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Abstract 

We report a large chiro-optical response from a nanostructured film of aperiodic dielectric 

helices decorated with ellipsoidal metal nanoparticles. The influence of the inherent 

fabrication variation on the chiro-optical response of the wafer-scalable nanostructured film is 

investigated using a computational model which closely mimics the material system. From 

the computational approach, we found that the chiro-optical signal is strongly dependent on 

the ellipticities of the metal nanoparticles and the developed computational model can 

account for all the variations caused by the fabrication process. We report the experimentally 

realized dissymmetry factor ~1.6, which is the largest reported for wafer scalable chiro-

plasmonic samples till now. The calculations incorporate strong multipolar contributions of 

the plasmonic interactions to the chiro-optical response from the tightly confined ellipsoidal 

nanoparticles, improving upon the previous studies carried in the coupled dipole 

approximation regime. Our analyses confirm the large chiro-optical response in these films 

developed by a scalable and simple fabrication technique, indicating their applicability 

pertaining to manipulation of optical polarization, enantiomer selective identification and 

enhanced sensing and detection of chiral molecules. 

Supplementary material for this article is available 

Keywords: chiral plasmonics, helical nanostructures, ellipsoidal nanoparticles, dissymmetry factor, multipolar interactions, 

finite element method, enantiomer detection  

1. Introduction 

Chiral plasmonics is an intriguing field of research with 

exemplary designs of chiro-optical structural configurations 

with diverse applications in nanophotonics such as negative 

refractive index [1], [2], chiral biomolecular detection [3], [4], 

chiral magnetic materials [5], enantiomer selection [6]–[11], 

broadband circular polarizers [12]–[14], chiral optical 

tweezers [15], [16] and nanomedicine [17]. Several recent and 

interesting advances towards enhancing the inherently weak 

optical chirality of naturally chiral materials and improving 

chiral light-matter interactions include reports on 

investigation of planar chiral metamaterials [18]–[21], 

fabrication of chiral magnetic nanoparticles and gels [22], 

measurement of enantioselective optical forces between a 

chiral plasmonic probe and a bull’s-eye grating substrate [23], 

chiral photothermal plasmonic effects in metamaterial 

absorbers [24], multichirality evolution step synthesis method 
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for enhanced chiro-optical response [25], anisotropic material 

modulated chiro-optical response [26], magnetic field assisted 

real-time chirality modulation [27], chiral fluorescence from 

silver nanoclusters [28] and 3D chiral nanostructures [11], 

[29]–[31]. Recently, the scope of artificial chiral 

metametarials has expanded from nanoscale structures to bulk 

chiral mechanical metamaterials with successful industrial 

applications [32], [33]. The field of chiral electromagnetics 

and metamaterials is quite mature, and therefore, a vast 

literature is dedicated towards versatile fabrication techniques 

of chiral nanostructures and metamaterials [34], [35]. 

Researchers have incorporated different fabrication 

approaches to induce chirality into nanostructures such as 

fabrication of inherently chiral nanomaterials and 

metamaterials [12], [36]–[38], template dependent chiral 

nanostructures [39]–[45] and fabrication of chiral nano-

assemblies from achiral components [46]–[48]. The top-down 

fabrication approaches such as laser direct write or electron 

beam lithography are known to offer precise control of the 

structural parameters. These techniques also have their own 

limitations, for instance, the femtosecond laser direct write 

technique cannot be employed to develop nanostructures for 

visible or near-infrared regime due to the resolution limit [12], 

[49]. The wafer-scalabilty of the fabricated structures in the 

case of focussed ion beam or electron beam deposition 

techniques is largely limited due to the extremely low 

throughput of the deposited material [50]. Further, the 

complexity of the lithography techniques increases in the case 

of stacked metamaterials [4], [48], [51] or nanostructures 

fabricated using on-edge lithography [52] which demands 

alignment precision. The bottom-up fabrication strategies for 

the synthesis of chiral nanostructures are predominantly based 

on directed assembly of nanoparticles into larger complex 

structures for attaining the desired chiral signatures based on 

vapor deposition schemes, such as GLAD (Glancing Angle 

Deposition) [53], [54]. This fabrication strategy is refractive 

index tunable [55], cost effective, highly wafer scalable, and 

applicable to both plasmonic [56], [57], as well as dielectric 

[58]–[61] chiral metamaterials. However, in comparison to the 

top-down techniques, precise control of the self-assembled 

nanostructures is generally not feasible due to the intrinsic 

randomness of the assembly and subsequent shadowing 

processes. Naturally, the chiro-optical signal of the self-

assembled nanostructures with large geometric variations 

have an inherent tuning capability and the dimensional 

parameters can be modulated by the helical template and the 

assembled chiral particles. To computationally investigate the 

influence of large structural variabilities on the chiro-optical 

signal in these highly scalable wafers such as self–assembled 

nanoparticles arranged on a helical template, a computational 

model based on the conventional finite element or finite 

difference time domain (FDTD) methods requires large 

computational resources. Some previous works [56], [62] 

have based the analytical investigation on semi-analytical 

method based on coupled dipole approximation (CDA) model 

[63]–[65] in which the chirally arranged NPs are considered 

as interacting dipoles where the center to center distance 

between particles (r) is more than three times the particle 

radius (a), i.e., r/a>3. While the CDA provides the preliminary 

investigation of the influence of structural parameters on the 

chiro-optical signal, this model is far from the actual 

arrangement of particles in the experimental system which are 

within r/a<3 regime and the higher order multipolar 

contributions due to electromagnetic interactions are 

significantly predominant as established in theoretical [66]–

[70] and experimental [71], [72] works on 1-D and 2-D 

nanoparticle arrays. Further, Nair et al [73]have investigated 

the influence of interparticle separation on the chiro-optical 

signal in r/a<3 regime and have found that the CDA remains 

valid until around r/a ≈ 2.3 and the multipolar effects includes 

significant redshift and spectral broadening of the chiro-

optical response in close agreement with the theory proposed 

in [66], [67]. In this study, we develop a computational model 

to investigate the chiro-optical signature of an assembly of 

three-dimensional chiral NPs arranged on a dielectric helical 

template and correlate the computationally evaluated 

enhanced chiro-optical signal with the actual experimental 

system. The model considers predominantly ellipsoidal NPs 

held in tighter confinement and thus the effect of multipolar 

contributions on the chiro-optical response is significant and 

close to the experimental observations. Further, the influence 

of variations in the dimensional parameters of the helical 

template are also numerically investigated.  

2. Methods 

2.1 Numerical simulations: FEM-COMSOL. 

We used a finite element method-based solver COMSOL 

Multiphysics to numerically evaluate the performance of the 

chiral nanostructures. The full field formulation with periodic 

boundary condition was adopted to realize an infinite periodic 

array of the helices in x-y plane with light incident from z-

direction using input excitation port. The incident circularly 

polarized beam is propagating parallel to the helix axis. The 

port is placed at λ/2 distance away from the nanostructure to 

avoid near field effects. For studying the effect of a standalone 

single strand of helix, we used a PML of thickness 150 nm and 

order one surrounding the model geometry in x-y plane and 

away from the nanostructure by λ/2 to avoid near-field effects. 

A dynamic tetrahedral mesh of size 3.2 nm is used for the 

particles and maximum size of λ/6 is used for rest of the 

geometry. The wavelength dependent complex dielectric 

function of silver is taken from [74]. Wavelength sweep is 

used to scan in the range from 400 to 800 nm. 

2.2 Fabrication 
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In the first step of fabrication, SiO2 rods are grown over 

piranha cleaned glass slides using the conventional GLAD 

technique [56], [58], [59], [62], [73] at an extreme tilt of 84 

degrees to the incident vapors. With the substrate continuously 

rotating, rods of length about 200 nm are grown, without any 

seed layer. The average distance between the rods is 50 nm.  

Once the desired length is attained, helices are grown on them 

in the same run by rotating the substrate at 2 degree/step. The 

number of steps is decided by the pitch and turns required in a 

helix. Deposition rate for SiO2 for both rods and helices is 

maintained between 0.6-1 A/s. The handedness of the helices 

is decided by the rotation (clockwise or anticlockwise) of the 

substrate with respect to the flux. Standing helices with pitch 

of about 280 nm and 2 turn are thence fabricated with a very 

high throughput. The rods are only fabricated to give length 

enough to the nanostructure to be distinguishable in 

microscope and do not contribute to chirality. 

 The next step of fabrication is coating the helices with 

silver nanoparticles. The tilt of the substrate is reduced to 10o 

with the incoming metal vapors and deposition of a silver thin 

film of thickness 10 nm, is done using E-beam evaporation. 

For E-beam deposition of silver, we take the previously 

fabricated standing helices substrate and place it parallel to the 

material crucible (0o with the incoming flux). Simple line of 

sight deposition was not effective in ensuring complete 

coverage of the helices with silver till the end and therefore a 

tilt angle of 10o with respect to the incoming flux is provided 

to the sample to ensure that the metal vapors go along the 

chiral geometry providing complete coverage till the bottom. 

These samples are then annealed @260 oC for 20 minutes to 

decorate the helices with silver nanoparticles. Deposition rate 

is maintained between 0.1-0.2 A/s. Silver annealing at 

different temperatures and as a function of underlying 

substrate has been explored by many groups from an 

application perspective [56], [75], [76]. The average size of 

these particles is between 50-100 nm and an average 

separation between 20-40 nm.The large area wafer-scale 

metamaterial films in our study have sample sizes of at least ~ 

1 cm by 1.5 cm. The schematic describing the complete 

technological process is shown in Fig. 1.  

 

 

Figure 1. Fabrication technology. (A) Fabrication of SiO2 helices 

using GLAD at 84o tilt of substrate with incoming vapor flux. (B) 

Coating of standing helices with silver at 10o tilt with incoming 

flux. 

2.3 Optical Characterization 

The wafer-scale films of left and right-handed metal 

decorated chiral unheated samples were optically 

characterized by measuring the large chiro-optical response 

exhibited by the two films. The optical measurements for 

transmission were performed using a home-built setup. A 

quartz tungsten-halogen lamp is used as a white light source. 

The beam from the quartz tungsten halogen white light source 

passes through an adjustable square aperture which is placed 

at the focal length of a parabolic mirror to minimize chromatic 

aberrations. The aperture is adjusted to change the spot size. 

The spot size used in experiments is ~ 40 µm. The size of the 

illuminated area on the sample is equal to the size of the beam 

which is 40 µm. This is followed by a polarizer and a retarder 

combination (Fresnel Rhomb FR600QM) to transform the 

transmitted beam into left or right circularly polarized beam. 

The polarization-controlled light (left or right) is further 

guided through several optics through an infinity corrected 

100x objective with NA 0.8 and WD 3.5 mm to the sample 

(corresponding to which the cone angle of illumination is 

106.26o). Transmitted light from the sample is collected by an 

infinity corrected 50x objective with NA 0.55 and WD 10.1 

mm (corresponding to which the cone angle of collection is 

66.73o) and sent to the fiber optic spectrometer. A silver-

coated off-axis parabolic mirror of effective focal length 

(EFL) of 15.2 cm was used to send the collimated transmitted 

light into the commercial spectrometer (Ocean Optics). For 

each sample spectrum measurement, reference correction was 

performed by subtracting an appropriate dark spectrum 

(captured by blocking ambient light) and dividing by the 

reference corrected spectrum. The collection objective is 

mounted on a translational stage. The reference for all 

measurements is taken in air by adjusting the z-translational 

motion of the 3–stage piezo on which the sample is mounted. 

The transmittance signal for LCP/RCP illumination is 

obtained as 

 𝑇𝐿𝐶𝑃(𝑅𝐶𝑃) =
𝐼𝐿𝐶𝑃(𝑅𝐶𝑃)(𝜆)−𝐼𝑑𝑎𝑟𝑘(𝜆)

𝐼𝑟𝑒𝑓(𝜆)−𝐼𝑑𝑎𝑟𝑘(𝜆)
  ( 1) 

The light is further guided through several optics and sent 

to a fiber optic spectrometer (Ocean Optics). The normal 

alignment of the incident light on the sample is confirmed as 

only the z-translational motion of the piezo stage is to be 

changed to maximize the transmitted signal through the 

sample. The x- and y- positions on the piezo remain the same 

for one sample location in all measurements when light is 

focused with and without the sample. The sample is imaged in 

reflection mode using a 90/10 beam-splitter in the path of light 

before sending it to the 100x objective. A flip mount mirror 

when mounted is used to send the transmitted light from the 
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sample collected by the 50x objective to a CCD camera to read 

the image of the sample in transmission mode.  The flip mount 

mirror when unmounted guides the collimated light through a 

parabolic mirror to the spectrometer. 

3. Results and Discussion 

To investigate and correlate the chiro-optical response of 

the experimental system with computational analysis, we 

considered unseeded (without predefined periodic seed layers) 

aperiodic dielectric silica helices with decorated AgNPs. 

Figures 2A–B show the side view SEM of the nanostructured 

thin films grown by glancing angle deposition (GLAD) 

technique on left and right-handed samples respectively. For 

the quantification of the asymmetric transmission from the 

samples for the two states of circularly polarized light, we 

define a quantity called dissymmetry factor (g), calculated as 

𝑔 =
∆𝑇

𝑇𝑎𝑣𝑔
, where ∆T is circular differential (CD) transmittance, 

calculated as ∆𝑇 = 𝑇𝐿𝐶𝑃 − 𝑇𝑅𝐶𝑃, where TLCP and TRCP are 

transmission spectra of the sample under LCP and RCP 

illumination respectively and Tavg is the average transmittance 

of the sample. Figure 2C and 2D show spectral responses of 

dissymmetry factor g for both samples measured at four 

different locations on the samples. It is noted that the chiro-

optical response reverses sign with the handedness of the helix 

which is expected. The experimentally realized dissymmetry 

factor g ~ 1.6 is thus far the highest reported for a wafer 

scalable chiro-plasmonic sample. A comparison of the 

experimentally realized dissymmetry factors for different 

small area and large-area chiro-plasmonic structures reported 

in literature is presented in Table 1. The chiro-optical response 

of the two samples of opposite handedness are sign reversed 

as expected, however, |g| values are larger for right handed 

sample as compared with left handed sample, which could 

possibly be explained by the asymmetric fabrication 

parameters such as helices thickness which can happen 

because of fast fluctuations in rate of SiO2 depositions. The 

results for estimation of the contribution of linear dichroism 

(LD), which is the difference in absorption (or transmission) 

of linearly polarized light with orthogonal polarization planes, 

on the measurement of chiro-optical responses of the samples 

is presented in Fig. S1.  We estimated the contribution from 

LD to the measurement of circular dichroism by measuring 

CD signals from the samples when the substrate is rotated for 

various rotation angles and incident light normal to the 

substrate. Figure S1 show the measured CD transmittance as 

a function of substrate rotation for left (Fig. S1(A)) and right-

handed (Fig. S1(B)) samples. It is noted that there is a slight 

variation in the CD as a function of different rotation angles 

and it appears that LD might have a small effect on the 

measurement of CD. Alternatively, it is also possible that the 

density of helices interacting with light might change with 

substrate rotation due to the growth of aperiodic helices on the 

unseeded substrate samples. The GLAD technique works on 

rotating the substrate kept at an extreme angle with respect to 

the source of vapor, formed through physical vapor deposition 

techniques like electron beam or thermal evaporation. The 

films thus grown on an unseeded substrate show random 

morphological variations such as silica helices at non-uniform 

separations, deposition of random residual silver on bare 

substrate during GLAD, or variations in NP sizes. In wafers 

which are fabricated with a seeded patterned substrate, the 

incoming flux at extreme angle sees and sits on the pattern 

only, forming a periodically arranged uniform substrate, their 

widths corresponding to the widths of the seeds. With an 

unseeded substrate as ours, however, there is no control on the 

arrangement of the incoming flux and the widths of these 

columns and helices grown. This has been explained in detail 

in [77]. The porosity variations so caused across the samples 

result in different degree with which the Ag vapor goes lower 

within the helices. The sheer intrinsic nature of the annealing 

process also causes randomness of size of islands [75], [78], 

further adding to the morphological variations and to the angle 

dependence of CD. Despite the variabilities occurring due to 

the inherent nature of the fabrication process, the averaged 

chiro-optical response of the material noted from the 

experiments remained almost uniform across the wafer.
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Figure 2. Scanning electron micrograph of (A) left-handed and (B) right-handed chiral samples. Spectral response of dissymmetry factor g 

for (C) left-handed and (D) right-handed chiral samples measured at four different locations. 

 

Table 1. Comparison of the experimentally realized dissymmetry factors for different small area and large-area chiro-plasmonic structures 

reported in literature.  

Ref 

no. 

Fabrication approach Type of nanostructure Experimentally realized 

dissymmetry 

factor/anisotropy factor 

values 

[59] Bottom-up approach, GLAD 

(large area materials) 

Helical core-shell nanostructures Transmittance spectra 

not given 

[79] Electron beam induced deposition (EBID) 

(small area materials) 

Silver coated helices 0.45 (single silver helix) 

at 550 nm 

[80] Focused ion beam with gradient milling 

approach (small area materials) 

Ramp shaped gold nanostructures with 

azimuthally gradient depth 

1.13 and 0.8 for LH and 

RH structures 

respectively at 678 nm 

[81] Tilted angle focused ion beam milling process.  

(small area materials) 

Slanted split ring nanoapertures milled 

in a single thick metal layer 

1.56 at 760 nm,  

[82] Multistep lithography process (small area 

materials) 

Sandwiched chiral meta-mirror 

consisting of an asymmetric-hole array 

perforated film, a thin dielectric layer, 

and an optically thick metallic back 

plane 

0.5 at 880 nm 

[50] FIBID (small area materials) Ensemble of helical nanowires 

comprising of Pt nanograins in an 

amorphous carbon matrix 

~ 0.76 

[83] e-beam lithography, followed by gold 

deposition and lift-off (small area materials) 

2D planar chiral metasurface consisting 

of a square array of unit cells 

comprising of asymmetric gold 

nanorods 

~ 0.32 

[84] electron beam induced deposition (EBID) 

(small area materials) 

Gold coated silica helices 0.86 

[19] FIB milling (small area materials) Planar asymmetric L-shaped gold 

nanoantenna 

~ 1.05 at ~ 1.45 µm 
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[85] Laser direct write (small area materials) Photonic helices from photoresist (65 

µm by 65 µm footprint) 

~ 1.55 at 4.3 µm 

[12] Laser direct write (small area materials) 3D gold helices ~1.68 at 4.7 µm 

[58] 

 

Laser interference lithography for periodic 

seed layer, e-beam evaporation based on 

GLAD for growth of silica helices, DC 

magnetron sputtering for TiN coating 

(large area materials) 

Core silica helices coated by TiN ~ 0.34 at 600 nm 

[56] GLAD, e-beam evaporation 

(large area materials) 

Metal decorated silica helical films ~ 0.3 at ~ 600 nm 

[73] GLAD, e-beam evaporation 

(large area materials) 

Thermally annealed metal decorated 

silica helical films 

~ 0.1 at ~ 610 nm 

[4] nanospherical-lens lithography (NLL) and 

hole–mask lithography (HML) 

(large area materials) 

Large area twisted arc metamaterial ~ 0.315 at ~ 850 nm 

This 

work 

GLAD, e-beam evaporation 

(large area materials) 

Metal decorated silica helical films ~ 1.6 at ~790 nm 

Dissymmetry factor values were evaluated from printed transmission spectra. 

In this study, we developed computational models and 

correlated their chiro-optical responses with that of 

experimental observations. The FEM unit cell, geometrical 

parameters of the helical template and the three models for 

left-handed configurations are shown in Fig. 3A-C. The 

experiments were carried out with air as the surrounding 

medium and we expect an overall red-shift [55] of the chiro-

optical spectra for other media. Our initial attempt at 

developing a computational model incorporating the 

theoretical predictions and resembling the measured spectrum 

from the experimental system is Model I (Fig. 3C-I), which 

comprises of only spherical NPs. The scatter plot showing the 

radii (a) and center to center distances (r) of spherical particles 

is shown in Fig. 4A. The NPs are decorated on three arc 

lengths (L1, L2, L3) of the helical template so that the 

numerical model imitates an average helix on the actual 

sample which accommodates roughly 25 NPs on the complete 

helix; L1 (11 NPs with radii a1, a2, … a11), L2 (5 NPs with 

radii a1, a3, a4, a5 and a6) and L3 (3 NPs with radii a1, a2 and 

a4) consists of spherical NPs only. The radii of the NPs 

increase from bottom till apex of the helix as per scanning 

electron micrograph estimation and the NP particle radii a1, 

a2, …a11 are 25 nm, 30 nm, …75 nm respectively. There are 

other NPs which are mostly on the rod on which the silica 

helical template is grown which do not contribute to chirality. 

For computational simplicity, the silica helical template is 

neglected which contributes minimal CD response as 

established previously [56]. The dimensional parameters of 

the 2-turn helical template are pitch (p) = 270 nm, structure 

width (w) = 120 nm and wire thickness (d) = 100 nm. A 

histogram analysis from the computed r/a values of the 

developed computational model shown in Fig. 4B reveals that 

the particles are in tighter confinement (r/a<3) in close 

agreement with the experimental system and thus the 

analytical chiro-optical spectrum should contain information 

on the higher order multipolar effects. The existence of 

multipoles in the structure is evident from the maps of electric 

field and current density on AgNPs of Model II and III (shown 

in Fig. 3D) plotted at 610 nm and 612 nm respectively. Next, 

with Model II (shown in Fig. 3C-II), we intend to study the 

influence of the presence of a few ellipsoidal particles in the 

helix on the chiro-optical activity. This is done by replacing 

spherical NPs #1, 4, 7 and 11 in the arc length L1 of Model I 

with ellipsoids of fixed axial ratio 1.5. Therefore Model II is 

predominantly consisting of spherical NPs with the presence 

of only four ellipsoidal NPs. We expect to note a redshift of 

the chiro-optical spectrum of Model II compared with that of 

Model I. Finally, the computational Model III in Fig. 3C-III 

largely consists of ellipsoids; arc lengths L1 (11 NPs) and L2 

(5 NPs) consists of only ellipsoidal NPs while L3 (3 NPs) 

consists of spherical NPs only. With Model III, we intend to 

study the effect of predominantly ellipsoidal NPs in the 

presence of very few spherical particles. Moreover, the 

samples considered in this study consist of unheated metal 

nanoparticles exhibiting random variations in sizes, spacings 

and orientations of particles which are attempted to be 

modelled with this numerical model. Therefore, Model III 

incorporates all random morphological variations in particles 

held in tighter confinement (r/a<3) beyond the coupled dipole 

approximation regime and thus the helix model closely 

resembles the experimental system. 
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Figure 3. (A) FEM unit cell. For simulating the response of inter-helical nanostructures, periodic boundary conditions (PBC) are employed 

on the faces of the unit cell as shown. In the case when the response of a standalone single strand of helix is simulated, PBCs in x-y plane 

are replaced with perfectly matched layers (PMLs) as shown. (B) Geometrical parameters of the helical template of the nanostructure 

showing pitch (p), width (w) and thickness (d) of the silica helical template. (C) Three computational models of the nanoparticle 

distribution on the silica helical template for Plus 1 (Left-Handed sample) studied with helix simulation design parameters; turns = 2, w = 

120 nm, p = 270 nm, and d = 100 nm. Model I: All spherical particles. Model II: Modified from Model I, consists of 4 ellipsoidal particles 

replaced by spherical particles. Model III: Largely consists of ellipsoidal particles of varying orientations and axial ratios. (D) Existence of 

multipoles in the structure is shown by maps of electric field and surface current density (shown by arrows) on (i) assembly of spherical 

and ellipsoidal NPs in Model II  at λ = 610 nm and (ii) assembly of ellipsoidal NPs in one iteration case of Model III at λ = 612 nm. The 

length of the current arrow is proportional the current. 
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Figure 4. (A) Scatter plot of the center-to-center distances (r) and 

radii (a) of spherical particles of Model 1. (B) Histogram 

representing the weighted contribution of r/a values obtained from 

Model 1, showing most particles are at close separations (small r/a). 

Figure 5 gives a comprehensive comparison of the 

simulation aspects correlated with the most important features 

of the experimental variability. Figure 5A shows numerically 

computed results of ∆T spectra for different lattice 

periodicities Ʌ = [470, 485, 500, 515, 530, 545, 560, 575, 590, 

605] nm for Model I. The black curve shows a possible 

convolution (close to the experimental system) of ∆T spectra 

from the different lattice periodicities. We note that the 

different plasmonic modes (particularly the broad resonance 

noted at ~ 700 nm) of the system changes with increase in 

lattice periodicity in a redshifted manner as noted previously 

[86]–[88]. Further, for Λ > 530 nm, additional sharp plasmon 

peaks occur in the lower wavelength range which could be the 

result of a strong coupling mechanism between the higher 

order multipoles excited in the tightly confined particles which 

takes precedence over the lattice periodicity modes as Λ 

increases. It is noted from the convolution curve that ∆T 

values remain low up to wavelength range of 670 nm after 

which it increases up to 0.5 at ~ 700 nm and decreases further. 

Further, the amplitudes of ∆T spectra for Model I in periodic 

boundary condition when compared with that of a standalone 

single strand of helix in perfectly matched layer (PML) 

boundary condition (Fig. 5B) shows a similar trend in spectra, 

however the values for far-field ∆T are suppressed for PML 

case by a factor of approximately 3.6 at a noticeable resonance 

wavelength of ~ 690 nm. The suppressed numbers in far-field 

∆T spectra in PML BC could possibly be explained by the 

absence of near-field interactions between adjacent helices 

which can significantly contribute to enhanced far-field ∆T 

response. Beyond Model I, we limit our numerical 

investigation to the study of NPs on a single strand of helix in 

PML BC for far-field calculations as opposed to helices 

considered in variable lattice periodicities which is close to the 

experimental system. This is because it is difficult to 

numerically model the large inconsistencies and non-

uniformities in lattice periodicity of the helices. Moreover, the 

near-field effects in NPs of a single helix predominantly 

contributing towards the multipolar contributions, which is a 

major cause of the overall redshifted chiro-optical spectrum 

noted in the experimental system, can be effectively and 

conveniently modelled using a chiral arrangement of particles 

in a single strand of helix using PML BC.  
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Figure 5. Comparison of simulated results with experimentally measured CD transmittance (A) FEM calculations for Model 1 for studying 

the effect of variation of periodicity of the lattice unit on ∆T. Each spectrum is vertically translated by 1.4. (B) FEM computed CD 

transmittance for the standalone single strand of helix of Model 1. (C) Comparison of ∆T for the three computational models for a 

standalone single strand of helix in PML boundary condition showing red-shifted spectra due to the presence of ellipsoidal particles as the 

model evolves from Model 1 to Model 3 (D) Measured CD transmittance for Plus 1 sample at four different locations on the sample. 

 

Further, a direct comparison of this trend with the 

experimentally measured ∆T suggests that the values remain 

low for shorter wavelengths and increase for the longer 

wavelengths. The comparison of ∆T for the three 

computational models for a standalone single strand of helix 

in PML boundary is shown in Fig. 5C. To understand the 

increasing trend in the experimental ∆T spectra, we note ∆T 

spectra for Model II which significantly redshifts compared to 

Model I. The noted redshift could be explained as follows. In 

ellipsoidal NPs which are present in Model II, due to the 

anisotropic dimensionality, the resonances for oscillations will 

be different along major and minor axes of the ellipsoids. In a 

random arrangement of a large number of ellipsoids, the 

resonance along the major axis of ellipsoids is located at a 

longer wavelength [89]. Further, since the nanoparticle 

volume increases for ellipsoids compared to spherical NPs, a 

redshifted and a broadened plasmon band is noted as a result 

of stronger interparticle dipole–dipole interactions and larger 

absorption coefficient of the ellipsoids. This also explains the 

large differential transmittance response noted at higher 

wavelengths in both models due to the interaction of the 
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chirally arranged ellipsoids with the two contrasting states of 

the incident circularly polarized light.  

We next consider Model III which largely consists of 

ellipsoidal particles and note that the ∆T spectrum is redshifted 

even further and the bisignate chiro-optical signature at ~ 700 

nm becomes less evident and a visually broadened spectrum 

is noted. An analytical computational study has been done to 

generate 110 iteration models of Model III which consist of 

tightly confined NPs in r/a<3 regime and CD transmittance of 

the 110 iteration cases were numerically computed. For each 

iteration, the radius (bi), randomly generated orientation (Өi) 

uniformly distributed in the range (-𝜋, 𝜋) and randomly 

generated axial ratios (ARi) uniformly distributed in the range 

(1.2, 1.5), the corresponding major (ai) and minor (bi) axes for 

all 16 ellipsoidal NPs in arc lengths L1 and L2 are obtained 

along with the computed center-center distance values (ri); i is 

the NP index. While performing the random number 

generation of Өi and ARi, also resulting in random values of ai 

and bi, the geometrical parameters of the helical template were 

fixed (p = 270 nm, w = 120 nm and d = 100 nm). Further, all 

4 possible values of r/a between adjacent NPs, say NP(i) and 

NP(i+1), are calculated using the corresponding ai and bi 

values between the NPs (ri/ai; ri/bi). The iteration averaged 

plot of Model III in Fig. 5C is obtained from averaging the 

response from 110 FEM simulations. The sign of the 

chiroptical response is seen to change in ~ 600-670 nm which 

could occur because of changes in interference conditions 

between the incident optical excitation with the randomly 

oriented oscillating dipoles formed by AgNPs and the induced 

electric field of AgNPs due to the incident excitation which 

could be different from what is noted when λ > 670 nm. It is 

noted from the electric field distribution and current density 

(not shown here) through the assembly of AgNPs that there is 

a distinct surface redistribution of the energy of the multipoles 

excited in the helicoidal assembly of nanoparticles due to the 

incident excitation at lower wavelengths (612 nm and 640 nm) 

where the CD spectra exhibits a sign reversal. Further, a direct 

comparison of the measured and calculated values of absolute 

transmittance is shown in Fig. 6A from which it is noted that 

the measured and calculated spectra are in close agreement. 

Further, the spectra for both the measured and calculated 

circular differential transmittance, ∆T (shown in Figure 6B), 

distinctively follows an increasing trend towards the longer 

wavelengths. While the redshift trend is noted both 

experimentally and in simulations, the exact spectral features 

in simulations and experiments could not be matched possibly 

due to residual silver deposition or other complex variations 

in geometrical parameters in the experiment.  

 

Figure 6. (A) Measured and calculated absolute transmittance. The 

calculated transmittance is obtained from one iteration case of 

Model III.  (B) Measured and calculated circular differential 

transmittance (∆T) response. 

Next, a histogram representing the weighted contribution 

of the consolidated r/a values from the randomly generated 

helix with ellipsoidal NPs is shown in Fig. 7 from which it is 

noted that the r/a values for the iteration cases are indeed 

within the limit of the experimental system (r/a<3) and thus it 

is confirmed that our computational model indeed considers 

the predominant multipolar contributions which are present in 

the actual experimental system. Further, the presence of 

ellipsoidal NPs in the film has shown to push the spectra 

towards higher wavelengths at which enhanced chiro-optical 

signal is noted due to the strong near field interactions between 

the large number of randomly oriented dipoles and that of the 

twisted nature [6], [90], [91], of the incident electromagnetic 

field. Additionally, the occurrence of several multiple peaks 

in the CD transmittance response at shorter wavelengths could 

possibly be explained by the existence of different plasmonic 

modes in the system. The numerical simulations studying the 

influence of the variations of the structural parameters of the 

dielectric helical template, i.e., pitch and width are presented 

in Fig. S2. We numerically investigated the effect of the 

variation of pitch and width of the helical template of Model 

2 in PML boundary condition on dissymmetry factor g. From 

the calculations on the effect of varying pitch with constant 
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width of 120 nm (Fig. S2(A)), it is found that the characteristic 

bisignate (dip-peak) nature of the chiro-optical signal at ~ 670 

nm becomes evident for stretched helices with pitch more than 

270 nm which is in agreement with the theoretical calculations 

established previously [92]. Further, from the calculations on 

width variation of the helical template with constant pitch of 

270 nm (Fig. S2(B)), it is noted that the bisignate nature of the 

chiro-optical signal becomes less dramatic as the width 

increases which could possibly be explained by the weakened 

NP-NP interaction in the helical strand, thus reducing the 

effect of the characteristic bisignate nature of the chiro-optical 

signal. 

 

Figure 7. Histogram representing the weighted contribution of r/a values obtained from an average helix on the sample for an iteration case 

of Model 3 for randomly generated Өi and ARi of the ellipsoids on the helix. 

 

Figure 8(A) show transmission spectra for the helix of 

Model 3 under LCP and RCP excitation. We note a 

dissymmetry in transmission distinctively at λ = 691 nm and λ 

= 758 nm which is revealed from g-spectrum, where the 

maximum values of g at the two wavelengths are 0.3 and 0.35, 

respectively. Figure 8(B) shows maps of normalized optical 

chirality density or enhancements of the local optical chirality 

in the helix under LCP or RCP excitation, given by �̂�𝐿(𝑅) =
𝐶

𝐶𝐶𝑃𝐿
, where the electromagnetic chirality density, C is defined 

as [93], [94] 

  𝐶 = −
𝜖0𝜔

2
𝐼𝑚(𝑬∗. 𝑩)  ( 2) 

where E and B represent complex field quantities, 𝜖0 is 

permittivity of free space and 𝜔 is angular frequency of light. 

CCPL represents optical chirality of the field in free space, 

given by 𝐶𝐶𝑃𝐿 = ±
𝜖0𝜔

2𝑐
𝑬0

2, where E0 is the incident electric 

field magnitude. The asymmetric redistribution of the chiral 

electromagnetic hotspots noted in the helical structure with 

ellipsoidal NPs due to the largely anisotropic nature of the 

plasmonic structure causes the large values of dissymmetry 

factor and thus resulting in enhanced chiro-optical activity. 

The theoretical limit of g is ±2. It is interesting to note that the 

experimentally realized values of g (see Fig. 2C, D) are as 

large as ~1.6, which is the largest reported for wafer scalable 

chiro-plasmonic samples till now. Further, when compared 

with the calculated dissymmetry factors for the helical 

structure of Model 1 (only spherical NPs), where although the 

enhanced chiro-optical spectra are comparatively blue-shifted, 

the calculated g values are also substantially high, even close 

to the theoretical limit. This further confirms that the 

predictions of chiro-optical response from the numerical 

simulations of the developed computational models are in 

close agreement with that realized experimentally. It is 

interesting to note that the spectral feature at 758 nm has an 

asymmetric profile. This asymmetric Fano line-shape could 

occur because of plasmon hybridization between the higher 

order multipoles excited in the ellipsoidal NPs when multiple 

ellipsoids in the overall assembly of NPs could align almost 

parallelly. The overlap and interference between the higher 

order multipoles excited along the long axis of the ellipsoidal 

NPs could result in the asymmetric line-shape. Also, it is noted 

that the resonance is not quite sharp which could possibly be 

due to a rather weak coupling mechanism which could occur 

between ellipsoids of disproportionate lengths in the 

extrinsically chiral assembly [95], [96].The information from 

the computational predictions and its concurrence with the 

experimental data is highly relevant for enantiomer selective 

identification and sensing applications since the wafer 

scalable nanostructured films considered in this study are 

inherently porous easily allowing the diffusion of chiral 

molecules in regions of enhanced chiral electromagnetic 

hotspots.  
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Figure 8. (A) Calculated transmission spectra of helix of Model 3 under LCP and RCP excitation and dissymmetry factor g. (B) Maps of 

local optical chirality enhancements on the helix under LCP and RCP excitation at λ = 691 nm and λ = 758 nm. 

 

4. Conclusions 

In summary with a computational model resembling the 

material system, we have numerically investigated and 

correlated the large experimental chiro-optical response from 

a wafer scale nanostructured film of ellipsoidal AgNPs on 

unseeded aperiodic dielectric silica helices. While the 

previous computational models in literature have studied 

variations of individual design parameters, the chosen 

computational model of an intrinsically chiral dielectric helix 

with ellipsoidal particles considers almost all variabilities in 

terms of morphologies of particles, silica helical template and 

aperiodic helices due to unseeded substrate. We investigated 

the chiro-optical response of chirally arranged ellipsoidal 

AgNPs in tighter confinement (r/a<3) and thus our 

computationally evaluated findings of the large chiro-optical 

response incorporating the predominant multipolar 

contributions of the plasmonic interactions conform well with 

the measured material system. Our findings on the 

computational investigations and their close correlation with 

the experimental observations on the large chiro-optical 

response of the highly wafer-scalable films incorporating a 

simple fabrication technique contribute to the understanding 

of complex multipolar response in chiral light-matter 

interactions. 
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