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Abstract

Manipulation of plasmon modes at ultraviolet wavelengths using engineered nanophotonic devices
allows for the development of high-sensitivity chiroptical spectroscopy systems. We present here an
experimental framework based on aluminum-based crescent shaped nanostructures that exhibit a
strong chiroptical response at ultraviolet wavelengths. Through utilization of higher-order plasmon
modes in wavelength-scale nanostructures, we address the inherent fabrication challenges in scaling
the response to higher frequencies. Additionally, the distinct far-field spectral response types are
analyzed within a coupled-oscillator model framework. We find two competing chiroptical response
types that contribute towards potential ambiguity in the interpretation of the circular dichroism
spectra. The first, optical activity, originates from the interaction between hybridized eigenmodes
while the second manifests as a response superficially similar to optical activity but originating
instead from differential near-field absorption modes. The study of the chiroptical response from
nanoplasmonic devices presented here is expected to aid the development of next-generation

chiroptical spectroscopy systems.
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Introduction

Engineered nanostructures with plasmon resonances at ultraviolet (UV) wavelengths have enabled the
development of applications such as deep-UV surface-enhanced Raman spectroscopy [1] and
optoelectronics with wide bandgap materials [2]. Additionally, dielectric and plasmon-enhanced circular-
dichroism (CD) spectroscopy has been shown to strengthen the naturally weak coupling between circularly
polarized (CP) light and biomolecular resonances at UV wavelengths by up to three orders of magnitude
[3-7], suggesting enhanced spectroscopy tools that will directly impact the development of pharmaceuticals
[8-10], the characterization of protein secondary structures and folding [11], and the treatment of diseases
[12]. The fabrication challenges inherent to scaling these engineered structures for enhanced UV
applications are overcome through the manipulation of tunable higher-order resonances in optically large
nanostructures [7, 13], indicating a method for implementing UV interactive nanostructures for enhanced
CD spectroscopy applications. However, the presence of optically large engineered nanostructures
constituting an optical medium can contribute to ambiguity in the resulting CD measurements [14, 15]. A
robust framework is therefore required to correctly extract information relevant to optical activity from a

CD spectrum.

CD spectroscopic measurements in typical commercial systems are obtained by subtracting the
transmission/reflection of right and left CP light (RCP, LCP respectively) through/from a molecular system.
This far-field differential transmission/reflection measurement is not necessarily related to CD, however,
and so is instead referred to here as the chiroptical (CO) response, where CO = Trep — Trcp, and Trcp
(Tycp) is the transmitted (reflected) intensity with illumination from RCP (LCP) light [14]. A CO
measurement may indicate the presence of optical activity in a molecular substrate, where optical activity
is produced by the differential excitation of hybridized eigenmodes in molecular or plasmonic structures
[16]. The corresponding far-field CO response originating from optical activity is referred to here as COoa.
However, ambiguity in a CO measurement can result from the presence of anisotropy either in a natural

molecular system or artificially introduced with plasmonic structures [17]. The CO response of anisotropic



media has been shown to result from the differential near-field absorption modes generating a far-field CO
response that is unrelated to optical activity. This response type is here referred to as COaps, With the total
chiroptical response expressed as CO = COpa + COabs. Due to the presence of these competing response
types in an optical medium, the analysis and interpretation of a CO measurement typically requires the
extraction of the full Mueller matrix [15, 18], however previous work has demonstrated an alternative
method for distinguishing between COpa and COqs using only the differential transmission (reflection)

measurement [14].

Here, we present a novel nanophotonic platform based on an array of wavelength scale Al nano-
crescents exhibiting a strong CO response at UV wavelengths, and furthermore, utilize a coupled oscillator
based analytical model for identifying the presence of, and distinguishing between, COoa and COgps in
measured CO spectra. An N-coupled-oscillator model suitable for describing higher-order plasmonic
modes at UV wavelengths is shown here to replicate the subtle and salient features of the measured CO
spectra over a range of source orientations. The N-oscillator model serves as a computationally simple tool
for interpreting and intuitively understanding the physical origins of the relatively easy-to-implement CO
spectroscopic measurement of complicated plasmonic nanostructures, thus facilitating the design of

structures appropriate for plasmonic-enhanced CD spectroscopic applications.

Fabrication and Experimental Results

Excitation of plasmon modes with molecular resonances in the UV presents design and fabrication
challenges due to limitations of the resolution of lithographic techniques and selection of the constituent
materials. The manipulation of higher-order plasmonic modes has been proposed as a solution to the
fabrication resolution issue since these modes can be accessed with ease in structures that are not deeply
subwavelength [7, 13]. Plasmonic systems have been previously shown to exhibit strong CO responses in
the UV range [19] and has required exploration of non-traditional plasmonic metals such as aluminum (Al),
gallium, magnesium, and rhodium [20-22]. Al is an abundant and inexpensive material featuring strong
plasmon resonances in the deep UV range. Despite the red-shifting and weakening of the plasmon
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resonances caused by a naturally self-terminating 3 nm thick oxide layer [7, 23-25], Al remains a viable
option for UV plasmonic applications. The field-dampening effects can further be mitigated through the
manipulation of higher-order mode excitations, and therefore, the crescent-shaped nanostructures presented
in this work are able to couple efficiently to UV plasmonic modes. Additionally, the crescent shapes are

geometrically chiral, thus directly inducing a CP selectivity for the excited modes.

The crescents are fabricated on 500 pm thick fused-silica substrates. A 100 nm thick poly-methyl
methacrylate (PMMA) resist is spin-coated on the substrates, followed by deposition of 20 nm Al film (anti-
charging layer) using thermal evaporation. This is followed by electron-beam lithography at 100 keV. The
Al layer is then removed using a 60 s bath in a tetramethylammonium-hydroxide-based developer followed
by a 30 s rinse in deionized water. PMMA is developed for 90 s in methyl isobutyl ketone followed by a
30 s rinse in isopropyl alcohol. A 40 nm thick Al-film is then deposited using electron beam evaporation.
The final step is a twelve-hour soak in acetone for lift-off. Al crescent structures, each with a maximum
structural feature size of 220 nm, are arrayed in a periodic square lattice with pitch 325 nm, covering a total

area 500 um X 500 um (Figure 1a).

The CO response of the crescent structure array is characterized using a broadband UV source
(wavelengths 200 nm to 400 nm, beam diameter =350 um) illuminating at a fixed inclination angle 8, =
45° and varying azimuth angle ¢, (Figure 1b). The measured normalized CO spectra, referred to here as
circular diattenuation (CDA) and expressed as CDA = (Tgrcp — Ticp)/ (Trep + Ticp), is shown in Figure
lIc. The CDA spectra are measured by extracting the m, element of the Mueller matrix using spectroscopic
ellipsometry in reflection mode [26]. The CDA spectra measured here display a clear azimuthal
dependence. Notably, when the source is rotated azimuthally by 180°, the CDA amplitude experiences an
inversion in sign about the vertical axis. This amplitude sign flip has been previously observed in planar
plasmonic structures by oblique light illumination [14]. The CDA spectra further show asymmetric

amplitude inversion accompanying the sign flip. This is most prominent in the CDA spectra for ¢, = 90°



and 270°. Note that substrate does not play any role in the observed CDA spectra as a function of azimuthal
angle [14-17, 27-29]. As described in the next section, these spectral characteristics indicate the

simultaneous presence of COpa and COjps in the system.
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Figure 1. CDA spectra of aluminum crescent structures at UV wavelengths. a, An SEM image of the
aluminum crescent structures aligned in a square periodic array with a pitch of 325 nm. The white bar inset
represents 325 nm. The additional inset illustrates the in-plane coordinate system used for describing the
measurements in ¢. b, The out-of-plane coordinate system detailing how CDA spectra is obtained in
reflection mode by illuminating the Al structures with angled light. ¢, Experimental CDA measurements of
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aluminum crescent structure array illuminated with free-space light of wavelengths ranging from 200 nm
to 400 nm at incident angle 6, = 45" and various ¢, angles.

Analysis of the CO response

A simple method for describing the characteristics of the CO response is to replace the localized surface

plasmon modes of the crescent structures with a system of two coupled oscillators, u; and u,, with

amplitudes given by u;, = EO - i ek, where &, = k- 7. Figure 2a shows the surface variation in the field
component of a CP source incident at angle 6, on a crescent plasmonic structure. The excited modes in the
oscillator model depend on both source polarization and oscillator orientation for RCP and LCP source
fields (Figure 2b). Two CP excitation modes are possible for a given source orientation, with one mode
described by the set of excitations (uf°?, u§°F) and the other by (u}“F,u5c?). The corresponding near-
field mode distributions, calculated using the finite-difference-time-domain (FDTD) technique, along with
the oscillator orientations for an individual nano-crescent at the resonance wavelength of A = 350 nm and
incident angle 8, = 45" for various ¢, angles considered in this study are shown in Figure 3. For each
azimuth angle, two arrows representing oscillators are superimposed onto the crescent structure, where each
arrow is oriented to point from a negative (blue) to a positive (red) near-field region as calculated using
FDTD simulations. A two-oscillator model has previously been shown to accurately simulate the far-field
response of subwavelength nano-rod structures [14], and the depiction in Figure 3 suggests that two
oscillators may also approximately simulate the modal behavior of the optically large crescent structures.

Further insight may be gained into the CO response of the crescent structures by considering the far-field

CO response calculated by only considering two oscillators.

The far-field response of an oscillator system is a result of the presence of hybridized [16] and
absorption [28] modes. To illustrate the hybridized modes, consider that i, and u, are separated by distance
d along the direction of source propagation in the x-y plane (Figure 2b). The coupled two-oscillator system
exhibits RCP (ufP,uf?) and LCP (ul®P,u5cP) hybridized modes, one blue-shifted in wavelength
relative to the other. This CO response is characterized in the far-field by blue and red-shifted transmission
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(or reflection) spectra and is indicative of optical activity. This response type is referred to as COoa and has

been previously shown to obey the relationship [14, 28]:
COoa ¢ sin(kyyyd) 1)

where d is the separation distance between the two oscillators in the direction of wavevector I;"xy, and ¢
represents the electromagnetic coupling between the pair of oscillators. Note that, according to equation
(1), COoa must change sign if the source azimuth flips 180°. This behavior originates from the physical
separation along the direction of source propagation of coupled oscillators and is consistent with the

measured spectra of the crescent structures (Figure 1c).

The oscillator excitations may also exhibit absorption modes with each oscillator acting as an
independently radiating dipole (Figure 2c). The far-field radiative fields interfere either constructively or
destructively in a manner that depends on both the polarization state of the source fields and relative
orientation of the oscillators. The interference results in transmission peaks aligned in wavelength but with
differing amplitude peaks. This type of CO response is referred to as COaps and is characterized by amplitude
shifted transmission (reflection) spectra. COaps is indicative of anisotropy and has been shown to obey the

relationship [14, 29]:
COubs ¢ Wy (w? — w3) sing cos @ @)

where w is the source frequeqncy, w; (w,) is the resonance frequency of oscillator 1 (2), ¢ is the angular
separation between the oscillators, and y is the damping coefficient. Equation (2) implies that two
oscillators oriented either parallel or perpendicular to each other will not produce a COabs response. Note

also that according to equation (2), COaps does not change sign as the source azimuthally rotates.
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Figure 2. The origins of the chiroptical response of an optically large structure. a, A source field is
incident on the Al crescent shaped structure. The orientation of the electric field varies along the surface of
the structure, resulting in a polarization-dependent mode excitation (represented by two coupled

oscillators). The excitation of each oscillator for a RCP (LCP) source field is described by uk¢r = EO .

~
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equivalent, and therefore a non-zero CO response may be observed. Additionally, each oscillator
produces a far-field transmission peak centered around its resonance frequency w, for integer k. In this
example, the two oscillators, 4; and u,, are shown with resonance frequencies, w; and w,, selected close
enough to each other such that the combined far-field response appears as a single spread out transmission
peak. b, A system of coupled oscillators separated by some distance d along the direction of source
propagation can produce non-degenerate hybridized modes resulting in red and blue-shifted transmission
spectra for RCP and LCP light, respectively (or vice versa). ¢, The CO.ps response type originates from the
far-field interaction of radiating dipoles. A polarization-dependent phase difference creates transmission
spectra for RCP and LCP source fields that are shifted in amplitude relative to each other. d, The CO
response of a plasmonic structure results from the simultaneous contributions of the COoa and COgqps
responses. The transmission spectra of the two-oscillator system for RCP and LCP light is both shifted in
wavelength and amplitude. The total CO response exhibits wavelength and amplitude asymmetries
consistent with those experimentally observed in the Al crescent structures.

The total chiroptical response of the two-oscillator system is given by CO = COpa + COabs. The wavelength
and amplitude shifted transmission spectra of the two-oscillator system for RCP and LCP light are shown
in Figure 2d. These equations describe several spectral features observed in the measured spectra obtained
from the crescent structures (Figure 1¢). For example, the CO spectra invert asymmetrically in amplitude
because the COoa component changes sign with a 180° source azimuthal rotation, but amplitude asymmetry
is observed in the total response because the CO.ps component is independent of source azimuth angle. The
presence of both amplitude flipping and asymmetry in the measured spectra indicates the simultaneous
presence of both optical activity and anisotropy. However, the presentation of each in a far-field
measurement is strongly dependent on the source orientation. For example, as indicated by equation (1),
the COopa contribution will go to zero for a source field normally incident on the planar aluminum crescent
structures, since the in-plane oscillators will no longer be separated along the direction of source
propagation. In general, however, the total CO response does not necessarily approach zero for normally
incident light. From equation (2), it is evident that that COaps is not dependent on k., and is therefore non-
zero at normal incidence. The presence of this type of CO response, which is not circular dichroism, for
normally incident light has been observed in several other works [14, 27-29]. As illustrated in Figure 2, the
two-oscillator model described by equations (1) and (2) provides an intuitively simple explanation for the

origins of the far-field spectral profile of a CO response. This model is successful at reproducing and



describing the origins of the azimuthally varying amplitude sign-inversions that are clearly manifested in

the measured CO response of the crescent structures in Figure 1.

$o = 135° $o = 90°

Figure 3. Evolution of near-field mode distribution. Near-field mode distributions, calculated using the
finite-difference-time-domain technique, for an individual nano-crescent at wavelength 4 = 350 nm,
incident inclination angle 8, = 45, and various azimuthal angles ¢,. The red and blue colors of the arrows
indicate RCP and LCP illumination respectively, and the arrows qualitatively indicate the orientation of the
two lower-order dipole modes within the nanostructure.

Although the two-oscillator model captures many of the spectral features observed in the measured CO
response, the spectral data exhibit multiple peaks which are indicative of higher-order plasmon modes that
manifest because the nano-crescent structures are not deeply subwavelength. The two-oscillator model is
therefore not suitable to simulate the far-field response of structures that exhibit such higher-order modes,
as evident from the non-ideal fit between the measured and calculated CDA spectra (Figure 4a).
Furthermore, the most prominent observed spectral peak is source dependent and, as an example, shifts

from A = 350 nm at ¢y = 0" to 1 = 325 nm at ¢, = 45 . This behavior cannot be captured by a simple
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approximation of the system using a two-oscillator model. We overcome this shortcoming by extending the

model from two to N oscillators, where N is a positive integer.

N-coupled oscillator model
Equations (1) and (2) describe many, but not all of, the observed spectral features in Figure 4a. An extension
to N-oscillators is required to adequately characterize the measured CO spectra, where N = 2. A system of
N lossy coupled electron oscillators, located and oriented arbitrarily, can represent the higher-order mode
excitations present at UV wavelengths, and this system is described by [30]
— N N e - B
0F Uy + Vi OpUy + Wiy + Ty Z Cnln = —— (Eo ' ﬁk)ﬁk‘?l(k'r"_wt) 3)
n+xk m

where n, k = 1,2, ..., N. Each oscillator is characterized by a charge e, an effective mass m*, an amplitude

oscillation uy, orientation l, location 7}, resonant frequency wy, and a damping factor y;. The

electromagnetic coupling between any two oscillators u, and u; is given by the coefficient {j, .

Furthermore, the system of oscillators is excited by an incident planar source Eoei(k'f_“’t) with frequency

w, wavevector k, and amplitude E,. Inserting time harmonic expressions i, = i, ue ~*“* reduces equation

(3) to

[(w,zc — wz) — iyka)]uk + 2 CnilUn = —%(Eo -ﬁk)eiﬁ'@“‘m) 4

n+k

where 7, = 7 + 67, with 87y, being the distance of oscillator k from the location of the structure center-

of-mass 7 as defined in ref. 5. Equation (4) can then be rewritten in the matrix form as:

(0f —w?) =iy - €¥Y <u1>
(N o (0f —w?) —iyyw ) \Un )
o [eForsr) . 0 <E1>
m 0 . pikGotory) | \Ey
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with source field components E;, = EO -ty fork = 1,2, ..., N. This expression is written more compactly

as:

° KB 6
2 ®

QU = -

The matrix Q has diagonal elements Qy , = (a),zc — wz) — iyxw and off-diagonal elements O, , = (.

The matrix K has elements K;, ,, = Sn,kei’?'(f°+5fk), where 8, ; is the Kronecker delta. Further defining the

matrix A = Q71K gives a compact solution for the amplitude oscillations as:

AE (7

Each component u,, of U represents the amplitude oscillation of the nth oscillator. The current density

response for the collection of excited oscillators is then calculated as:

J= —iwsowgz:ﬁk(AE)k (8)

k To = T—6T)

Finally, the CO response of the oscillator system is

COo= |jRCP|2 - |jLCP|2 9)

where fRCp (fLCP) is calculated from equation (8) using a circularly polarized source field amplitude EO
(E5)-

The CO spectra are calculated from equation (9) using a least-squares-fitting algorithm to select
appropriate oscillator parameters defined in equation (3) in order to reproduce the measured CDA response.
The parameter space was initialized with y, = 1 X 101° s~ and Cnk =1X 105 s~2. Additionally, the
oscillators are initially randomly placed and orientated within the x-y plane boundary defined by the optical

structure and a resonance wavelength between 200 nm and 400 nm is assigned for each oscillator. The
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algorithm gradually optimizes these initialized parameters in order to improve the match between the
calculated and the measured spectrum, computing successive generations of solutions and minimizing the
difference between calculation and measurement until no significant improvement is observed. The
algorithm used for this study does not guarantee avoidance of local minima, and therefore the result is not
claimed as a unique or even optimal solution; however as discussed below, even without knowledge of the
near-fields, the oscillator system chosen by the algorithm successfully replicates the observed far-field CDA
spectra of the crescent shaped structures because it is able to adequately simulate the sophisticated

distribution of hybridized and absorption modes present in a multi-oscillator system.

Additionally, the placement of each oscillator relative to the others is not arbitrary. Similar to
equation (1), the electromagnetic coupling between all oscillators contribute to the COopa response. This
relative phase shift between each oscillator pair k., dy, i is azimuthally dependent; therefore, the COoa
response is expected to become minimal at azimuthal orientations where the relative phase shifts are small.
The measured CDA of the crescent structures approaches zero when ¢, = 135" and 315 this is due to the
average oscillator phase shifts along the direction of source propagation becoming a minimum at these
azimuth angles. A geometric interpretation is that at ¢, = 135" the crescent structure no longer appears
chiral (or only weakly so) to the incident light. Furthermore, in agreement with equation (9), the absorption
modes contributing to the observed amplitude asymmetry are dependent only on the relative orientations
and resonant frequencies of each oscillator, thus the resulting far-field response does not change sign as the
excitation source azimuthal angle is flipped by 180°. This COs response is unrelated to circular dichroism
and optical activity, and unlike COoa, two-dimensional planar structures can still produce a non-zero CO
response as @, — 0°. The agreement with measurement is significantly improved from the simple two-
oscillator calculation if N = 15 oscillators are used, as shown in Figure 4b. The calculated spectra now
match many of the spectral peaks observed in the measurements, namely peaks at A = 350 nm for ¢y =

0" and 180°, A = 314 nm for ¢, = 45 and 225", and A = 300 nm at ¢, = 90" and 270°. The number of
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oscillators, N = 15, was determined through the trade-off between computational resources and model-fit

accuracy.
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Figure 4. Model fit with N oscillators. a, Fitting measured spectra (solid lines) using equation (9) with
N = 2 oscillators (dashed lines). N = 2 oscillators describe are sufficient to the single-mode resonance
behavior observed in the CDA spectra near A = 350 nm but are unable to reproduce the additional spectral
features observed at shorter wavelengths and at different source azimuthal angles. Note the mismatch in
model prediction to measured spectra for ¢, = 45" or ¢, = 225°. The most prominent spectral peak is
dependent on the source azimuth, and this feature cannot be modeled with a two-oscillator system. b, Fitting
measured spectra (solid lines) using equation (9) with N = 15 oscillators (dashed lines). Using N = 15

14



oscillators more accurately reproduces these additional spectral features over the entire spectral range and
also over the full range of source azimuthal angles.

Conclusion

In summary, we experimentally characterize the chiroptical response of Al crescent shaped structures at
UV wavelengths and analytically describe the measurements within the framework of a coupled-oscillator
system. This model uses a set of N oscillators to represent higher-order plasmon mode excitations, and was
shown to reproduce the salient features of the measured CDA spectra. The calculated spectra suggest
contributions from both COoa and COaps, indicating the presence of optical activity and anisotropy in the
crescent structures at non-normal incident source angles. To summarize, the COoa response is related to
optical activity and originates from hybridized modes in the multi-oscillator system, as described by the
model. This response type is characterized in the far-field by wavelength shifted transmission curves. The
model also predicts that a CO4ps response is characterized in the far-field by a shifting in amplitude between
RCP and LCP light, and is indicative of anisotropy. Without the need for extensive experimental setups
required for a full Mueller matrix spectroscopy, the model given by equation (3) is shown to serve as a
useful tool for the interpretation of easy-to-implement transmission (reflection) CDA measurements at UV

wavelengths of complex plasmonic nanostructures.
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