, O, the reflected intensity
approaches zero at the angle of surface plasmon resonance, 6sp, which is dependent on the
wavelength of light (1), metal film thickness, and the dielectric properties of the metal
and glass. While the surface plasmon dip is broad as a function of wavelength, SPPs
occurs over a narrow range of incident angles and a sharp minimum is observed in the
reflectivity as a function of incident angle at the hypotenuse. As the film thickness
increases, the efficiency of SPP coupling diminished due to the additional damping

experienced by the electromagnetic fields during tunneling.
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2.3  Permittivity of Thin Metal Films

In metals, the permittivity has real and imaginary parts. The imaginary part is
related to damping and determines the frequency bandwidth over which SPP generation
is possible. In addition, damping limits the propagation distance of SPPs along the metal
surface and is responsible for short-range surface plasmon polariton (SRSPPs). For
efficient SPP generation, the real part of the permittivity should be negative and larger in
absolute magnitude than that of the dielectric. Au and Ag meet these requirements and
are relatively easy to deposit on glass as thin films. Because Au and Ag are dispersive,
and because the SPCTF is designed to operate over a large spectral range, it is necessary
to consider the change in permittivity as a function of wavelength.

A published table of permittivity values for Ag was used to estimate the real and
imaginary permittivity values between 400 nm and 900 nm as shown in Figure 6A and
6B.1%! For gold a table of optical constants was used to obtain the refractive index values
(n) and extinction coefficients (k) as a function of the photon energy in electron volts
(eV).!32 Conversion of the energy, E, from eV to wavelength in nm was performed using
1239.8 eV'nm such that AM(nm) = 1239.8(eV'nm) /E (eV). From n and k, the complex
permittivity is calculated as: & = &, +ie} = (n + ik)?, where &, and &/ are real and

imaginary parts of complex dielectric constant &,.
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Expanding the right-hand side of the complex permittivity equation yields
& =n? —k? and &, = 2nk. The real part of the complex permittivity is an indication

of dispersion in the material and the imaginary part is an indication of damping of the
field. The real and imaginary parts of the permittivity for Au are shown in Figure 6C and
6D.

Permittivity is a measure of how an electric field affects, and is affected by, a
medium. The permittivity of a medium describes how much electric field is generated per
unit charge applied to that medium and it relates to a material's ability to resist an electric
field. The complex permittivity curves for both Ag and Au show each having large
negative real part of the permittivity, the meaning of negative permittivity is related to the
non-resistance of the material to the electric field. The larger imaginary component of the
complex permittivity of Au compare to Ag indicates that more energy loss resulting from
damping of the electric field occurs in Au. For wavelengths shorter than ~550 nm,
photons promote electrons of lower-lying bands into the conduction band in Au, thereby
accounting for the large values for the &/..!% Hence Ag provides more efficient SPP

coupling in the low wavelength portion of the visible region than Au.
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2.4  Theoretical Calculation of Reflectance Loss by Photon-Polariton Coupling

For a metal-coated prism in the Kretschmann-Raether configuration, the
reflectance of light at the glass-metal interface will be attenuated by the generation of
SPPs at the metal-air interface. Given the permittivities of the glass and metal film,
Fresnel’s equations can be used to calculate the reflectance at specified angle of
incidence. A drop in the reflectance at angles greater than the critical angle are attributed
to the conversion of photon energy to surface plasmons. A summary of the equations that
result from the Fresnel approach are included here. The variable assignments are
described in Figure 7 for the Kretschmann-Raether configuration employed in the
construction of the SPCTF. The Fresnel expressions enable the calculation of the
reflectance for the glass-metal and metal-air interfaces which are needed for elucidating
the SPP conditions. The reflectance, R, is calculated from

R = |rj|*, 1)

where 7y is the reflection coefficient at the interface between the i™ and j substrates. For
the glass-metal interface,

3 emkzg + ggk; 2)

7. =
gm —
gmkzg ggkzm
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The magnitudes of the wavevector components along the z-axis are given by kzg in the

glass and k,_ in the metal, where

e = |e 3)

Zg g

k02 - kxz >

and

4
ky, = /emkoz — k2 @

The magnitude of k, can be calculated from the vacuum wavelength, 44, according to
ko = 2m/Aq and k,, where

ky = ngk,sinb . (5)

Because k, is situated along the glass-metal interface and electromagnetic fields are
continuous across the interface, k, is a boundary condition and has the same value for
the glass and metal. This process is repeated for the metal-air interface in which the

reflection coefficient is calculated from

o Ealay T Ems, ©)
" egk, —emky,

Zm
where the permittivities, €, and &,, and z-axis components of the wavevectors in the

metal, k, (Eq. 4), and air, k, , are used. Although not shown in Figure 7, the

assignment of k, 1is consistent with that for glass and metal, and its value can be

calculated from
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ky, = /eakoz — ket @

For the multilayer glass-metal-air system, the complex amplitude of the -
polarized reflected light can be determined from Maxwell’s equations by applying the
condition of continuity to both interfaces. Upon simplification, the combined reflection
coefficient, 7gma becomes

i2dk
_ Tgm + Tipge' " m ()
zdk,.,

Tgma =
1 TgmTma €

and is dependent on the thickness, d, of the metal film.!7% 177 The total reflectance of the

glass-metal-air system can now be determined using the relation given in Eq. 1 so that

i2dk,,. |2 9)

i2dky,,

Tgm + tpal

R = |Tgmal® =
gma
1+ 7gmhnae

Figure 8 is the plot of calculated reflectance (Eq. 9) as a function of incident angle
onto the hypotenuse of a BK7 prism coated with a 48 nm Ag thin film. A minimum in the
plot of reflectance as a function of incident angle 6, represents the conversion of energy
away from the reflected beam. When 0 > 6, the energy loss is not accounted for in either
the reflected or transmitted beams. Instead, the energy excites SPPs at the metal-air

interface.
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CHAPTER 3

DETERMINATION OF REFLECTANCE AS A FUNCTION OF
INCIDENT ANGLE AND WAVELENGTH

Before proceeding with the construction and characterization of the SPCTF it was
important to study the surface plasmon coupling in Kretschmann-Raether configuration.
This chapter includes the process of preparing a prism with a thin Ag film followed by
characterization of the film, a description of a custom-built apparatus designed to
measure the reflectance for the Ag film in the Kretschmann-Raether configuration as a
function of incident angle and wavelength, the calculated reflectance for the thin film
coated on the hypotenuse of the prism, and results of the reflectance measurements as a
function of incident angle and wavelength for the spectral range between 550 nm and 850

nm.
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3.1 Experimental and Methodology

3.1.1 Sputter Deposition of Ag on BK-7 Glass Prisms

Thin Ag films were deposited using a 5.1 cm diameter 13.56 MHz magnetron
sputter gun on the hypotenuses of BK-7 right angle prisms (Edmund Optics, 15 mm) to a
target thickness of 48 nm. A modified sample mount was used that enabled a pair of
prisms to be coated along with a polished piece of silicon wafer without having to reopen
the sputter chamber. The silicon substrates were used to experimentally validate film
thickness using scanning electron microscopy (FEL, Inspect-F50), Figure 9A-B.
Sputtering was carried out in Ar gas at ~8 mTorr pressure using an RF power of 60 W.
The background pressure measured with the Ar purge turned off and the pump throttle
valve set partially closed as it would be during deposition, was 2.2x107 torr. A pressure
of ~1x10° torr was achieved with the pump throttle valve open.!®* ¥> The sputter time
was determined from earlier calibration trials in which Ag was sputtered on polished
silicon substrates for a range of deposition times under the same experimental conditions
that were used for the prisms. In addition, a quartz microbalance was used to monitor
progress. Once coated, the prisms and silicon substrate were removed and immediately
placed in a sealed air tight vessel under Ar purge. Electron micrographs were acquired
along the interface of a cross section of the silicon substrate to measure the thicknesses
across. Number of Ag film thickness measurements were recorded, and normal
distribution was applied to those measurements to verify the final Ag film thickness. The

thickness distribution plot is shown in Figure 9C.
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3.1.2 Apparatus for the Reflectance Measurements as a Function of Incident Angle
and Wavelength

To determine the angle of incident illumination necessary for SPP formation, the
coated prism was placed on the central stage of a pair of rotational stages that shared a
common axis of rotation as shown in Figure 10. Independent rotation of each motorized
stage (Cognisys, ROTO TAB 01) was provided by a USB connected controller
(Cognisys, STKS-C-3X) to achieve a step accuracy of 0.01°. A 150 W quartz tungsten
halogen (QTH) lamp (GELCO FDS/DZE 24V) coupled to a 3mm diameter liquid light
guide (Thorlabs, 2000 Series) was used to provided broadband illumination. Light exiting
the light guide was collimated using an f/2 lens and then wavelength filtered to the
desired range between 550 nm and 850 nm using a 550 nm long-pass filter followed by
an 850 nm short-pass filter (Edmund Optics). Further collimation was achieved using
series of 1 mm apertures placed before and after a linear polarizer (Thorlabs, GTHIOMA)
that was oriented to provide m-polarized light at the prism hypotenuse. A slit placed
immediately before the prism was used to further reduce beam spread in the plane of
incidence. A reference fiber was used to monitor the light source intensity changes over
time. Light reflected from the prism hypotenuse was focused into a 200 um collection
fiber (CeramOptec) using an /2 lens (Edmund Optics). The lens and collection fiber were
mounted on a rail extending out from the center of the second rotational stage to enable

angular positioning.
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The distal end of the collection fiber was coupled to an imaging spectrograph
(Chromex, 500IS/SM) equipped with a liquid nitrogen-cooled charge coupled device
(CCD) detector (Roper/Princeton Instruments, EEV 400X1340B) for spectral acquisition.
To ensure capture of the reflected light, a series of spectra were recorded for each 0.1°
increment of prism rotation by scanning the collection fiber by 0.05° increments across
the reflected beam. This approach also safeguarded against any mechanical play in the
rotational stage assembly.

Data collection was automated using a Windows application written in Visual
C++ that controlled the rotational stages as well as all aspects of CCD acquisition such as
exposure time, chip-temperature (-90° C), and file handling. Wavelength calibration was
performed using a spectrum acquired from a neon lamp (Newport, 6032). To enable
calculation of the SPCTF reflectance a blank illumination spectrum was required. To
accomplish this, the prism was removed and a spectrum of the illumination was recorded.
A background spectrum, recorded by blocking the illumination, was subtracted from all
spectra prior to taking the ratio of the reflected light spectra with respect to the
illumination spectrum. Comparison of this data to theoretical estimates is performed by
first adjusting the theoretical calculation to account for reflection losses at the entrance
and exit faces of the BK-7 prism. All data processing was performed using code written

in MATLAB (The MathWorks).
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3.2 Result and Discussion

3.2.1 Calculated Reflectance from the Glass-Metal Interface in the Kretschmann-
Raether Configuration

A theoretical description of the reflectance calculation from the glass-metal
interface in the Kretschmann-Raether configuration is described in the section 2.4.
Results from these calculations were obtained by original code written in MATLAB
(Appendix B) and are shown in Figure 11. Figure 11A shows the calculated reflectance
for 550 nm, 580 nm, 610 nm, 650 nm, 685 nm, 731 nm, and 794 nm light for incident
angle between 38° and 48° onto prism hypotenuse (glass-metal interface). Since BK7 is a
dispersive material, it is important to account for its dispersion because of each
wavelength could potentially take a different path through the BK7 material. The light
entering the prism will also undergo Fresnel reflection off of the entrance face of the
prism and the same applies when the reflected light off of the hypotenuse leaves the
prism exit face. The losses due to Fresnel reflections at the prism faces are calculated and
subtracted from the theoretical reflectance of the glass metal interface to present the
reflectance curve for each individual wavelength in a manner that is suitable for
comparison with empirical data. The complex permittivity of a thin metal film is also a
function of wavelength, as described in the section 2.3. Hence it is important to perform
the reflectance calculation by factoring in dispersion with the complex permittivity of Ag.
These theoretical calculations are performed for the wavelength range between 550 nm
and 850 nm to match with the experimental conditions described in section 3.2.1. The
theoretical reflectance surface is shown as a function of illumination wavelength and

incident angle in Figure 11B.
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There is an increase in the reflectance as the incident angle approaches the critical
angle of ~42°. For larger incident angles in uncoated prisms, the reflectance is ~1. For a
coated (Kretschmann-Raether) prism, there is a sharp dip in the reflectance between 43°
and 44° that corresponds to SPP generation at the metal-air interface. As shown more
clearly in Figure 11A, there is a wavelength dependence on the angle of maximal surface
plasmon generation. The oscillatory appearance at the base of the plasmon dip in Figure
11B is an artifact arising from the finite increments for wavelength and incident angle
that were used in the script to calculate the reflectance surface.

When the reflectance surface is viewed from top (Figure 12A) the angular
dependence of SPP formation is apparent. Reflectance vs wavelength curves, extracted
for various incident angles as shown in Figure 12B, shows that a broad range of
wavelengths are able to couple at each discrete incident angle. Hence the coupling of

SPPs is more strongly dependent on incident angle than the illumination wavelength.
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3.2.2 Measured Reflectance from the Glass-Metal Interface in the Kretschmann-
Raether Configuration

Using the experimental setup described in section 3.1.2, the reflected intensity
from the glass-metal interface of a Ag coated prism was measured as function of
wavelength and incident angle. For each 0.1° increment of the prism rotation, a series of
30 spectra were collected by scanning the collection fiber across the reflected beam at
0.05° increments. The surface plot in Figure 13A shows a set of 30 spectra collected for
one incident angle on the prism, the intensity is the highest at the center collection
position of the fiber and drops on either side as the fiber moves away from the angle of
reflection. Figure 13B is the top-down view of the surface showing the reflected intensity
as a function of wavelength and collection angle. Figure 13C is a plot of the 740 nm
wavelength as a function of collection angle where the intensity is dropping away from
the collection angle of zero. Each spectrum in a set is summed along its wavelength
dimension, and the spectrum heaving greater summed value was used to calculate the
reflectance. Figure 13D is the reflected intensities for the spectrum having highest sum.
The profile of the illumination spectrum is apparent since the incident angle on prism is

still below 6sp, hence all the wavelengths are being reflected.
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A spectrum of the illumination source was collected after removing the prism.
The background spectrum was recorded by blocking the incident beam and was
subtracted from the reflected spectra and the illumination spectrum. The reflectance
spectra were calculated as the ratio of the background corrected reflected light spectra
with respect to the background corrected spectrum of the source. A plot of the reflectance
as a function of incident angle and wavelength is shown in Figure 14,

The data results are shown in Figure 14 and are in qualitative agreement with the
theoretical estimates (Figure 11 and 12) to within experimental error carried by the
position uncertainty in the motions of the dual stages. For example, there is an increase in
the reflected light as the incident angle approaches the expected critical angle of 42° and
the angular position of the surface plasmon dip, in the vicinity of 43°, exhibits the
expected wavelength dependency. Because the silver was not protected from oxidation
during data acquisition, significant attenuation of the SPP is expected. Due to the large
amount of data necessary to generate the reflectance surface, a short exposure time (1 s)
was used to reduce the total acquisition time. While sufficient, the moderate signal-to-
noise level is a consequence of the tradeoff between signal intensity and acquisition time.
Traces from the reflectance surface for several angles of incidence and wavelength are
shown in Figures 14C and 14D respectively. The surface plasmon dip is broad in the
wavelength dimension and its full width half maximum nominally spans ~70 nm.
Conversely, the formation of SPPs is very sensitive to the angle of incidence, spanning
less than 2° over the wavelength range from 550 nm to 850 nm as shown in Figure 12D.
This angular sensitivity can be exploited to reduce the optical bandpass of the SPCTF as

shown in chapter 5.
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Optical characterization of metal-coated prism in the Kretschmann-Raether
configuration is relatively straightforward as both the reflected and transmitted beams are
readily accessible. Energy losses beyond those associated with non-ideal behavior of the
substrates can be accounted for, to the extent that theory allows, by the formation of
SPPs. While imperfect, there is substantial agreement between theory and empirical
findings. The more challenging issues are related to understanding the SPP character, the
behavior of electron groups as well as individual charges, and the way that surface non-

uniformities in the metal and support substrate affect SPP formation and propagation.
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CHAPTER 4

SURFACE PLASMON COUPLED TUNABLE FILTER

This chapter describes the coupled surface plasmon resonator along with the
design of the surface plasmon coupled tunable filter (SPCTF). The SPCTF can be loosely
thought of as a merging of the Kretschmann-Raether and Otto configurations. The
SPCTF is constructed from two prisms, each constructed in Kretschmann-Raether
configuration. The prisms are aligned to one another with their Ag-coated hypotenuses
facing each other, yet separated by a thin dielectric (airgap). The electromagnetic fields at
the metal-air interfaces arising from electron motion as well as any evanescent
contribution from the incident and coupled light fields are acted upon by the conditions of
the resonant cavity as a whole. Hence, the extent of coupling of SPPs across the airgap is
strongly dependent on the cavity geometry and dielectric properties of each layer. In

addition, the phase relationship between plasmon oscillations in each metal influences the
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SPP coupling efficiency. The SPCTF exploits these properties to achieve wavelength
tuning of the coupled light by varying the dielectric thickness (airgap thickness). For
uncollimated monochromatic light, a range of incident angles is presented to the SPCTF
and more than one coupling mode can be populated simultaneously, depending on the
airgap distance.

An ideal tunable wavelength filter for hyperspectral imaging should demonstrate
sufficient throughput, a suitable bandpass for the application, a large spurious-free
spectral range, and diffraction limited spatial resolution. In this chapter, the SPCTF
performance is characterized, wavelength tuning is explored as function of airgap
thickness in the range between 550 nm and 850 nm, transmittance and its bandpass is
measured as a function of tuning wavelength. The spatial resolution of the filter is

measured, and hyperspectral imaging is demonstrated using a model sample.

4.1 Experimental and Methodology

4.1.1 Design of the Surface Plasmon Coupled Tunable Filter

The SPCTF described here is constructed from two prisms as described in Figure
15 that are closely juxtaposed with their metal-coated hypotenuses facing each other. In
this arrangement, light incident on the first glass-metal interface can excite SPP at the
metal-air interface. Due to the proximity of the second (identical) metal-coated prism,
dipole-dipole coupling can drive SPP formation at the air-metal interface of the second
metal-coated prism. Because both metal-coated prisms are identical, photon-plasmon
coupling at the metal-air interface of the first prism can be expected to lead to plasmon-
photon coupling at the air-metal interface of the second prism.

58






As illustrated in the enlargement of Figure 7, the wavevector projection along the
interface, k,, is shared by both the incident and transmitted radiation such that k, =
Ngko sin® = 2w /A,, where 14 is the refractive index of the BK7, k,, is the wavevector in

vacuum, 0 is the incident angle and A, is the wavelength related to SPPs. For coupling to
occur, both frequency and momentum must be matched between the photon and plasmon.
This occurs at an incident angle Osp, in the direction along k, .

The incident angle required to reach the transmission maximum in the SPCTF is
not the same as the incident angle at which SPP coupling is maximum for the case of the
single Kretschmann-Raether prism, neither are these angles separated by a constant
amount. In the single interface case, a minimum in the reflectance occurs when the
component of the incident wavevector parallel to the interface, after undergoing
modifications by the metal film, matches the real part of the surface SPP wavevector. The
maximum in the surface charge density occurs when the normal electric field component
peaks. The coupled dielectric system of the SPCTF behaves in the similar fashion, but

must be considered as a whole. !
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4.1.2 Construction and Characterization of the SPCTF

The SPCTF was constructed by affixing both prism to aluminum rods using 330
epoxy (Hughes Associates). The rods were inserted into the channels of a custom
aluminum mounting that had openings to expose the optical surfaces of the SPCTF. One
prism was held stationary while that other could be moved by turning a finely threaded
screw, thereby adjusting the air gap between the prisms. Insertion of the prisms into the
mounting was performed prior to curing of the epoxy so that the prisms could be brought
into contact with each other as the epoxy set to establish a sufficiently parallel alignment
between their hypotenuses. Once construction of the SPCTF mounting was complete, the
assembly was positioned in place on the rotating stages, described in section 3.1.2 and the
fiber collection optics were repositioned as shown in Figure 16. A series of spectra were
collected for a range of SPCTF gap distances along with a spectrum of the illumination
that was acquired by removing the SPCTF. A background spectrum, obtained by
blocking the illumination path, was subtracted from all spectra prior to taking the ratio of

the transmitted light spectra with respect to the illumination spectrum.
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4.1.3 SPCTF Hyperspectral Imaging Microscope

The schematic diagram in the Figure 17 is an illustration of the optical setup used
to perform proof-of-principle SPCTF hyperspectral imaging for the first time.
IMumination was performed in transmission mode using a broadband QTH light source
coupled to a refractive microscope (Olympus, BX-60). The transmitted light from the
sample was collected using an infinity corrected 10x objective (Olympus, 0.30 NA). To
selected only the m-polarized component of the light a Glan-Thompson polarizer
(Thorlabs, GTH10MA) was placed before the SPCTF. Wavelength filtering was achieved
by adjusting the airgap of the SPCTF, a mirror placed after the SPCTF directed the light
to a spectrometer via a fiber optic, to verify the tuning wavelength. The mirror is
removed when imaging, image acquisition was performed using a liquid nitrogen-cooled

CCD (Roper Scientific EEV1024x1024B) coupled to image reformation optics.
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4.1.3.1 Determination of Image Resolution

To measure the image resolution of the SPCTF microscope, a USAF 1951
resolution target was imaged in reflectance mode using a 10x objective. Illumination was

provided by the QTH lamp of the microscope.

4.1.3.2 SPCTF Hyperspectral Imaging

Hyperspectral imaging is performed on a commercially prepared sample, a
stained pine stem cross section (Carolina Biology Supply Co.) mounted in glass. Images
of the sample were collected at 25 nm increments from 450 nm to 700 nm at the full pixel
resolution of the CCD (1024x1024). The exposure time for each image was 1 s.
Wavelength tuning was achieved by adjusting the airgap as described in section 4.1.2.
Once collected, post-processing of the data to reveal image color-contrast based on
spectral shape was performed in MATLAB using the spectral identity mapping

algorithm 187 188

4.1.4 Measuring SRSPPs and LRSPPs

Measurement of the short-range surface plasmon polaritons (SRSPPs) and long-
range surface plasmon polaritons (LRSPPs) was performed using 650 nm light from a
diode laser in place of the QTH source in the optical set-up described section 4.1.2.
Spectra of the light transmitted by the SPCTF were collected over a +6° range of incident
angles. The process was repeated for the range of airgaps in which SRSPPs and LRSPPs
could both be observed as well as for appreciably thick airgaps in which only the LRSPPs

were observable.
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4,2 Results and Discussion

4.2.1 SPCTF Transmittance and Bandpass

For a single metal-air interface, different wavelengths couple at different incident
angles. Wavelength tuning in the SPCTF, however, is accomplished for a fixed incident
angle by changing the air gap distance between the two metal-air interfaces that comprise
its resonant cavity. A series of SPCTF transmittance spectra are shown in Figure 18A for
a progression of airgap distances that increase for increasing passband wavelength. While
the nominal airgaps are between 1 um and 2 um, the tuning was performed manually and
precise estimates of the gap distances were not achievable using this experimental setup.
The measured bandwidths are likely larger than would be predicted for ideal substrates
due to surface roughness in the glass and metal. In addition, no feedback mechanism was
in place to either monitor or actively control the degree of parallelism of the metal-air
interface during tuning. Hence the observed SPCTF transmittance (25%-35%) and
bandpass values (~70 nm, nominally) would likely improve by employing smaller and
flatter substrates, and by replacing the mechanically-adjusted air gap with precision

electro-optic tuning.
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4.2.2 SPCTF Microscope Image Resolution

The light from an infinitesimally small source, a point-source, spreads out as it
propagates according to its point spread function, which is dependent on the optical
properties of the materials through which it propagates. Because light has wave character,
its diffraction and scattering limits the achievable spatial resolution of an imaging system.
The diffraction of light is wavelength dependent, so the resolution limit observed in the
far field is also function of wavelength. Hence, the image of a point source appears as an
Airy (blurry) disk with a diameter much larger than the source itself. Because the Airy
disks of two neighboring point sources overlap, the image may not show two distinct
sources of light. The minimal distance between the point sources that enables them to
appear as sufficiently separated in the image is the resolution limit of the imaging system.
The degree to which two overlapping Airy disks must be separated is a matter of some
subjectivity. Fortunately, three well-recognized resolution criteria have been widely
adopted; the Rayleigh, Abbe, and Sparrow criteria have been formulated into
mathematical estimates of the resolution limit. These closely related concepts mainly
differ in the degree of Airy disk separation required to assert that the point sources are

resolvable. The Rayleigh, Abbe, and Sparrow formulations are given by

0.614

TRayleigh = T sind (10A)
0.51

Tabbe = = »and (10B)
0477

Tsparrow = T sind (10C)
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where r is the distance between the two objects (point sources), /4 is the wavelength of

light, and #» is the index of refraction of the medium between the sample and collection
optic (objective lens). It should be noted that each denominator, n siné, is just the
numerical aperture (NA) of the collection optic. From the numerators, it is clear that the
Rayleigh criteria requires the most separation between the point sources while the
Sparrow criteria requires the least.

An image of the USAF 1951 resolution target acquired through the SPCTF tuned
at 700 nm passband is shown in Figure 19. The smallest element of the target has 228
line-pairs/mm. Hence each line pair, consisting of one bright and one dark line, is ~4.4

um across. For 700 nm light in air, using a 0.30NA objective, the resolution limits are
VRayleigh™~1.4 pm, F4ppe~1.2 pm, and 7Sparow~1.1 um. Based on the line profile of

intensity values across element #6 of group #7 (Figure 19), the SPCTF microscope can
resolve features smaller than 4.4 um. This is evident because the degree of separation
between adjacent bright lines, each appearing 4.4 um apart, is greater than that required
for any of these resolution criteria. The image performance in this case is limited by the
pixel coarseness of the CCD detector. By fitting Gaussian profiles to the bright lines of
the resolution target and adjusting their overlap to that of the Rayleigh criteria, an
estimate of the effective image resolution that takes into account both the diffraction limit
and the CCD pixel geometry is obtainable. The effective Rayleigh resolution is ~ 3.5 um.
Hence, while the optical performance of the SPCTF may be diffraction limited, the

microscope as a whole approaches the diffraction limit.
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4.2.3 SPCTF Hyperspectral Imaging of Pine Stem

To explore the potential of the SPCTF for use in widefield hyperspectral imaging,
a series of images of a model sample were collected through the SPCTF as a function of
its tuning wavelength. A stained pine stem cross-section was chosen as a model sample
for its inherent color-contrast in the operating range of the SPCTF and its well-defined
morphology.

The collected images, shown in Figure 20A, exhibit subtle wavelength-dependent
changes in the intensity values between image frames. A bright filed image of the sample
was also acquired (Figure 20B) by removing the SPCTF from the path. The hyperspectral
data were processed using spectral identity mapping (SIM) analysis to reveal wavelength-
dependent differences across the field of view.!®” A spectral identity map (SIM) was
produced (Figure 20C) from the data in which shape variations in the spectra at each
pixel location are exploited to generate a single pseudo color image. Pixels that exhibit
different colors in the SIM image result correspond to differently shaped spectra in the
image dataset. Because SIM is scale invariant, these color differences represent
qualitative differences in composition. This data represents the first use of the SPCTF for

spectral imaging.
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4.2.4 Short-range and Long-range Surface Plasmon Polaritons in a Coupled
System

Due to free electron scattering in the metal and surface roughness along the
interfaces, SPPs localized to different regions on the metal films can experience different
amounts of attenuation.!®-1°! The attenuation range can span 100-fold or more, leading to
a spread of SPP propagation distances. Therefore, only some of SPPs will meet the
resonance conditions of the SPCTF cavity where their electric field components normal
to the interface are either in phase or out of phase. Those SPPs which experience little
attenuation exhibit greater propagation lengths and are known as long-range SPPs
(LRSPPs). The short-range SPPs (SRSPPs) can be highly attenuated, thereby producing
more localized effects across shorter distances.

As the thickness of the airgap in the SPCTF varies the maxima in the transmitted
signal move with respect to the minima in the reflected signal for both, the LRSPPs and
the SRSPPs. The shift in the transmitted maxima or reflected minima of the SPCTF are
not independent of each other. But, there exist conditions of the airgaps at which this shift
is the least. For understanding the resonance conditions of the LRSPPs and the SRSPPs it
is important to look at the Poynting vector field (§ ) and the electric field component in
the direction parallel to the interfaces (£x) as a function of position within the dielectric
cavity of the SPCTF. The Poynting vector is the energy transfer per unit area per unit

time of an electromagnetic field. Poynting vector has both the direction and magnitude

and it represents directional energy flux, and it is given as S=ExH, whereE is the

2

electric field vector and H is the magnetic field’s auxiliary field vector. The electric field
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E is a vector quantity, and it gives vector field in three-dimension. The electric field E
has components, £, £, and £ that defines the electric field in x- , y- and z-direction.

From the calculation by Welford and Sambles'®®, presented here is an illustration
of the Poynting vector (Figure 21) and the £, component of the field (Figure 22) in the
dielectric gap for the LRSPPs and the SRSPPs. The horizontal axis in the presentation of
Poynting vector and the £ component of the field is z-direction, while the vertical axis
represents the x-direction.

Poynting vector illustration of SRSPPs (Figure21B) suggests that it has more
energy in the metal than the dielectric gap where it approaches zero, compare to LRSPPs
(Figure 20A). Due to damping in the metal, energy loss in the SRSPPs coupling mode is
greater than that of LRSPPs, hence the transmission maxima are smaller for SRSPPs than
that of LRSPPs.

Iustration of the £ component of the electric field for the LRSPPs (Figure 22A)
showing node in the airgap because of the electron oscillations in phase with each other
at both the metal-air interfaces resulting in greater coupling of energy across the gap,

resulting in higher transmittance compare to SRSPPs (Figure 22B).
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For a large range of airgap thickness the LRSPPs may be excited and the
corresponding wave vector increases progressively as the airgap is reduced. For a fairly
small (<270 nm) airgap only the LRSPPs exist. At a greater airgap SRSPPs may be
excited at low angles of incident. Increasing the airgap further (~586 nm) causes the
LRSPP and the SRSPP resonance to move closer to the Os, for a single interface in the
Kretschmann-Raether configuration. Progressively increasing the airgap thickness causes
the LRSPPs and the SRSPPs to converge. For a small change in the airgap thickness, the
SRSPP wave vector changes by more than the LRSPP wave vector, hence the resonance
angle moves more for the SRSPPs.!% If the prism hypotenuses are not parallel or wedged
instead, the SRSPPs will be the most affected, resulting in the more severe broadening of

the SPCTF transmittance.
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4.2.5 Selecting LRSPPs Coupling Mode with Monochromatic Light

The distances over which SPPs propagate are dependent on the amount of
attenuation. Free electron scattering in the metal and surface roughness at the interfaces
are important causes of SPP attenuation that can adversely affect the performance of
plasmonic devices. While low attenuation leads to the sought-after LRSPPs, plasmonic
devices often have imperfections that lead to the formation of both SRSPPs and LRSPPs.
Because the SPCTF cavity is tunable, the LRSPPs can be preferentially selected over the
SRSPPs by choosing the largest gap distance capable of generating SPPs at the desired
wavelength. If the hypotenuses of the two prisms were not parallel if instead, they are
wedged, wavelength broadening of the plasmon coupling occurs.

Using monochromatic light, the transmitted light corresponding to the LRSPP and
the SRSPP modes can be observed. Figure 23 shows the SPCTF passband intensity for
650 nm laser light when the SPCTF is rotated over a +6° range of incident angles. The
transmittance as a function of wavelength and incident angle is represented as top-down
view of the surface plot where red corresponds to higher transmittance value and blue
color correspond to lower (near zero). The data was collected using the apparatus shown
in Figure 16 with slight modification to accommodate range of incident angles. For a
smaller airgap, two transmitted components that correspond to the SRSPPs and the
LRSPPs can be seen. Increasing the airgap by small increments (Figure 23) leads to a

converging of the SRSPPs and LRSPPs.
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In Figure 24, the transmission band for 650nm is extracted from the data
presented in Figure 23 and two separate bands are observable, a less intense band for
SRSPPs at ~4.2° and a more intense, yet narrower, LRSPPs band at 0°. By increasing the
airgap at very small increments, the SRSPP band converges towards the LRSPP band.
Because SRSPPs are more localized, the influence of their fields more rapidly diminishes
with distance than the LRSPPs. Increasing the SPCTF gap distance even further lessens
the resonance ability of SRSPP in the cavity and provides a way to distinguish the

LRSPPs from the SRSPPs.
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CHAPTER 5

EFFECT OF DISPERSION ON SURFACE PLASMON COUPLING
AND SPCTF BANDPASS

The calculated and measured reflectance for the metal-dielectric interface in the
Kretschmann-Raether configuration are presented in chapter 3. The findings in chapter 3
demonstrated the angular sensitivity of the surface plasmon coupling. In this chapter the
reflectance at the metal-dielectric interface for the Kretschmann-Raether configuration is
measured using angularly dispersed incident light as function of incident angle and
wavelength. Also presented is the bandpass of the SPCTF with angularly dispersed light.
By exploiting the angular sensitivity of the surface plasmon coupling, the effective

bandpass of the SPCTF is reduced.
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5.1 Experimental and Methodology

S.1.1 Apparatus for the Measurement of the Reflectance of Angularly Dispersed
Light as a Function of Incident Angle and of Wavelength

Because the formation of SPPs is very sensitive to the angle of incident light, the
use of angularly dispersed light can significantly reduce the spectral bandwidth of light
that can couple to SPPs. There are a number of applications that would benefit from the
use of thin transmissive dispersers in combination with plasmonic devices to provide
narrow passband tuning. To test the efficacy of this approach, the reflectance of angularly
dispersed light from the prism hypotenuse is measured using a modified version of the
apparatus described in Figure 10. In the first of two modifications, a transmission grating
(Thorlabs, GT25-06V) was placed in the optical path immediately before the prism. The
angular change in the optic path caused by the diffraction grating necessitated the second
modification, a repositioning of the dual stage and fiber collection optics as shown in

Figure 25.
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The data collection procedure previously described in section 3.1.2, was modified
so that now for each position of the prism (each incident angle) with respect to the
incoming light from the grating, spectra at 70 neighboring positions were collected. A
total of 14000 spectra, each covering the wavelength range between 500 nm and 850 nm,
were recorded of the reflected angularly dispersed light over a 20° range of incident
angles Because the light is collected over a range of reflected angles for each orientation
of the prism, and because each reflected angle corresponds to a different wavelength,
most of which are not generating SPPs, it is not necessary to take a separate spectrum of
the illumination in order to calculate the transmittance.

Because the incident angles in the dispersed beam are above the critical angle, the
set of maxima extracted from each spectrum acquired for one prism orientation, after
subtracting the background spectrum, is an envelop function that matches the
illumination spectrum except in the vicinity of the surface plasmon-coupled wavelengths.
The neighboring sets of envelop functions, acquired for other prism orientations that
exhibit a wavelength shift in the SPP coupling, can be used to establish an intensity
surface as a function of wavelength and prism orientation angle. Surface contours that
neighbor the plasmon intensity dip in the surface can be used to make accurate estimates
of the illumination intensity in the plasmon dip regions. This self-referenced approach
avoids many of the experimental errors and alignment challenges related to removing the

prism so that a properly scaled illumination spectrum can be acquired.
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5.1.2 Characterization of the SPCTF Coupled to a Dispersive Element.

The bandpass and acceptance angle of the SPCTF was determined for angularly
dispersed light using the apparatus shown in Figure 26. A reflective grating (Thorlabs,
600 grooves/mm) was placed in the optical path to provide angular dispersion. Although
not shown, the grating was mounted on a rotational mount (Thorlabs, PRO1) to enable
wavelength tuning along the optical path of the SPCTF. Spectra of the transmitted light
were acquired over a range of SPCTF angles for each of several gap distances using a
rotational stage (Cognisys, ROTO TAB 01). The collection fiber remained fixed in

position.
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5.2 Result and Discussion

5.2.1 Reflectance of Dispersed Light from the Glass-Metal Interface

The apparatus used for collecting the angularly dispersed light is described in
section 5.1.1 and Figure 25. As described previously, neighboring sets of spectra were
collected for a range of incident angles on the prism hypotenuse. Here it is important to
note that each wavelength will have a different angle of incident onto the prism
hypotenuse, because the light is angularly dispersed by the grating. Hence angle used to
generate the plots of reflectance for angularly dispersed light relies on the incident angle
of the center wavelength of the range of interest with respect to the prism hypotenuse.

For each position of the prism, a set of 70 spectra were collected in the vicinity of
the angle of reflectance by scanning the collection fiber, this was done to collect as much
of the angularly dispersed light as possible. The process was repeated over the range of
incident angles. The background corrected intensities of one set of spectra obtained for
one incident angle is shown in Figure 27. In Figure 27A, the intensity plotted as a
function of collection angle and wavelength. The collection angle is reported with respect
to the center angle, an estimate of the reflected angle based on the incident angle. In
Figure 27B, the intensities as a function of wavelength are shown to accentuate the
overall envelop shape of the entire set of spectra. At the incident angles where the surface
plasmons couple, there will be a corresponding dip in the reflectance spectra of that set,
but the dip would be spread across multiple acquisition angles as shown in Figure 28 and

29.
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For the calculation of the reflectance, it is important to extract the envelop
function from each set of 70 spectra. An algorithm, written for MATLAB, was created to
accomplish this task. The algorithm operated on each set of 70 spectra that were acquired
for a given illumination angle on the prism. For each individual spectrum, the peak
position was identified using a correlation calculation with respect to a predetermined
peak shape. The plot of peak intensity vs. wavelength was extracted and fit using a cubic
spline. The envelop function of the set of 70 spectra is given by the spline result. Because
the peaks in the region of a surface plasmon dip, do not have the characteristic peak
shape, the algorithm exploited the periodicity of the peaks in the wavelength dimension
to estimate the peak center wavelength for the peaks in the region of the dip. The
intensities at these positions were used to calculate the envelop function at these
wavelengths (Figure 28).

The plots in Figure 29 show the extracted envelop functions for sets of spectra
acquired at different incident angles onto the prism hypotenuse. For the calculation of
reflectance, the envelop data were then processed for calculating the initial light intensity
via self-referencing. In the self-referencing method, the intensities at the region away
from the dip is used to estimate the illumination envelop. The measured reflectance is
plotted as surface in Figure 30. The redder regions exhibit higher reflectance values than

bluer regions.
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The top-down view of the surface from Figure 30 is shown in Figure 31A. A
comparison of the image in Figure 31A to the one shown in Figure 14B reveals that the
use of a dispersive element in the optical path of the prism reduces the wavelength
bandwidth over which photon-polariton coupling can occur. The measured bandwidth
using dispersed light is plotted in Figure 31D. This data demonstrates that angular
dispersion in conjunction with plasmonic excitation can be used to create a narrowband
optical filter. A description of the potential impact of this illumination approach is given

in section 5.2.2 for the SPCTF.
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5.2.2 SPCTF Acceptance Angle and Bandpass with Angularly Dispersed Light.

To assess its potential as a tunable widefield image filter, the SPCTF passband
was studied as a function of wavelength and illumination angle using broadband
angularly dispersed light (Figure 32). The SPCTF was tuned to three different
wavelengths that correspond to laser light at 532 nm, 650 nm and 785 nm. The airgap
was set to a suitably wide position so as to ensure one coupling mode, LRSPP coupling,
as described in section 4.2.5. Bandpass of the SPCTF using dispersed white light was
measured while tuned at 532 nm, 650 nm and 785 nm light. The nominal bandpass
(FWHM) was measured to be 7.23 nm within the range of operations (550 nm to 850 nm)
and the bandpass plots are shown in Figure 32 with their respective FWHM. Bandpass
was reduced by factor of about 10, compared to the bandpass with collimated light,
described in section 4.2.1.

The use of the SPCTF as a widefield filter for imaging applications requires a
sufficiently large acceptance angle to permit image reformation. Plots for the acceptance
angle measured for 532 nm, 650 nm and 785 nm are shown in Figure 33. The acceptance
angle describes the steradian field of view over which the SPCTF functions. While
apertures can be used to select those components of the Fourier space that are better
collimated, doing so greatly diminishes the light intensity and reduces the signal-to-noise
level. The Numerical Aperture (NA) is a measure of how much light can be collected by
an optical component such as an optical filter, optical fiber or a microscope objective. By
measuring the acceptance angle of the SPCTF we can calculate its NA. The. NA is given

by NA = n sin6, where 0 is half of the acceptance angle and n is the refractive index.
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The use of the SPCTF in widefield imaging applications requires the use of lenses
before and after the SPCTF, which places the SPCTF in the Fourier space. The nominal
Fourier space NA observed for SPCTF in the presence of angularly dispersed light was
0.04°,0.02°, and 0.01° for tuning wavelength 532 nm, 650 nm and 785 nm respectively.
While the use of a grating in the optical path before a widefield tunable filter seems
questionable and counterintuitive, the SPCTF is designed to be miniaturized into a
monolithic element so that it can be directly integrated with detector arrays as described

in section 6.2 and Figure 35.
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CHAPTER 6

CONCLUSION AND RECOMMENDATIONS FOR FUTURE WORK

6.1 Conclusion

A new type of tunable wavelength filter, based on surface plasmon coupling in a
resonant cavity, has been introduced. The SPCTF filter is constructed from two
Kretschmann-Raether metal-coated prisms. Empirical reflectance data from the glass-
metal interface of the individual prism-element showed qualitative agreement with
theoretical estimates. While very sensitive to the illumination angle (<2°), surface
plasmon generation occurs over a broad range of wavelengths and produced a nominal
bandpass of ~70 nm for a metal film thickness of 48 nm at wavelengths between 550 nm
and 850 nm. To exploit the angular sensitivity as a way of reducing the SPCTF

bandwidth, the prism-element reflectance was measured using angularly dispersed light.
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Nominal bandwidths below 10 nm were achieved within the spectral region between 550
nm and 850 nm. Without any narrowing of the passband, the two-prism SPCTF also
produced a bandpass of ~70 nm over the spectral range from 550 nm to 850 nm and
exhibited a nominal percent transmittance of ~32%. Diffraction limited spatial resolution
of the SPCTF has been demonstrates using 1951 USAF resolution target. In addition,
Proof-of-concept spectral imaging was demonstrated using the SPCTF and the spectral
identity map of the spectral image data confirmed wavelength dependent variability
related to the qualitative compositional differences in the model sample. The use of
dispersive element coupled to the SPCTF resulted in a 10-fold narrowing of the bandpass

to ~7 nm (FWHM). The acceptance angle under these conditions was ~1.5°.
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6.2 Recommendations for the Future Work

If the airgap in the SPCTF is replaced with low-index electro-optic material as
shown in Figure 34, its refractive index can be controlled under the influence of an
applied electric field. By changing the refractive index of the dielectric, the transmitted
SPCTF wavelength can be altered. Hence a fixed angle input beam can be made to excite
a specific SPP mode by varying the applied voltage.

Integrating the SPCTF with a highly dispersive tunable etalon (Figure 35A)
enable compact, narrowband filtering of an optical signal. In addition, each pixel of an
array detector could be integrated with its own hybrid SPCTF element (Figure 35B).
Hence the SPCTF can be used to exploit the wavelength filtering superiority of
(transmissive) dispersive gratings without having to rely on intensive computational
methods for wavelength deconvolution in the image scene. In this case, the SPCTF
effectively suppresses unwanted wavelength from the dispersed output of the etalon from

being detected.
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APPENDIX A

In order to model the transmittance as a function of wavelength in the SPCTF, it is
necessary to employ Maxwell’s equations of electromagnetism. In particular, the

divergence and curl of the electric field which are given by

V-E=0
and
U xE oH 0B
- TRt T Tt

The SPCTF geometry is similar to the Kretschmann-Raether geometry employed for
surface plasmon resonance spectroscopy (SPR) and is illustrated in Figure. 4. Only the
n-polarized component generates a strong plasmon coupling at Brewster’s angles above
the critical angle. Consequently, a polarizer must be placed in the optical path prior to
the SPCTF. It is important to note that the successful conversion between a photon and a
surface plasmon requires a negative permittivity, the absolute value of which is larger
than that of the dielectric. Metals such as gold and silver meet this requirement and have
large negative permittivities. The permittivity of metals have both real and imaginary
parts; the imaginary part is the result of damping. Described below is a fully theoretical
description of surface plasmon condition in a semi-infinite system, explained by

Maxwell’s equation and classical electromagnetic theory. For notations, refer to Figure 7.
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Given:

E, = (Exg, 0, Ezg) o ~i(knx ez yz-0t)
H, = (0, Hy,, 0) pi(lar+ies z-ot)
Em = (Ey,,0,E, e {(kextkzyz-ct)

Hm — (O,H " O)e—i(kxx+kzgz—wt)
Vector representation,
E—’ — Exge—i(kxx+kzgz—wt)£ + Oy + Ezge—i(kxx+kzgz—wt)z,\

From Maxwell’s equation, The divergence of ,V - E=0,or

ad ad ad =
(£+5+£)E—0

—_ JE JE JE
g g g
n ' = —= — —= =
and \Y Eg p + 3y + e 0

substituting Eq. 1-4:
Exge—i(kxx+kzgz—wt)ikx +0 + Ezge—i(kxx+kzgz—wt)ikzg -0
Solving for E :

E

Zg

ks, = —Ex kx

Zg_

Fex
By, =~ (22)

g

For the metal E, = can be derived same way:

(1)

)

)

(4)

)

(6)

(7)

(8)

©)

(10)

(11)

At this point the relationship between the x and z components of the electric field in the

glass and the metal have been established, where k, is a boundary condition.
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So, solving Eq. 10 for k,:

Ez,
k,=— <E> ke, (12)
g
and solving Eq. 11 for k,:
Ezp
k, = <Ex )kzm (13)
Therefore,
Ey Ezm
_ <ﬁ> ks, = — <Exm> ks, (14)
At the interface Exg = E,,, So:
Ez ks, = Ezp Kz, - (15)
From the Faraday’s law of electromagnetic induction, the curl of E,V X Eis:
2 9H aB
V XE —ME = T3 (16)
i J k
= a a8 o
or V XE = e a 3 (17)
E, E, E,
where,?, J and k are unit vectors along x, y and z axis respectively.
B (%2 _ OB\ _ (3 9B\, (9B 3B\ L
Hence, VXE= (ay 0z ) (ax 0z ) ( ox ay) k g (18)
2 i(Kyx+ky Z—wt) i(kyxx+ky z—wt). 5
VXE=0- <Ezgel( ezt Exgel( g wt)lkzg>] +0, (19)
= . il kyxtky z—wt 0H
And VX E = (B, ke~ By ks, ) <l g illxr+ksgz—0 )) = —py 2 (20)

: dHy
Solving for -
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H
and Hy = [F0t,
= MI ei(kxx+k2gz_wt)at ’
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and Hy, = + constant.
Ug —w

From Eq. 10; E; = —E, <&> and

Ex kx? i+Ey Ky 20\ _
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kzg#gw

where g is the permeability of glass;

in a vacuum oo = —

and Co = % )
Ho = SIZiZ

hence, Hg = k' _ ko

From Eq. 25 and 29

H

. <Exgigyw> ei(kxx+kzgz—wt)
g = |———

kzg

Similarly, for the metal:
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21

(22)

(23)

24

(25)

(26)

27)

(28)

(29)

(30)



Ex, .l Eqw i -
Hm — < xml em )el(kxx+kzgz wt)

Kz

At the boundary between the glass and metal, H; = Hy, or:

<Exgi5g‘*’> ei(kxx+kzgz—wt) _ <Exmi5m‘*’> ei(kxx+kzgz—wt)

kz Kz

Exg Sg _ Exm Em

or

kzg Kz,

From Exg =Ey,.:
Sy Em
kzg  Kzp

But it is known that kg2 =k, + kzg2 , Where kg2 = Sgkoz.
likewise, kpm” =k’ +k, ° where kp’ = Enk,’.

So, Eq. 34 becomes:

Solving for k,2,

and k., =k, <
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€2))

(32)

(33)

(34

(35)
(36)

(37

(3%)

(39)



Yet, En= Empoy +8mimaginary such that:
1
2
k _ k gy(gmreal"-gmimaginary)
o= g | Lo . (40)
g+ mreal+ Mimaginary

From ky = Cﬂ, and solving for w = w (k,), the dispersion relation becomes:
Q

Eg+Em
w = kyc, < gggm ) (41)

At very high frequencies wt > 1, where 7 is the electron scatter time, the bound

« O, .
electrons are too slow to respond so €ral~ 1 and ¢ = lw—"T where g, is the Drude

2

conductivity at w = 0.

The inertia of mobile electrons makes the conductivity purely imaginary at high

frequencies than w = 0, but not above plasma frequency w,,. Thus,

o1 % :1_(2)2 (42)

Eow3T

4mne?
where, w, =
m

/2
) is the plasma frequency. Here, n is the electron density and m

is the electron mass.

From Eq. 41 and Eq. 42

(8 +1_(% 2)1/2
W = KkyC g—wwz (43)
5y<1‘(7p) )

where k, = i—n, here A, is wavelength of the plasmons.

X
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If the E in the z direction (in metal) is EZ ~ e~ lkelz

The value of the characteristic length (skin depth) Z | at which the field is reduced by a

1. »
factor, = is £/ = —
e |kz]

At z=0, E, = 1. Sonow find the z value such that E, = él =

The skin depth (£) becomes e~ 1%zlz = 2

e

. 1 _
Solving for z , 1 (;) = e~ lkzlz
11
e  elkzlz

o (~1+lkzl2) —

lk,lz—1=1In1
lkz|z =1

7 = Z = L

Kzl

substituting k> = k,° + kzm2 in Eq. 36 and Eq. 39:

k Zzgmmz—kf<%%»

Zm Egtem

or =

1
11 (sg+sm) /2

Koy ko \ Em®
1 . 2n
where, = z or (skin depth) and k, = —.
Kz Lo
Ay (Eg+EmY /2
Hence, Z = —o(—g zm)
2\ &n
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(44)

(45)

(46)

(47)
(43)

(49)

(50)

(51

(52)

(53)
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