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ABSTRACT

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. Conventional widefield tunable filters like the liquid crystal tunable filter and acousto-optic tunable filter
achieve narrow passbands across a wide spectral range by utilizing large interaction lengths, thereby increasing the
thickness of the device along the optical path. In addition, these technologies rely on rather bulky external control
circuitry and, in the case of acousto-optic filters, high power requirements. In the work presented here, we introduce a
novel widefield tunable filter for visible and near infrared imaging based on surface plasmon coupling that can be
miniaturized without sacrificing performance. The surface plasmon coupled tunable filter (SPCTF) provides diffraction
limited spatial resolution with a <10nm nominal passband and a spurious free spectral range of more than 300nm. Acting
on the m-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. The design of the SPTF is presented along with a comparison of its performance to calculated estimates of
transmittance, spectral resolution, and spectral range.
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1. INTRODUCTION

Hyperspectral imaging (HSI) 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.”’ 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 imagers have
been developed for every optical region of the electromagnetic spectrum to measure variations in the absorption,
emission, transmittance, reflectance, and scattering of light by complex samples. To accommodate this broad range of
modalities, HSI instruments are custom-designed for specific applications. 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. To visualize changes in
the sample across its spatial extents, data processing is performed on the hyperspectral data so that a pseudocolor 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.

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 enough 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
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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), Fabry-Perot
tunable filter (FPTF), and liquid crystal tunable filter (LCTF) are 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.*?' In addition, wavelength multiplexing has been performed in widefield
applications using step-scan interferometers and radio frequency (RF) multiplexed AOTFs.?% 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.”?’ 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.

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, 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.

Our choice of which imaging strategy to use for compact, field-capable, HSI devices accounts for the capabilities and
limitations of the potential modalities. Rapid data acquisition, high image resolution, narrow spectral resolution, broad
spurious-free spectral range, and high signal-to-noise level are desirable. Unfortunately, there exists a tradeoff 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 scanned 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
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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.

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, we describe the design and construction of the SPCTF and give a theoretical description of surface
plasmon generation in thin metal films. Experimental transmittance 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. We demonstrate 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, we demonstrate HSI using the SPCTF for the first time
and give the transmittance and bandpass values as a function of wavelength. 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.

2. THEORY

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-dielectrics 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 fields it creates in and around the metal are referred to as a surface plasmon polariton (SPP). 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.

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 = ¢,/c,,, is used
to relate the velocity of light, ¢,, in a vacuum to the wave velocity in a refractive medium, c,. In non-optical substrates
such as in metals, the behavior of electromagnetic radiation is described by Maxwell’s equations which depend on the
electric permittivity, ¢, and magnetic permeability, x. 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) = (w)/¢, and p,.(w) = u(w)/ u,, where w is the angular frequency and
& and u, 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 = /&4, .
Because most refractive substrates are non-magnetic at optical frequencies where p, = 1, the refractive index can be
approximated by letting n = /¢, . In metals where damping occurs, the complex permittivity, & = e,.+ie;., is used
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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)?.

Light incident on a metal film interacts with the 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, wp, 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 w,, 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 1). In both cases n-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 here to construct the SPCTF, the hypotenuse surface is coated in a thin metal film (~48nm
Ag). 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 in the metal. The
wavevector, k., lies within the plane of incidence along the metal-dielectric (air) interface.
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Figure 1. Optical excitation of SPPs. A) Kretschmann-Raether configuration. B) Otto configuration. The
electromagnetic field associated with incident m-polarized light is converted to electron density fluctuations (surface
plasmons) at the metal-dielectric interface corresponding to the boundary between &, and &,;,.. The field amplitude is
damped in the metal as a function of the z-axis position (red dotted line).

A plot of the dispersion curve as a function of angular wavenumber along the metal film, £, is shown in Figure 2. 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 &, value. For the w and k, values at the intersection, coupling between photons and
SPPs is possible for n-polarized light. Even though the incident angle at the prism hypotenuse exceeds the critical angle,
0., the reflected intensity approaches zero at the angle of surface plasmon resonance, 0, 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,
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the efficiency of SPP coupling diminished due to the additional damping experienced by the electromagnetic fields
during tunneling.
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Figure 2. Dispersion at the metal-air interface of a metal-coated glass prism. Surface plasmons are generated at k,
which corresponds to the point where the dispersion curve in the metal (orange) intersects with the light line in glass,
@,. The light line in air, @, is shown for comparison.

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. Gold and silver meet these requirements and are relatively easy to deposit on glass as thin films, but silver
provides more efficient SPP coupling in the visible region. A published table of permittivity values for silver was used to
estimate the real and imaginary permittivity values between 400nm and 900nm as shown in Figure 3.
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Figure 3. Complex permittivity of Ag. A) The real and B) imaginary parts of the relative permittivity as a function of
wavelength. A second order polynomial (blue) was used to fit the data.

2.2 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 in surface plasmon
formation. A summary of the equations that result from the Fresnel approach are included here. The variable assignments
are described in Figure 4 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 = |Tij|2 ) (l)

where r; is the reflection coefficient at the interface between the i and j substrates. For the glass-metal interface,
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The magnitude of the wavevector component along the z-axis are given by kzg in the glass and k,  in the metal, where

3

kz, = /sgkoz -k ©)
4

ky, = /smkoz — k. @

The magnitude of k, can be calculated from the vacuum wavelength, 4,, according to k, = 2m /A, and k,,, where

and

ky = Ngkosin® . &)

Because k, is situated along the glass-metal interface and electromagnetic fields are continuous across the interface, the
same k, value is used for both z-axis components.

Figure 4. Variable assignments of the Kretschmann-Raether configuration for use in the Fresnel calculation of
reflectance. Because the permittivity of air is close to the vacuum permittivity, E,;. = Eq and ¢, = €.

This process is repeated for the metal-air interface in which the reflection coefficient is calculated from

I &aks, + emks, 6)
e gakzm - gmkza '

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 4, the assignment of k,_ is consistent with that for glass and metal, and its value can

be calculated from
7
kg, = /sakoz — k. ™

For the multilayer glass-metal-air system, the complex amplitude of the m-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, 7,,, becomes
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i2dk
_ Tymt Tng€' = 7m (®)
2dk,,,

Tgma =
1 TgmTma®

and is dependent on the thickness, d, of the metal film.*>*® The total reflectance of the glass-metal-air system can now be
determined using the relation given in Eq. 1 so that

i2dk
Tgm T Tma® m | ©
i2dk,,,

R=|rmal? =
gma
1+ 7ymhnae

A minimum in the plot of reflectance as a function of incident angle, 0, represents the conversion of energy away from
the reflected beam. When 0 > 0., the energy loss is not accounted for in either the reflected or transmitted beams.
Instead, the energy excites SPPs at the metal-air interface.

2.3 Surface plasmon coupling in a symmetrical resonant cavity

Optical characterization of metal-coated prims 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 propagation. The SPCTF described here is
constructed from two prisms as described in Figure 5 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 its air-metal interface. 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. As illustrated in the enlargement of Figure 4, the wavevector projection along the interface, k,., is shared
by both the incident and transmitted radiation such that k, = 4k, sin® = 2m/A,. For coupling to occur, both frequency

and momentum must be matched between the photon and plasmon. This occurs at 65, in the direction along k,.
R =
d=d, T—> d=d, \( R reflectance

V T transmittance

A A A 7»7 A L wavelength
. d gap distance
0 tuning angle

d=d, }\

,

R

[ intensity

A

Figure 5. The SPCTF. Two metal coated prisms separated by a small tunable air-gap are used to provide wavelength
tuning.

The SPCTF, which is constructed from two metal-coated prisms, can be loosely thought of as a merging of the
Kretschmann-Raether and Otto configurations. 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 air gap is strongly
dependent on the cavity geometry and dielectric properties. In addition, the phase relationship between plasmon
oscillations in each metal influences the SPP coupling efficiency. The SPCTF exploits these properties to achieve

Proc. of SPIE Vol. 10376 103760A-7

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 10/9/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx



wavelength tuning of the coupled light by varying the gap distance. 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 gap distance. 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.’” 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. 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.

3. EXPERIMENTAL
3.1 Sputter coating of Ag on BK-7 glass prisms

Thin Ag films were deposited using a 5.1cm diameter 13.56MHz magnetron sputter gun on the hypotenuses of BK-7
right angle prisms (Edmund Optics, 15mm) to a target thickness of 48nm. A modified sample mount was used that
enabled a pair of prisms to be coated along with a polished piece of silicon without having to reopen the sputter chamber.
The silicon substrates were used to experimentally validate film thickness using scanning electron microscopy (FEIL,
Inspect-F50). Sputtering was carried out in Ar gas at ~8mTorr pressure using an RF power of 60W. The background
pressure with the Ar purge turned off and the pump throttle valve set partially closed, as it would be during deposition,
was 2.2x10”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 samples were removed and immediately
placed in a vessel under Ar purge that was then sealed.

3.2 Reflectance 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 6. 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 150W 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 550nm and
850nm using a 550nm long-pass filter followed by an 850nm short-pass filter (Edmund Optics). Further collimation was
achieved using series of Imm 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. Light reflected from the prism hypotenuse was focused into a
200um 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. The distal end of the
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 (-90C°), and file handling. Wavelength
calibration was performed using a spectrum acquired from a neon lamp (Newport, 6032). To enable calculation of the
SPCTF reflectance, 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 prims. All
data processing was performed using code written in MatLab (The MathWorks).
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Figure 6. Schematic diagram of the optical setup for reflectance measurements
33 Reflectance of angularly dispersed light as a function of incident angle and 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 apparatus used to measure the reflectance of angularly
dispersed light from the prism hypotenuse was adapted from the design shown in Figure 6. 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 7. Data collection was performed as
described in section 3.2. 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 envelope function that matches the illumination
spectrum except in the vicinity of the surface plasmon-coupled wavelengths. The neighboring sets of envelope spectra,
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.

L LPF SPF P TG

A aperture

CCD  charge coupled device detector
F fiber optic (with focusing lens)
L lens

LLG liquid light guide
LPF long-pass filter

P linear polarizer
QTH quartz tungsten halogen source
RS rotational stage
S slit
| g SPF short-pass filter

TG transmission grating

Figure 7. Schematic diagram of the optical setup for reflectance measurements of angularly dispersed light.
34 Construction and characterization of the SPCTF
The SPCTF was constructed by affixing both prims to aluminum rods using 330 epoxy (Hughes Associates). The rods

were inserted into the channels of a custom aluminum enclosure that had openings to expose the optical surfaces of the
SPCTEF. One prism was held stationary while that other could be moved by turning a finely threaded screw, thereby
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adjusting the air gap between the prisms. Assembly of the prism enclosure was performed prior to curing of the epoxy so
that the prisms could be brought into contact with each other during the cure time to establish a sufficiently parallel
alignment between their hypotenuses. Once construction of the SPCTF enclosure was complete, the assembly was
mounted in place of the rotating stages and the fiber collection optics were repositioned as shown in Figure 8. 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 was subtracted from all spectra prior to taking the ratio of the
transmitted light spectra with respect to the illumination spectrum.

aperture

charge coupled device detector
fiber optic (with focusing lens)
lens

liquid light guide

long-pass filter

linear polarizer

quartz tungsten halogen source
slit

surface plasmon-coupled tunable
filter

short-pass filter

L LPF SPF

\A 4

I
]

| 1

A A
LLG

CCD  Monochromator

Figure 8. Apparatus for measuring SPCTF transmittance.

The bandpass and acceptance angle of the SPCTF was determined for angularly dispersed light using the apparatus
shown in Figure 9. A reflective grating (Thorlabs, 600g/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 acceptance 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.

A aperture

L CCD  charge coupled device detector
F fiber optic (with focusing lens)
G grating
L, lens

LLG  liquid light guide
LPF long-pass filter

LLG P linear polarizer
QTH quartz tungsten halogen source
RS rotational stage
S slit
SPCTF surface plasmon-coupled tunable
filter

SPF short-pass filter

Figure 9. Apparatus for measuring SPCTF transmittance of angularly dispersed light.
35 SPCTF hyperspectral imaging

The schematic diagram in the Figure 10 is an illustration of the optical setup used to perform proof-of-principle SPCTF
hyperspectral imaging for the first time. The sample, a stained pine stem cross-section (Carolina Biology Supply Co.)
mounted in glass, was chosen for its inherent color-contrast in the operating range of the SPCTF and its well-defined
morphology. Illumination was performed in transmission mode using a broadband QTH source coupled to a refractive
microscope (Olympus, BX-60). The transmitted light from the sample was collected using an infinity corrected 10%
object (Olympus, 0.30 NA) and polarized using a Glan-Thompson prism (Thorlabs, GTHI0OMA) before wavelength
filtering by the SPCTF. Image acquisition was performed using a liquid nitrogen-cooled CCD (Roper Scientific
EEV1024x1024B) coupled to image reformation optics. A series of images between 450nm and 700nm were acquired at
25nm increments by adjusting the air gap of the SPCTF. The hyperspectral data were processed using spectral identity
mapping (SIM) analysis to reveal wavelength-dependent differences across the field of view.*®
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Figure 10. SPCTF hyperspectral imaging microscopy.
4. RESULTS

4.1 Reflectance from the glass-metal interface

The theoretical reflectance at the glass-metal interface, as calculated using Eq. 9, is shown as a function of illumination
wavelength and incident angle at the glass-metal interface in Figure 11. 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° degrees that
corresponds to SPP generation at the metal-air interface. As shown more clearly in Figure 11B, there is a wavelength
dependence on the angle of maximal surface plasmon generation. The rough appearance at the base of the plasmon dip in
Figure 11A is an artifact arising from the finite increments for wavelength and incident angle that were used to calculate
the surface. A Fresnel correction was applied to account for losses due to reflections at the entrance and exit faces of the

prism.
A) B)
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Figure 11. Theoretical reflectance from the glass-metal interface of a silver-coated prism in the Kretschmann-Raether
configuration. A) The reflectance surface shows a sharp drop corresponding to the formation of SPPs at an angle

greater than the critical angle. B) Viewed as an image, the wavelength dependence of the incident angle necessary for
plasmon formation is apparent.

Using the experimental setup described in section 3.2, the reflected intensity from the glass-metal interface of a silver-
coated prism was measured as function of wavelength and incident angle. The data results are shown in Figure 12 and
are in qualitative agreement with the theoretical estimates (Figure 11) to within experimental error. For example, there is
an increase in the reflected light as the incident angle approaches the expected critical angle of 42° and the angular
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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 (1s) 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 12C and 12D. The surface plasmon dip is broad in the wavelength dimension and nominally spans ~
70nm. Conversely, the formation of SPPs is very sensitive to the angle of incidence, spanning less than 2° over the
wavelength range from 550nm to 850nm as shown in Figure 12D. This angular sensitivity can be exploited to reduce the
optical bandpass of the SPCTF as shown in section 4.5.
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Figure 12. The reflected intensity from the glass-metal interface of a silver-coated prism as function of wavelength and
incident angle. The reflectance surface and image, shown in A) and B) agree qualitatively with the theoretical
estimates shown in Figure 11. Traces of the reflectance surface as a function of wavelength and incident angle are
shown in C) and D). Although SPPs can couple over a large wavelength range, they are very dependent on the angle of
illumination.

4.2 Reflectance of dispersed light from the glass-metal interface

Figure 13 shows a reflectance surface in which yellower regions exhibit higher reflectance values than bluer regions. The
data was obtained using the method described in section 3.3 in which a grating is placed in the optical path before the
prism. A comparison of the image in Figure 13 to the one shown in Figure 12B 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. 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 4.5 for
the SPCTF.
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4.3

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 14 for a
progression of gap distances that increase for increasing passband wavelength. While the air gaps are nominally less than
Ipum, the exact gap distance is not known. 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%) and bandpass values (~70nm, nominally) would likely improve by employing smaller and flatter

~
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Figure 13. Reflectance image as a function of wavelength and incident angle using angularly dispersed illumination.
The location of the surface plasmon dip is shown in blue while yellow regions indicate reflectance values that
approach 1. The use of angularly dispersed light narrows the optical bandwidth over which photon-polariton coupling

can occur.

SPCTF throughput and bandpass

substrates, and by replacing the mechanically-adjusted air gap with precision electro-optic tuning.
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Figure 14. Wavelength tuning by the SPCTF. A) Transmittance spectra are shown for a series of air gap distances. At
larger gap distances, the passband shifts to longer wavelengths. B) and C) The SPCTF transmittances and bandwidths

(at FWHM) are shown as a function of passband wavelength.
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4.4 Short-range and long-range surface plasmons

The distances over which SPPs propagate are dependent on the amount of attenuation. Free electron scattering in the
metal and roughness at the interfaces are two 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. Figure 15A shows the SPCTF passband intensity for 650nm incident light over a +6° range of
incident angles. The data was collected using the apparatus shown in Figure 9. Two overlapping bands are observable, a
less intense band at -1.7° and a more intense, yet narrower, band at 0°. Because SRSPPs are more localized, the influence
of their fields more rapidly diminishes with distance than the LRSPPs. Increasing the SPCTF gap distance (Figure 15B)
lessens the resonance ability of SRSPP in the cavity and provides a way to distinguish the LRSPPs from the SRSPPs.
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< 4000 < 4000}
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-6 4 2 0 2 4 6 6 4 2 0 2 4 6
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Figure 15. The dependence of SRSPPs and LRSPPs on gap distance in the SPCTF. A) Light at 650nm couples over a
range of incident angles in the SPCTF. Two overlapping bands are observable and represent resonant coupling of both
SRSPPs and LRSPPs. B) At a greater gap distance, only LRSPPs are able to couple with the incident light.

4.5 SPCTF acceptance angle and bandpass with angularly dispersed light.

Use of the SPCTF as a widefield filter for imaging applications requires a sufficiently large acceptance angle to permit
image reformation. 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. To access its potential as
a widefield image filter, the SPCTF passband was studied as a function of wavelength and illumination angle using
broadband angularly dispersed light (Figure 16). 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 so that it can be directly
integrated with detector arrays. In some implementations, each pixel of an array detector could be integrated with its own
SPCTF. 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.
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Figure 16. The bandpass and acceptance angle of the SPCTF. Spectra of the SPCTF passband are shown on the left for
the A) 532nm, B) 650nm, and C) 785nm passbands. The plots on the right give the intensity of SPCTF filtered light as

a function of illumination angle. The zero-angle position is selected as the angle in which the transmittance of the
tuning wavelength is optimal.

4.6 SPCTF hyperspectral imaging

To explore the potential of the SPCTF for use in widefield hyperspectral imaging, a series of images were collected
through the SPCTF as described in section 3.5. The collected images, shown in Figure 17, were collected at 25nm
increments from 450nm to 700nm at the full pixel resolution of the CCD. Subtle wavelength-dependent changes in the
intensity values between image frames are observable. A spectral identity map (SIM) was produced from the data in
which shape variations in the spectra at each pixel location are exploited to generate a single pseudocolor image. Pixels
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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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Figure 17. SPCTF spectral imaging. A) A set of widefield spectral images collected through the SPCTF as a function of passband
wavelength. B) A spectral identity map (SIM) of the image data showing qualitative changes in sample composition.

5. CONCLUSIONS

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 ~70nm for a metal film thickness of 48nm at wavelengths between 550nm and 850nm.
To exploit the angular sensitivity as a way of reducing the SPCTF bandwidth, the prism-element reflectance was
measured using angularly dispersed light. Nominal bandwidths below 10nm were achieved within the spectral region
between 550nm and 850nm. Without any narrowing of the passband, the two-prism SPCTF also produced a bandpass of
~70nm over the spectral range from 550nm to 850nm and exhibited a nominal percent transmittance of ~32%. The use of
angularly dispersed light with the SPCTF resulted in a 10-fold narrowing of the bandpass to ~7nm (FWHM). The
acceptance angle under these conditions was ~1.5°. Lastly, proof-of-concept spectral imaging was demonstrated using
the SPCTF without any dispersive element. A spectral identity map of the spectral image data confirmed wavelength
dependent variability related the qualitative compositional differences.
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