RESEARCH ARTICLE

ADVANCED
PHOTONICS
RESEARC

pen Access,

www.adpr-journal.com

Collectively Enhanced Giant Circular Dichroism of
Germanium Nanohelix Square Lattice Arrays

Giinter Ellrott, Paul Beck, Vitaliy Sultanov, Sergej Rothau, Norbert Lindlein,

Maria Chekhova, and Vojislay Krstic*

Circular dichroism is a unique chiroptical signature of the chirality of a system
and is a prevalent way to characterize and distinguish systems on a fundamental
level and for their technological applicability. Thus, engineering and maximizing
the chiroptical response of a single chiral object or a metasurface composed of
chiral entities is a formidable task. Current efforts strongly focus on individual
metallic nanostructures and their periodic ensembles to harvest on (resonant)
plasmonic properties and interactions. This route, however, waives the advan-
tages of high-refractive-index nanoscale materials embracing low dissipative
losses at optical wavelengths and electromagnetic fields penetrating and prop-
agating in such materials. Herein, a strong circular dichroism is demonstrated in
square lattices of nanohelices made of the high-refractive-index semiconductor
germanium, with dissymmetry factors outperforming metal-based ensembles.
The observation of a much higher dissymmetry emerges for illumination with

polarizers® " and in related applications
such as metalenses">'*! and metahologra-
phy." Specifically, in comparison to solely
2D structured metasurfaces, 3D chiral
metasurfaces are highly intriguing. Such
types of systems are made of periodically
ordered individual chiral entities with sub-
wavelength spacings and can be envisioned
to have enhanced optical performance and/
or novel (quantum) functionalities!>~#
compared to their 2D counterparts.
Currently, glancing angle deposition
(GLAD) approaches are frequently used to
manufacture 3D chiral metasurfaces'®>"
with a focus on plasmonic materials, such
as, for example, gold,”? silver,”**Y or

spatially coherent light, in comparison to spatially incoherent light. High dis-
symmetry is attributed to cooperative coupling between single helices, resulting
from the combination of dielectric resonances of both the individual helical

building blocks and the highly ordered lattice.

1. Introduction

The interaction between chiral systems and light ignites contin-
uous interest and is actively investigated.'* Composite materi-
als consisting of chiral constituents are of particular interest as a
platform to study light-matter interaction. Chiral metasurfaces
are one type of such materials exhibiting circular dichroism
(CD), which makes them, for instance, usable as thin circular
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nickel."?) That is, the optical properties
of these systems are mainly determined
by chiroplasmonic mechanisms and
responses of the individual entities, which
can be resonantly excited upon illumination
with circularly polarized light.[?®!

However, using optical resonators made
from high-refractive-index semiconductors
like germanium or dielectrics as building blocks for 3D chiral
metasurfaces can provide significant advantages compared to
their plasmonic counterparts. This includes low dissipative
losses at optical wavelengths,*”) the circumstance that the elec-
tromagnetic field can penetrate into and propagate within the
material and the chiral structure allowing for simultaneous exci-
tation of (localized) electric and magnetic di- and multipole
modes.”® Therefore, near-field enhancement of both electric
and magnetic fields is expected in the volume of the material
in addition to any surface-related contributions. While there have
been reports on structures made from insulators such as Si0,°
or semiconductors®?*=? by GLAD, the cooperative CD response
was not addressed albeit this can be expected to boost the
metasurfaces’ performance. Germanium as a material for obli-
que vapor deposition has been investigated as a method for
columnar growth,?'** however, not to achieve helical structures.

In this work, we report on the CD at visible wavelengths of
germanium nanohelix square lattice arrays on transparent sap-
phire substrates grown by GLAD and disclose the underlying
cooperative character of the chiroptical response by separately
measuring CD for both spatially coherent and incoherent light.
The physical separation (void) between two neighboring nanohe-
lices in an array is about an order of magnitude smaller than for
all wavelengths used (subwavelength range) and the feature sizes
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of the helical structures are in the ~100 nm range. It is notewor-
thy that at these helical feature sizes one reaches already into the
quantum realm considering the excitonic Bohr radius in Ge,
which is generally taken as 24.3 nm.**>#!

Different lattice periods and helical pitches were used to inves-
tigate their influence on the CD when using spatially coherent
and incoherent light illumination. The use of such two light sour-
ces allows for tracing the coupling between the individual helices
as in the incoherent case the small coherence area limits the
number of helices for collective interaction, while using a spa-
tially coherent light source allows strong coupling among many
of them. That is, the respective cooperative behavior can be
unveiled by qualitative and quantitative differences in the CD
wavelength dependence using the two types of measurements.
We demonstrate that the dissymmetry factor employed to quan-
tify the CD boosts in the spatially coherent case and also exceeds
that of most other known 3D chiral metasurfaces even for inco-
herent light. Furthermore, we corroborate our experimental find-
ings by electrodynamic finite-difference time domain (FDTD)
simulations. These findings represent the first steps in the direc-
tion of high-performance 3D dielectric chiroptical platforms.

2. Results

2.1. Germanium Nanohelix Square Lattice Arrays

The manufacturing of 3D chiral metasurfaces is often hindered
by a lack of control to produce highly ordered, scalable 3D struc-
tures. Standard manufacturing techniques, such as UV or
electron beam lithography, only allow good control of 2D.
Other techniques, such as direct electron beam-induced deposi-
tion®" or stacking of individual achiral structures,”***!! have a
very limited throughput which makes them unsuitable for
manufacturing large areas. GLAD enables fast manufacturing
of spatially extended metamaterials while maintaining control
over 3D.1*? In this technique, the shadowing effect enables con-
trolled deposition of various structures. It has been shown that
unseeded self-shadowing leads to (continuous) helical films with
randomly arranged and often collapsed structures, while highly
uniform individual structures arranged in a well-defined periodic
way can be grown exclusively when using a suitable seed prepat-
terning of the substrate.”” Typically, high-melting-point mate-
rials require active substrate cooling during growth. Here we use
a more advantageous approach based on local passive thermal
shielding,"®! enabling the production of well-defined chiral struc-
tures with sub-100 nm feature sizes. Moreover, this approach is
in principle integrable into existing manufacturing processes
due to its passive nature. A schematic of the growth of helical
nanostructures using GLAD and a top-down view on an array
is shown in Figure 1 (top row; see Experimental Section). The
middle and bottom rows of Figure 1 display scanning electron
microscopy (SEM) images of individual germanium helices
grown in arrays of different lattice spacing (lateral distance
between the helices) Is on sapphire and mechanically removed
for imaging. Two different sets of samples have been grown, with
helical pitches of 180 and 360 nm, respectively, and two full turns
each. The seed height and diameter were kept constant for all
samples (see Experimental Section). The quality of the helix
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arrays indicates that sapphire is a suitable substrate for the
employed passively cooled GLAD process.["")

The middle row in Figure 1 displays right-handed (D) helices
with a pitch of 180 nm. From left to right, I increases from 150 to
450 nm. The helix wire diameter increases for larger Is, despite
the same seed dimensions. Eventually, the helical shape disap-
pears at lg =450 nm, and the structure consists of vertical col-
umns instead of helices. The bottom row in Figure 1 shows
the SEM images of D-helices with 360 nm pitch. At an Ig of
150 nm, the individual helices of the array appeared rather thin
and coarse and by large collapsed. Instead, at 300 nm spacing, the
360 nm pitch helices appear to be best defined. At the largest Is of
450 nm, a thickening of the wire a helix consists of can be
observed again as in the case of 180nm pitch helices with
450 nm lattice spacing. The changes observed with the lattice
spacing can be explained by the reduction of the effectiveness
of shadowing between seeds during growth at with larger Is.
That is, for each individual seed, the shadowing by nearest-
neighbor and next-nearest-neighbor seeds is reduced with grow-
ing Is leading to more material being deposited locally at each
helix growth site.

2.2. Circular Dichroism: Transmission Dissymmetry Factor

To disclose single-helix and collective contributions to the overall
observed response, we perform two separate CD measurements.
First, we employ a spatially incoherent thermal white light source
(see Experimental Section) to gather the chiroptical response of a
single nanohelix or a small group of them. Second, on the same
sample, we use a spatially coherent supercontinuum white light
source to obtain the full cooperative chiroptical response. In both
setups, a linear polarizer (LP) and a rotatable quarter waveplate
(QWP) are used to prepare the incident left- and right-circularly
polarized light. As a measure for CD, we use a transmission dis-
symmetry factor g, defined as

AT -Tw) 0
&= T+ Tr
with T; and Ty denoting the transmitted intensity of left
and right circularly polarized incident light, respectively.l*>**
The maximum modulus of g is 2. The normalisation factor
T1 + Ty accounts for the total transmission. This definition is
similar to the so-called Kuhn’s factor, which is based on
absorbance instead of transmission, requiring the simultaneous
measurement of transmission and reflection combined with
normalization to the incoming light power.?

2.3. Circular Dichroism Response with Spatially Incoherent
Thermal Light Source

The experimental scheme for the measurements with the spa-
tially incoherent light source is shown in Figure 2a. The light
passes through a monochromator to continuously vary the wave-
length from 550 to 750 nm. After transmission through the sam-
ples, the light is captured by a camera with the pixel values in the
image proportional to the transmitted intensity. Figure 2b shows
an exemplary measurement of the transmission dissymmetry
factor g for D- and L-helices with a pitch of 360nm and
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Figure 1. Schematic GLAD process and Ge helices grown on sapphire. Top row: Principle of nanohelix array growth by GLAD. The rightmost panel shows
an exemplary SEM image of an array of D-helices with a pitch of 360 nm and a lattice spacing Is of 300 nm. The original rectangular pattern of the seeds is
clearly visible after growth. The nanohelices are well defined and closely packed, and, importantly, individually free standing. Middle row: Ge nanohelices
with 180 nm helix pitch and two turns. I5 increases from left to right as 150, 235, 300, and 450 nm. The major diameter is 100, the wire thickness is 60 nm
for helices with the lowest spacing and increases up to 90 nm for large spacings (all helix dimensions are subject to 10-15% experimental variation).
Bottom row: Ge nanohelices with 360 nm helix pitch and two turns. Is increases the same way as for the middle row. All scale bars are 100 nm. The major
diameter is 190 nm. The wire thickness increases with spacing from 60 to 90 nm (all dimensions are subject to 10-15% experimental variation).

ls=300nm (all other data summarized in Supporting
Information). The standard deviation is obtained (light gray)
from the camera image of four individual fields each consisting
of ~2500 pixels. As expected, helices of opposite handedness
show dissymmetry factors of the same magnitude and inverse
signs. Over the observed wavelength range, a maximum can
be seen at 710+5 nm, with a slow increase from 550 to
700 nm and a steep decline toward 750 nm.

In Figure 2c, we compare the measurement shown in
Figure 2b to classical electromagnetic FDTD simulations, where
we consider on the one hand the case of an infinitely extended
array of nanohelices and on the other hand a single helix. The
maximum value of the dissymmetry factor is much larger for
the infinite array than for the single helix. This can be attributed
to an enhanced chiroptical response due to coupling among the
helices in the highly ordered lattice and collective resonances
emerging in the infinite array. Further, the maximum value of
g can be found at different wavelengths for the two cases, which
in the case of the single helix leads to a maximum lying outside
the experimental wavelength range. The curve corresponding to
the experimental data is located between the two extreme cases
considered in the simulation though closer to the single-helix
case. This is expected as collective effects are caused by the inter-
action of a small number of helices. However, this number is
limited by the coherence area of the used light source. In the
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following, the full cooperative behavior of the helix arrays is
examined using a supercontinuum light source.

2.4, Circular Dichroism Response with Spatially Coherent
Supercontinuum Light Source

The measurement approach with the supercontinuum source
(Figure 3a; see Experimental Section) is similar to the one for
the thermal light source described earlier. After preparation of
the circular polarization state, a spatially coherent beam of light
from the supercontinuum source is focused onto the sample.
The resulting focal spot has a diameter of around 100 pm.
Here, we note that in combination with the supercontinuum
peak pulse power of 50 mW employed in the experiment, the
maximum field strength in the focal plane is limited to about
5 x 10* Vm ™!, Therefore, we can neglect the contribution of
any nonlinear effects to the optical response of the nanohelix
arrays.

The transmitted light is captured by imaging the sample plane
onto a CCD camera. The wavelength is varied from 520 to
800 nm, while taking a CCD image at each step to record the
spectral transmission of left- and right-handed circularly
polarized light (Figure 3b). The total transmission is obtained
by integrating over the red dotted square, corresponding to an
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Figure 2. Measurement of transmission dissymmetry factor as a function of wavelength with spatially incoherent thermal light. a) Left: lllustration of the
circular dichroitic action of a nanohelix array. The arrows indicated the polarization of the incoming (top) and transmitted (bottom) light. Right: Schematic
of the setup. Specific wavelengths are selected by a monochromator using white light from a thermal source. The selected light/wavelength is then
circularly polarized using a horizontal LP and a QWP. b) g for an L- and D-helix array with 2 turns of 360 nm pitch and an Is of 300 nm. The major
diameter of each helix is 2190 nm. The wire thickness is 260 nm. Opposite handedness of the helices leads, as expected, to inverted signals. Shadow
regions denote the standard deviation of the signals collected from four different fields. c) Comparison of the same measurement as in b to classical
electrodynamics simulations considering a single helix and an infinite array, respectively. Neither simulation fits the observed results, indicating a local
collective effect being present but limited by the spatial incoherence of the light source.

area of 42 x 42 ym”. We chose this size because in the edge
region of the 100 x 100 pm? field helices are imperfect, although
incomplete helices are only present within 15 pm from the edge.
The 42 x 42 ym?* window is taking twice this edge region into
account. The approximation of an infinitely extending array is
still justified at a 42 pm size, as the lattice spacings are two to
three orders of magnitude smaller. Arrays with different Ig
and helical pitches of 180 and 360 nm (Figure 3c,d, respectively)
were studied. To prove the reproducibility of both the measure-
ment and the fabrication procedure, we perform measurements
on multiple arrays of the same I5 and pitch and both handed-
nesses. In order to simplify the comparison in terms of CD
dissymmetry, we take the average value of the transmission
dissymmetry factor of several structurally equivalent L- and
D-samples. For this average g, the statistical standard deviation
is then determined and indicated as a gray shadowed region
around the black curves in Figure 3.

Adv. Photonics Res. 2023, 4, 2300159 2300159 (4 of 8)

The data in Figure 3 clearly demonstrate that the spectral
shape and the maximum of the dissymmetry factor strongly
depend on both I5 and helix pitch. That is, it is possible to tune
the array response via the variation of these parameters. We also
find g values of up to 1.4, which is remarkably high considering
that 2 is the absolute physical maximum for the dissymmetry
factor (cf. Equation (1)). In particular, the measurements reveal
an exceptionally strong and broadband chiroptical response of
the majority of the nanohelix arrays.

Figure 3c,d also shows the results of the classical electrody-
namic FDTD simulations (orange curves), in which we consider
an infinitely extended periodic array of helices illuminated by a
circularly polarized plane wave. The first approximation is valid
because the arrays are much larger than the wavelength of the
light and the illuminated area spans several hundred unit cells.
The planewave approximation can be justified by the fact that the
beam is weakly focused to a spot slightly larger than the size of
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Figure 3. Measurements of the transmission dissymmetry factor as a function of wavelength with a spatially coherent supercontinuum source.
a) Experimental setup for the supercontinuum source. White light originating from the source is passed through an AOFT, then a LP, and a QWP
prior to illuminating the sample. The transmitted light is collected with a charge-coupled device (CCD) camera. b) Exemplary CCD images for an
L-helices array with a pitch of 360 nm and Is =450 nm, recorded at a wavelength of 730 nm (I/rhcp = left-/right-handed circular polarized light).
The area of the full array is indicated by the white rectangle, while the red square corresponds to the region considered to obtain the transmitted intensity.
To limit unwanted influence from edge effects, the observed area was limited to a 42 by 42 um? region (red square). c,d) Comparison of measured (black
curves) and FDTD simulation (orange curves) data of g for arrays with (c) 180 nm and (d) 360 nm helical pitch at different Is. We perform measurements
on multiple arrays of the same Is and pitch and both handednesses to calculate g of two arrays of L- and D-helices (gray shadowing corresponds to the

standard deviation). The orange curves correspond to FDTD simulations

the arrays using a lens with a focal length of 100 mm. We also
accounted for the noise in the experimental data (cf. Supporting
Information). This noise originates from the camera noise and
from scattering and diffraction of light by the edges of the helix
arrays. The latter results in polarization-independent transmis-
sion. To account for this, we consider a noise level of 10% relative
to the maximum transmission (orange curves). As the actual
noise level can strongly vary from sample to sample, we took
the value of 10% as a rough conservative estimate for all arrays.
As expected, this leads to a decrease of g in the short-wavelength
range, where the transmission of germanium is significantly
reduced due to a strong absorption at wavelengths below
~600nm. The results of the simulations including noise are
in part in reasonable agreement with the experimental data.
The deviations between the purely electrodynamic simulation
and experiment can thus on one hand be attributed to potential
influence of quantum-related interactions on the subwavelength
scale and energetic quantization of charges in the nanoheli-
ces.[*>*% Also, the surface roughness of the fabricated helices
is not accounted for in the simulation. The actual dimensions
and thus also the spacing of the helices are not perfectly uniform
across the entire array, as shown in Figure 1. Finally, the experi-
ment differs from the simulation regarding the spatial extent of
the array. The number of array periods considered in the experi-
ment is on the order of 100, while in the simulation, the array is
perfectly infinite. Despite this being a very good approximation to
the real-world situation, the finiteness of the array in the
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including a relative noise of 10%.

experiment certainly influences the spectral distribution of the
dissymmetry. That is, despite being a good approximation to
the situation in the experiment, the FDTD simulations do not
encompass all aspects of the latter. Nevertheless, modeling
allows to gain insight into qualitative expectations in the differ-
ence of chiroptical response when using spatially coherent and
incoherent light illumination and enables to spot in the experi-
mental results deviations from a purely electrodynamic picture.
Further details regarding the numerical methods can be found in
the Supporting Information.

3. Discussion

We observe chiroptical activity from both spatially coherent and
incoherent illumination of the helix arrays. However, the dissym-
metry factor obtained for illumination with spatially coherent
light is markedly larger. In particular, a giant dissymmetry factor
of up to 1.4 + 0.05 can be achieved in the case of spatially coher-
ent illumination. This is a witness of an enhanced cooperative
response, that is, increased coordinated coupling between the
resonances of the individual helices. The results obtained with
the supercontinuum source match the FDTD simulations for
infinite arrays better than the ones obtained with the thermal
light source. This further strengthens the conclusion that spa-
tially coherent illumination that leads to an enhanced collective
coupling between the individual helices.
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To put the observed magnitudes from this work into perspec-
tive, a comparison to different 3D structures exhibiting CD
reported in literature is summarized in Figure 4.0%2%**7] Tg
allow for comparison between different works, we introduce
here the dissymmetry factor gy, serving as a figure of merit
(cf. Supporting Information). In essence, it is the transmission
dissymmetry factor at a hypothetical material thickness of
1000 nm, deduced on the basis of the reported experimental data
a structure with its specific dimensions shows and accounting for
the physical nonlinearity and modulus limit of 2 of the transmis-
sion dissymmetry factor as per Equation (1).

The g0 values in Figure 4 demonstrate that our arrays
surpass the performance of GaAs-based chiral semiconductor
metastructures.” Remarkably, already under incoherent light,
the dissymmetry factor of Ge nanohelix arrays is clearly
larger compared to plasmonic metamaterials. Under spatially
coherent light, they outperform them with values close to
Z1000 = 2.22%*>* This is extraordinary considering the absence
of plasmonic field enhancement in the employed Ge structures
which are governed by volume dipoles and multipoles. It should
be noted that Ge can be considered as a high-refractive-index
dielectric governing the resonant behavior of the individual heli-
ces. This is in stark contrast to metallic nanostructures, for which
the resonances and the resulting electromagnetic field enhance-
ments are of plasmonic nature.**) The observed broadband
enhancement of CD is thus attributed to a combination of
resonant excitation of the individual helices and an increased
cooperative response due to the highly ordered subwavelength
arrangement. Specifically, the latter could be shown to be
strongly influenced by the choice of lg and helical structural
parameters.

All these points show that our Ge nanohelix arrays represent a
periodic assembly of dielectric chiral resonators. The periodic
arrangement of the helices enables coordinated coupling among

20 T T ; . ; . i
c
o ¢
1.6 o J
o 12¢ \ |
(=3
o
S L
08F i 4
Z plasmonic
\ 7 7
04t o 7/ 7
' Ge other e ® b
nanohelix semicon- 7 ® 7
0.0 ) ;oo ductprs i,

Geygy, Ges, GaAs Au  C/Au  C/Pt  CIPt
material for metastructure

Figure 4. Comparison of maximum unit-length normalized transmission
dissymmetry factors to similar 3D metastructures made of different mate-
rials. Points noted with ¢ are results obtained using coherent incident
light,®*”! i denotes incoherent light.®?2**l The red area are results pre-
sented here with 2 turns of 180 and 360 nm pitch (indicated by index).
The green area shows results obtained from other semiconductors, with
the highest resulted value corresponding to g,og9 = 0.75. The blue area is a
summary of results obtained from plasmonic materials. The g;q5 Was in
the range of 0.1-0.5, whereas our germanium arrays display a much larger
effect even with incoherent light.
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them upon illumination with spatially coherent light. The emerg-
ing collective resonances strongly enhance and modify the
chiroptical response of the array. It might also be considered that
each individual helix within the lattice acts similar to a quantum-
dot-like entity embedded in a resonant structure formed collec-
tively by the crystal constituents*® (surrounding helices).

4, Conclusion

We have demonstrated that Ge nanohelix square lattices, consist-
ing of physically subwavelength packed, highly ordered, and
free-standing individual nanohelices with different helical
pitches and lattice spacing, show a strong chiroptical response,
which we quantified by the transmission dissymmetry factor. We
found values of dissymmetry of up to 1.4 which compete with
other comparable metastructures. The wavelength at which
the maximum dissymmetry can be found depends on both helix
pitch and lattice spacing. Noteworthy, the dissymmetry factor is
high across a wide wavelength range. This characteristic makes
our Ge nanohelix arrays an extremely promising candidate for a
nonplasmonic 3D metamaterial technology platform.*~'* The
dissymmetry factor is much higher for illumination with spa-
tially coherent light from a supercontinuum source, compared
to spatially incoherent illumination. Therefore, the strength of
the CD response in our samples is predominantly attributed
to the cooperative enhancement of chiral dielectric resonances.
The arrays investigated can be considered as periodic assemblies
of chiral nanocavities, with an intracavity electromagnetic field
distribution depending on the handedness of light and helix.
The restricted resonator volume leads to both strong confine-
ment and enhancement of the electromagnetic fields, augment-
ing the strength of light-matter interactions. Besides that, the
comparison of the classical FDTD calculations with the experi-
mental data suggests the presence of additional quantum-related
effects including the subwavelength range.

5. Experimental Section

Nanohelix Array Design and Growth: Sapphire substrates were prepared
for GLAD with a square lattice pattern of seeds. Seed patterning was done
using standard electron beam lithography and subsequent evaporation of
Ge. The seed height was 30 nm and the diameter 60 nm for all samples
produced. Sapphire offered good thermal conductivity (several tens of
W mK™"), optical transparency at visible wavelengths, and no optical activ-
ity. Thus, this substrate is an ideal choice for growing nanohelix arrays
without active substrate cooling and the subsequent use of such samples
for optical studies. The seed pattern design determined the spacing
between individual helices within the helix array after growth. As lattice
constants, we used 150, 235, 300, and 450 nm. During the GLAD process,
a passive heat shield techniquel® using standard UV resist was used to
protect the regions without seed patterning. The substrate was mounted
with its normal being at an angle of 88° to the incoming material in the
evaporation chamber on a rotatable mount with the rotation of the driving
motor adjusted in a feedback loop to the real time measured deposition
rate. The rotational speeds were varied such that helix arrays with two dif-
ferent helical pitches of 180 and 360 nm were grown.

Thermal Light Source Measurements: White light from a spatially
incoherent thermal source was sent through a monochromator to select
specific wavelengths. Radiation at a selected wavelength was then circu-
larly polarized using a horizontal polarizer and a QWP. The orientation of
the QWP was controlled by a measurement logic to automatically take
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images using a digital camera behind the device under test with both left
and right circular polarizations. The response of each pixel of the camera
could be individually detected. The layout of the setup is pictured in
Figure 1. Each pixel of the obtained images evaluated the dissymmetry
factor g independently and a histogram of all values gave a Gaussian dis-
tribution with the mean value and an error determined from the distribu-
tion’s standard deviation. The gray-and red-shadowed areas around the
curves in Figure 2b corresponded to the resulting standard deviation of
these measurements.

Supercontinuum Light Source Measurements: To generate light with a
large coherence area and tunable wavelength, we used a commercial
supercontinuum source (KOHERAS SuperK Extreme, EXU-6). The super-
continuum was generated by feeding a 1065 nm seed laser pulse into a
nonlinear photonic crystal fiber, using a repetition rate of 78 MHz and
a seed pulse length of 5 ps. The average power of the resulting supercon-
tinuum light was around 10 pW, resulting in a peak power of around
50mW. Weakly focusing the beam to a spot size of around
100 pm x 100 ym  resulted in a maximum electric field strength of
~5 x 10V m™". An acousto-optic tunable filter (AOFT) was used to select
the wavelength of the light. The resulting monochromatic beam, having a
diameter of approximately 1.5 mm, was passed through a LP and a QWP
to generate the desired circular polarization state. The beam was then
focused onto the sample, using a lens with a focal length of 100 mm,
and a focal spot size of 80 pm was achieved. That is, placing the sample
slightly out-of-focus allowed for adjustment of the spot size at the sample
position such that it could cover the entire array. After interaction with the
sample, the light was again collimated with a second lens. To facilitate
postprocessing, the sample plane was then imaged onto a CCD camera
using an additional lens. Measurements were performed on two arrays
with L-helices and D-helices for each array period and pitch, 32 measure-
ments in total, to prove the repeatability of sample fabrication and mea-
surement technique. The gray-shadowed areas in Figure 3c,d corresponds
to the resulting standard deviation of these measurements.
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