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ORIGINAL ARTICLE

Conic hyperspectral dispersion mapping applied to
semiconductor plasmonics

Dominic Lepage, Alvaro Jiménez, Jacques Beauvais and Jan ] Dubowski

The surface plasmon resonance tracking over metal surfaces is a well-established, commercially available, biochemical quantification
tool primarily applied in research. The utilization of such a tool is, however, constrained to highly specialized industries, capable of
justifying the human and instrumental resource investments required by the characterization method. We have proposed to expand the
field of application of this biosensing approach by redesigning this method through the integration and miniaturization within a
semiconductor platform. Uncollimated and broadband emission from a light-emitting semiconductor is employed to couple a
continuum of surface plasmon modes over a metal-dielectric architecture interfaced with a GaAs—AlGaAs substrate. A tensor version of
rigorous coupled wave theory is employed to optimize the various fabrication specifications and to predict the light scatterings over a
wide range of variables. We then present a hyperspectral characterization microscope capable of directly mapping the dispersion
relation of scattered light, including diffracted surface plasmons, as an intensity distribution versus photon energy and surface
wavevectors. Measurements carried out in a buffered solution demonstrate the accurate description of the uncollimated and broadband
surface plasmon states. Finally, we introduce a simplified method of dispersion mapping, in which quasi-conic cross-sections of the
light's scattering can be acquired directly, thus monitoring surficial responses in as fast as 1.2 s. This is over 300 times faster than

required by implementing full dispersion mapping. While compromising on the volume of collected information, this method,
combined with the solid-state integration of the platform, shows great promise for the fast detection of biochemical agents.
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INTRODUCTION
Surface plasmon resonance (SPR) is a well-established and easy-to-
induce phenomenon enabling the study of surficial optical properties,
such as those related to the alterations of the local dielectric constants.
The resonance tracking of the surface plasmon (SP) coupling has
already found a wide range of applications, especially in the field of
biochemical analysis, where SPR systems are employed to determine
the concentration of molecules and kinetics of intermolecular inter-
actions.' Using proper stabilization and correction procedures, it has
been demonstrated that the SPR technique can be used to detect
biochemical fluctuations inducing refractive index changes lower than
10~ ® refractive index unit.” The same approach can also be employed
for the spatial imaging of binding events.” However, the SPR techno-
logy has remained in the realm of trained professionals, in academic
laboratories and within specialized industries, requiring relatively
large space, capital investment and the support of qualified personnel.'
These restrict the possible range of contextual applications for the SPR
technology, a platform that fundamentally does not need to be con-
strained by such parameters.

The initial objective of the presented research was to adapt the
SPR platform in order to broaden its potential fields of applications.
It is believed that one way to accomplish this technological democracy

is through the modern advantage of nano optoelectronics, in order
to develop an integrated semiconductor-based SPR device. We
have proposed a general approach involving the utilization of
light-emitting semiconductor architectures, such as quantum wells
(QWs), as an embedded way to couple SPs.* The SPs, interacting
with the substances to be characterized, are then extracted through
surface corrugation and imaged by a microscope. Thus re-engineered,
an SPR microsystem would offer portability and drastic reduc-
tion in operational costs, consequently opening a potential for delo-
calized applications. Coupled with integrated electronic circuits,
a preset SPR semiconductor chip would ideally be operated by the
layperson.

A rethinking of traditional SPR system design into a wholly solid-
state device inevitably involves a dislocation of the system’s complex-
ity from the user to the designer, along with compromises between
applicability and sensitivity. The functioning of the proposed SPR
device is intrinsically less straightforward than its traditional
Kretschmann—Raether counterpart,” but offers the potential to pre-
sent simplified, pre-analysed output in a miniaturized semiconductor
interface. We will therefore first present how we have developed a
mathematical algorithm to design, predict and study the output of
this novel approach.
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As it will be shown, the most basic QW-SPR system developed is
operating based on an embedded nanostructure that emits light in a
relatively broadband and uncollimated way. The presented QW-SPR
device serves as a generic platform for the scientific and technical
study of SPR integration, e.g., for biosensing. As it will be presented,
the broadband and uncollimated approach taken has practical trade-
offs. However, a complete understanding of the convoluted photonic
phenomena in such simple integrated architecture does provide
valuable insights for the potential development of future commercial
plasmonic nanodevices.

In order to experimentally consider every possible case of QW-
SPR operation, we have developed a new measurement tool based
on hyperspectral imagery, enabling the collection of multidimensional
SPR cubes equivalent to 10® traditional SPR experiments concur-
rently.® Examples of QW-SPR hyperspectral measurements under
biomolecular conditions are presented. This method allows the direct
mapping of the dispersion of scattering events, in this case, the
diffraction of SPs.

Once all the functioning mechanisms have been laid out, we present
an initial step toward the downscaling of the dispersion measurement
set-up (microscope). The quasi-hyperspectral measuring method
greatly simplifies the conventional method of data collection and
decreases acquisition time by a factor of over 300. This method enables
the characterization of scattering events, through the recording of
their projected dispersion relation, with time resolutions limited only
by the light source intensity and camera speed.

MATERIALS AND METHODS

Theoretical analysis

A straightforward integration of the SPR technology with a light-
emitting semiconductor is achieved by constructing a metal-dielectric
interface atop the solid-state light emitting substrate,*” as shown in
Figure 1. Through electroluminescence or photoluminescence (PL),
the embedded QW is excited to emit radiation. For the most general
case presented here, a GaAs—AlGaAs QW microstructure is employed.
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The emission is uncollimated (i.e., propagating in all directions) and
the broadband spectral bandwidth exceeds 140 nm (1.38-1.65 eV). A
dielectric spacer and metal layer are deposited by evaporation on the
structure, thus enabling the support of SP modes. The metal layer can
be corrugated in order to extract the SPs into the far field for imaging
by a microscope. This top layer can also be biofunctionalized in vari-
ous manners for specific experiments.

The principle behind uncollimated and broadband SP coupling is
detailed in Figure 2. A continuous range of incoming radiation from
the QW encounters the metal layer at the dielectric interface. In
Figure 2a, when the energy (E) and projected wavevectors (|ky|) of
the incoming light meet the specific dispersion of the SPs supported
by the interface, a resonance occurs with the surface electrons induc-
ing the SPR.” It is important to notice that the surface charge fluctua-
tions can be coupled at any energy, through their corresponding |ky|
(inset Figure 2a). Moreover, ky is composed of the two planar direc-
tions in X and y. Therefore, at a given energy, SPR can be induced
for all the |ky| meeting ky=kspr(E)=kX+k,y. This is shown in
Figure 2b, where the device in Figure 1 can support a continuum of
SP modes, whose dispersion relation in E(ky,ky) is a cone-like shape.
To understand such system in detail, and to be able to design
various architectures for specific applications, a very broad yet
powerful analytical tool was required.

The Green tensor approach was among the potential candidates; it
is highly flexible in applications and allows an accurate description
of the near field.® It is thus an attractive tool for studying nano-anten-
nas or specific perturbations by localized geometries in the local fields.
The method is, however, relatively computer intensive and requires
a pre-established knowledge of the architecture to work, i.e., it is
an impractical development tool. Finite-difference time-domain or
partial differential equation methods (such as COMSOL Multi-
physics), are also powerful tools to study arbitrary shapes and
resolving local phenomena. Commercial partial differential equation
software programs have the additional advantage of offering an inter-
face with other non-photonic physical problems. Nonetheless, they

Figure 1 Cross-section of the architecture. SEM image of the surface corrugation employed to extract the SPs. A SiO. layer (e,) is deposited atop a light emitting
semiconductor (g1). A corrugated Au layer (g3) is then evaporated so that the SPs modes can be extracted into PBS (g4) and measured by the microscope. The inset
illustrates the extraction of the SPs modes coupled at the Au-PBS interface (SP1) through the = 15! diffraction order. Figure taken from literature.® PBS, phosphate-

buffered saline; SEM, scanning electron microscopy; SP, surface plasmon.
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Figure 2 Uncollimated and broadband coupling of SPR. (a) For a given energy E, SP modes can be coupled at the metal-dielectric interface when the incident light has
an in-plane wavevector ky=(k+ kyz) " =kgpr( E), with the values of kspr(E) depending on the architecture. (b) kspr(E) can be coupled for a continuum of ky, values,
correspondingtoa circle inthe k,— k, plane. When varying the energy, a cone-like shape is constructed in the £(k) space, corresponding to the full dispersion relation of
the SPR event taking place at the surface. This is occurring outside of the light cone kjight=E/Aic. SP, surface plasmon; SPR, surface plasmon resonance.

have the same disadvantage of being relatively CPU intensive, espe-
cially in order to avoid simulation cross-talk or to run a very large
amount of simulations to find the optimal value of specific sets of
parameters.’

One of the simplest ways to calculate the scattering distribution
in a periodic structure such as one comparable to Figure 1, is through
the application of the rigorous coupled wave analysis (RCWA) pro-
posed by Glytsis and Gaylord'® and later optimized by many
authors.'""? In this method, all the diffraction orders are characterized
by a pair of forward and backward flux transfer coefficients, much like
the classical Fresnel coefficients for reflection and transmission. This
method is relatively uncomplicated, robust, can account for arbitrary
grating geometries and is capable of providing exact solutions for
specific shapes. The RCWA method resolves the scattering distri-
bution of a given photonic architecture configuration by generating
set of solution matrices at any requested point in space (r), given
specific light injection properties (energy, wavevector, polarization
(P), etc.). Because of its great simplicity and robustness, we adapted
this basic analytical tool into a research and development instrument.
The matrix mathematics was replaced by tensor analyses, where
tensorial dimensions are basically added for every device variables to
be optimized. In other words, this tensorial RCWA allows the evalu-
ation of the scattering distribution of a large preset of architectures,
angular emissions, energies or spatial distributions. This tool enabled
the complete customization of the integrated structures required for
specific applications; in this case, the far field extraction of uncolli-
mated and broadband SPR.

For the presented prototype, the SPR architecture comprises a
GaAs-AlGaAs QW microstructure with the peak emission at
1.42 eV, a 722-nm SiO, layer deposited through PECVD and a
20-nm continuous Au film with a Au grating of target periodicity
P=669 nm, height 20 nm and lines/grooves ratio of 1.35. The physical
properties of all the materials are determined experimentally."> The
QW-SPR measurements presented in this communication are taken in
a phosphate-buffered saline (PBS) solution of pH=7.4, as a prepara-
tion for dynamic molecular studies. Figure 3 presents the calculated
near field emission for this specific architecture, around the metal
interface. Tensorial RCWA allows the examination of any diffrac-
tion order separately, or to combine them all, as in Figure 3, where
the SP_pps is coupled at 10.1 pm ™" and the SPau-—sio, at 12.6 pm
and diffracted at wavevectors ksp,~ksp+nkg, with n denoting the
diffraction order and kg the grating wavevector (approximately

27/ P). Figure 4a presents the predicted far field output of the device
at a fixed energy (E=1.42 eV), for wavevectors within the light cone.
Figure 4b shows a cross-section of the dispersion cone E(k) when
k,=0. In such a way, for any given integrated architecture, the full
dispersion pattern distributed in intensity, I(Ek,r,P), can be evalu-
ated. While these calculations do provide a complete description of
the scattering behavior of any layered architecture,'* there was no
existing experimental set-up that could be used to verify these pre-
dictions in their entirety, i.e., provide a full picture of the scattering
in I(EK). Because of the intricate relationship between E and Kk,
most scattering experiments, including SPR, limit some dispersion
parameters by either fixing the input energy with a laser or polar
angle scanning® or by fixing both while studying the azimuthal
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Figure 3 Logarithm of the near field intensity distribution at the interface.
Example of calculation using tensor RCWA, where a cross-section in z-k;, is
shown, thus illustrating the spatial distribution of the field for all the supported
photonic modes. The intensity represents the Inl £12 of the P-polarization for the
described QW-SPR architecture in PBS solution at E=1.42 eV. PBS, phosphate-
buffered saline; RCWA, rigorous coupled wave analysis; QW, quantum well; SPR,
surface plasmon resonance.
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Figure 4 Logarithm of the far field intensity distribution. (a) Calculated intensity distribution of In| £12 of the P-polarization for the described QW-SPR architecture in
PBS solution at E=1.42 eV in the far field. The entire k— k, plane is shown within the light cone. The SP modes diffracted through the + 1%t order are visible. The color
scale is the same as (b). (b) The same distribution of In|£12 is shown at k,=0 for the various energies emitted by the QW structure. QW, quantum well; SP, surface

plasmon; SPR, surface plasmon resonance.

dependencies.'” Experimentally, measuring the whole I(Ek) scatter-
ing properties of an arbitrary object is a convoluted task.

Experimental set-up

We were able to overcome the challenges presented by the complete
characterization of the scattering properties I(Ek), through the use
of hyperspectral technology. Hyperspectral imagery (HI) is a rising
method for fast and accurate electromagnetic characterization, with
applications ranging from carbon-nanotube characterization, astro-
nomy, photovoltaic to the mining and dermatology industries.'® In
those fields of application, the spatial distribution of broadband, or
unknown, light emitters can be rapidly and accurately monitored
through HI. The principle of HI revolves around the acquisition of a
continuous stack of spectrally spread spatial (x,y) images, and then
reconstituting a hyperspectral cube whose orthogonal dimensions
correspond to an intensity distribution in I(E,x,y). For the specific
application of PL or electroluminescence mapping of semiconductors,
this technology allows excellent resolutions in all the studied dimen-
sions while generating data in a much faster way than its classical
counterparts (e.g., a commercial Philips PLM-150 luminescence
mapper). It is thus appropriate to use HI as a platform for the
experimental characterization of the QW-SPR microchips. The
specific system resolution depends on the microscope objective’s
(MO) field of view employed, the selected camera size, binning and
acquisition speed. For example, a 10X MO can generate a cube of
[l mm, 1.5 mm, 1.8 eV] in size with a resolution of [1 um, 1 pm,
1.6X10 2 eV].

However, SPR events occur in the wavevector (angular) space, not
in the x—y space. Therefore, we have adapted the HI system to allow
the imaging of the conjugate plane of emission in k—k,. To do so,
a kinematic mirror can be used to cut the imaging path and elongate
the system in such a way that the MO pupil is now projected on the
camera and measured at various energies. Figure 5a presents a simpli-
fied sketch of this set-up. The resulting hyperspectral cubes are thus
intensity distributed in I(Ekek), directly yielding the dispersion of
the light occurring within the MO field of view. In this manner, the
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physical properties of any scattering event can be monitored in quasi-
real time. This type of technology could be employed for crystal-
lography, surface metrology or speckle imagery; we use it here to
monitor the various diffraction patterns out of the QW-SPR architec-
tures, such as those predicted in Figures 3 and 4. The current system
resolution is dependent on the MO numerical aperture (NA) and
selected camera settings. For the measurements presented here, the
acquisition range is typically [2.1 pm™', 2.1 pm™', 0.3 eV] with
a maximum resolution of [l.3><10_3 um_l, 1.3x107° ],Lm_l,

1.6X1077 V] for the 10X MO employed (NA=0.3).

RESULTS AND DISCUSSION

Hyperspectral SPR measurements

Figure 6 presents the PL intensity distribution over the emitted ener-
gies, and the inset shows the spatial distribution of the PL intensity
emitted by the architecture at E=1.42 eV. The grating is made over a
1 mmX1 mm region and thicker metal is evaporated everywhere else
in order to minimize light transmission from the non-grated areas.
Note that the sample is in a PBS buffer solution.

When switching into the HI conjugate mode mapping, the collected
cubes yield the intensity distribution in I(E,kx,ky). For example, a
cross-section of this cube at fixed energy provides information on
I(k), as in Figure 7a, where the SP4,_pps mode is diffracted through
the =1 order. Given that NA=0.3, only a portion of the predicted far
field output in Figure 4a is actually measured. Multiple cross-sections
can be collected for a wide range of emitted energies. The SPR peak
positioning in such HI cube can then be employed as a means to
quantify the surficial refractive index changes. The resonance points
for the SPs can be extracted for all the monitored E and k and thus
directly quantifying the SPR dispersion at the metal surface. Figure 7b
shows the SPR peak positions in the conjugate space at a given time,
when the QW-SPR architecture is in the PBS solution. When dynamic
studies are carried out, the variations in the SP dispersion relations
can be tracked directly.

The presented hyperspectral approach for mapping the QW-SPR
emissions offers the advantage of enabling specific studies, such as
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Figure 5 Hyperspectral imaging set-up. (a) The microscope objective collects light emitted from the surface scatterings. The collected light can then be sent directly to
the VBG, which spectrally spreads the light onto the CCD in [, y, E], to generate a spatial mapping of the surface. A kinetic mirror (double arrows) can also be activated
in order to elongate the optical path length, thus projecting the conjugate space on the CCD to generate a dispersion mapping in [k, k,, E]. The inset sketches what a
rectified hyperspectral scan is for diffracted SPR. (b) Close-up of the hyperspectral scanning process, necessary for the understanding of conical SPR tracking. Atany
given position of the VBG (in conjugate mode), the projected space on the CCD is skewed: one axis still corresponds to k, butthe other one is a combination of Eand k.
Imaging diffracted ‘cones’ of SPR in real-time results in elliptical projections in the [k, E— k] space. Itis the collection and rectification of multiple cross-sections along
the 2’ axis that allows a full orthogonal [k, k,, E] dispersion. CCD, charge-coupled device; SPR, surface plasmon resonance; VBG, volume Bragg grating.

spectroscopic surficial refractive index changes, through the coupling
of broadband SP modes. Concurrently, asymmetries in the SP pro-
pagation, due to specific ordering of two-dimensional or three-
dimensional surface topologies (such as in photonic crystals), can be
monitored using the same measurement cubes. Moreover, the studies
of time shifting of the SPR peak for biochemical reactions have shown
alarger dynamic range and surface sensitivity, when compared to basic
commercial SPR tracking methods. This is because the SPR fluctua-

tions are tracked over E, k, and ky.
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Figure 6 Photoluminescence mapping of the semiconductor structure. The
substrate emits a broadband signal which peaks at E=1.42 eV. A broader and
more intense emission would yield stronger SNR for all the presented results.
Inset: Cross-section of a hyperspectral spatial mapping of the 1 mm? grating
window at E=1.42 eV. PL, photoluminescence; SNR, signal-to-noise ratio.

However, there are two significant drawbacks to the hyperspectral
method for monitoring the SPR signal. The first one concerns the
strength of the SPR peak in comparison to the background noise.
The resulting signal-to-noise ratio (SNR), defined here by the fraction
of extracted SPR flux to the camera noise, is not optimal for biosensing
purposes. This is mainly attributed to the low flux coming from the
source: where commercial systems employ lasers, here the SP coupling
is made through the photoluminescence of a single QW, spread over
all angles and a large energy bandwidth. A solution for this, which
is currently in development, would be to use an electrically pumped
SLED (Superluminescent diode) as an embedded light source that
would emit in an even larger emission bandwidth and ample radiant
flux. The second drawback is that, while the HI method is relatively fast
when taking into account the sheer amount of recorded information,
it can be too slow for high-resolution dynamic studies. Indeed, the
cubes presented in Figures 6 and 7, of size [2.1 pm ™~ 1ol pm- 103 eV]
and resolution of [3.9><10_3 um_l, 3.9%107° pm_l, 3.2X1073 eV],
are measured in 360 s. Higher resolutions are even more time con-
suming. A good fraction of the time lag is induced by the camera
integration time (1 s per hyperspectral slice) required to capture a
significant signal from the low power QW emissions. The other frac-
tion of the time lag is due to the HI working principle, where the
system’s internal volume Bragg grating (VBG) configuration is modi-
fied in time to resolve the full spectral and spatial/wavevector range.'®
While this might be acceptable for single measurements or slow bio-
chemical reactions, a finer time resolution would be beneficial for
many experiments involving faster reaction times. The presented sys-
tem is a powerful research tool to study the monolithic QW-SPR
platform, which offers broadband and uncollimated emissions. Still,
in the end, the multipurpose instrument presented in Figure 5 is bulky
in size for simple SPR tracking. Downscaling the whole system into a
simplified and portable version remains a requirement for delocaliza-
tion of applications involving semiconductor SPR platforms.

Conic hyperspectral sections
An initial solution having the potential to resolve the drawbacks of
time and system complexity, presents itself when examining more
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Figure 7 Hyperspectral mapping of the SP dispersion. (a) The normalized logarithm of the experimentally measured distribution of the luminescence in the k,—k,
plane is shown for a hyperspectral cube cross-section at E=1.42 eV. Symmetry conditions were applied for increased SNR (cube flipped around the central axis); the
scale is the same as in (b). (b) Measured SPR peak position in the /(E, k, k,) plane for a given time. The device is in PBS. The dispersion relation of the SP modes for all
the emitted energies and wavevectors are thus recorded. Tracking the position of the SPR surfaces in time reveals detailed changes of the surficial conditions. PBS,
phosphate-buffered saline; SNR, signal-to-noise ratio; SP, surface plasmon; SPR, surface plasmon resonance.

carefully the inner functioning of the HI-conjugate mapping acquisi-
tion of SPR. As mentioned previously, during a hyperspectral I(Ek)
measurement, a series of images are acquired in time (e.g.: 360 s), as
the VBG configuration changes in order to cover all the E and k
components. However, for any given position of the VBG, the real-
time projection on the camera is actually a tilted cross-section of the
scattered light’s dispersion relation. Figure 5b illustrates what is occur-
ring at a given time. For any system configuration, a specific plane in
E(k) is projected onto the camera, which records a pseudo conic
section of the SP dispersion for a set VBG configuration. For a com-
plete cube acquisition, the VBG position is modified in time (witha 1 s
integration time per position), which has the effect of moving the
tilted plane section (projected on the camera) along the z’'-axis.
Note that k' stays parallel to k, in Figure 5b. When all the E and k,
have been scanned by this tilted plane, the collected set of data are
normally rectified, as shown in Figure 7. However, it is possible to use
the SPR ellipses, formed by this tilted section, directly. While sacrifi-
cing the complete mapping of the dispersion relation, the pseudo
conic cross-sections of the SP dispersion still provide valuable
information on the SP behaviour in E(k), along the generated ellipses.

Figure 8a presents an example of static measurement in this conic
mode. The figure illustrates an unrectified cross-section of the SP
dispersion relation, as emitted by the same QW-SPR device in the
PBS buffer solution. The signal intensity is normalized for every
projected E-ky, but the extracted SPR SNR follows the intensity of
the emitted PL (Figure 6). Again, due to a finite NA, only a section
of the ellipses generated by the scattered SP ,,_pps are visible. The peaks
of the SPR in E-k, and k, can thus be extracted to provide a specific
section of the full dispersion of Figure 7. Under this quantification
method, the differences in peak position in k as a function of surface
refractive index, for various immersion media, can then be made.
As an example of how the SPR shift is measured for different sub-
stances, Figure 8b presents the difference in SPR versus the E—ky axis,
when a 2% bovine serum albumin solution in PBS is injected over the
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QW-SPR device: the reference, ASPR(E-k,) in PBS, is subtracted. In
Figure 8D, it is interesting to note the periodic fluctuations in SPR
position as a function of the projected E-k, space. It is believed that
this phenomena arises from the interactions between the various
forward (+) and backward (—) propagating SP modes when the pro-
jected grating wavevector kg is modified (function of E and k), as
predicted in the literature."”

Even if full dispersion mapping cannot be accomplished using this
approach, it does allow for a broad SPR inspection over an arbitrary
E-k, spectrum, with resolution dependent mainly on the MO: the
resolution of Figure 8 being [1.4X107> um™", 1.3X10™> pm™"'] for
the E-ky, k; axes. The greatest advantage of this novel method of
scattering characterization, when compared with a full dispersion
scan or even a commercial prism method in the case of SPR tracking,
is in the acquisition time. While still susceptible to the emission flux
of the QW and the camera sensitivity, collection rates down to 1.2 s
are achievable this way. This time response could be ameliorated,
given that 1 s of light integration time is employed for the QW source
and an additional 0.2 s lag comes from data transfer from the camera.

Finally, the hardware specifications and performance of all the pre-
sented systems, including a commercial nanoSPR6 Kretschmann—
Raether instrument, are compared in Supplementary Table. It
should be noted that there is a difference between absolute hardware
resolution and experimental sensitivity, as the later depends on many
additional factors other than photonics. A complete biochemical
dynamic study, including the SNRs and refractive index unit resolu-
tions yielded by the various experimental quantification methods, is
detailed in a separate publication."®

CONCLUSIONS

The semiconductor-based device was presented here in an effort
towards achieving the total integration of the powerful SPR character-
ization method. Still far from representing a commercial product, it
offers a nonspecific platform for the study of integrated SPR with
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Figure 8 Real-time pseudo conic cross-section of the SPs dispersion. (a) Distribution of the luminescence intensity in the conic cross-section in /(k,, E— k). Conditions
are identical to those of Figure 7; the signal is normalized to unity for every E— k; value for clarity; the SNR thus decreases with the PL intensity of Figure 6. The two
elliptical sections correspond to a fraction of the SP dispersion, as shown in Figure 5b. (b) SPR shift between the device in PBS versus a 2% bovine serum albumin
solution, for various positions in E-k,. The modulations are due to the interactions between the various SP modes through the grating, as predicted in the literature.*”
BSA, bovine serum albumin; PBS, phosphate-buffered saline; PL, photoluminescence; SNR, signal-to-noise ratio; SP, surface plasmon; SPR, surface plasmon

resonance.

semiconductor technology, from which many conclusions could
be drawn.

We have shown that such complexity transfer was possible and
manageable through the use of appropriate analytical tools. To do
so, a tensorial version of RCWA was developed in order to design
and optimize all the potential variables in play for the construction
of a QW-SPR device. These calculations enabled the prediction of
the scattering distribution of any layered architecture anywhere in
space, as a function of all the properties of electromagnetic fields. In
such a way, a specific prototype for biochemical trials in PBS was
designed, in which the very general case of uncollimated and broad-
band light emissions are employed to generate a continuum of SP
modes over various energies (E) and surface wavevectors (ky—ky).

The problem with the general case of SPs of unconstrained disper-
sion relation is that the convoluted relationship between E and k
makes the SPR tracking difficult to characterize in an efficient
way. To resolve this issue, a modified HI system was employed. This
allowed us to record cubes of information in the conjugate plane that
yielded the intensity distribution I(Ek) of the scattered light under
the MO field of view. The HI method allows the complete charac-
terization of any scattering phenomena and we showed how this
can be taken advantage of for the case of diffracted SPs.

One of the main tradeoffs of the HI method was its relatively long
acquisition time that could be detrimental for monitoring biochem-
ical reactions. This challenge was resolved in part by using a pseudo
conic approach to study the SPR dispersion. Using a simplified hyper-
spectral system, the acquisition of SPR ellipses can be made, which
still hold information on the dispersion of SPs in E(k) and produce
surficial characterizations in seconds. The sensitivity of this method
might not be as high as that provided by full dispersion mapping,
but it would be sufficient for a large range of applications.

A robust evaluation of the experimental sensitivities yielded by the
various methods presented in this manuscript has been carried out.

The relevant biochemical dynamic study, which has been submitted in
a different manuscript, evaluates the quality and capabilities of a QW-
SPR platform to be employed for biosensing.

It is reasonable to expect that, by monolithically integrating SPR
into a system capable of yielding surface-sensitive outputs, the SPR
characterization method could be spread beyond its current niche
of biosensing applications. Current nanophotonic knowledge
combined with available nanofabrication methods should allow the
popularization of this novel SPR platform.
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