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Chirality plays a crucial role in our everyday lives. Many biomolecules are
handed and the associated biological processes rely on their handedness. Thus,
chirality is investigated intensely, also because of the fundamental and inherent
interest in the concept of chirality. However, virtually all studies are performed
on large ensembles of chiral objects, which obstructs the contribution of the

individual particle. Hence, it is highly desirable to study individual chiral objects.

Here, it is shown how to measure chiroptical spectra in the visible spectral
range of left- and right-handed C, symmetric single plasmonic nanoantenna
ensembles, which are termed oligomers. The two-layered oligomers are fabri-
cated by top-down electron beam lithography to offer a high degree of structural
control. Dark-field scattering spectroscopy as well as correlative scanning elec-
tron microscopy are utilized to study the influence of structural arrangement
and individual shape on the optical properties of a single plasmonic oligomer.
Even minute structural differences, which cannot be resolved in scanning
electron microscopy, manifest themselves in clear differences in the chiroptical
response. The results play an important role for further investigations and

dispersion. In general, these two quantities
are Kramers—Kronig related.’! Both effects
can be utilized to study chiral molecules,
with circular dichroism spectroscopy being
the most commonly used. Chirality is a
powerful method to analyze the 3D confor-
mation of molecules as it is an intrinsically
3D property. CD spectra can help to unravel
the secondary structure of proteins, which is
ultimately responsible for the interaction of
proteins and for the biologically and physi-
ologically relevant processes.! That said, it
is obvious that the exact conformation of a
molecule and the differences between the
molecules of an ensemble are of paramount
interest. However, in chemistry and biology
the CD of many molecules is measured in a
solution with a CD spectrometer, as the CD
response of a single molecule appears to be

optimizations in design, fabrication, and measurements of single plasmonic
enantiomers but also on the way toward single chiral object sensing.

1. Introduction

Chirality is one of the most prominent principles in nature.
Among the fundamental building blocks of living matter are
proteins and nucleic acids as the carrier of genetic information.
Both contain handed structures. Proteins are interlinked amino
acids whereas nucleic acids consist of nucleotides, of which
both classes feature right- or left-handed entities.

A significant amount of scientific research is consequently
devoted to chiral objects. The interest in chirality is not limited to
chemistry and biology but also extends to physics. Apart from dis-
tinct molecular interactions between handed molecules, chirality
can also manifest itself optically." This chiroptical response is
in fact the most straightforward way to analyze and study chiral
systems. Chiral objects show different absorption of left- and
right-handed circularly polarized light, which is called circular
dichroism (CD). Solutions of chiral molecules are also able to
rotate the plane of incident linearly polarized light depending
on their respective handedness, the so-called optical rotatory
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too small to be determined. This measure-
ment scheme obstructs the contribution of
the individual molecule and thus does not
allow for single molecule based secondary
structure investigations.

In recent years, researchers have been intensely studying
chiral plasmonic systems.’'2 A plasmon is the collective
oscillation of the quasi-free conduction electrons in a metallic
nanoparticle. Such plasmon resonances have large resonant
light interaction cross sections which allow for the detection
and measurement of single nanostructures. What is more,
the locally enhanced near-fields associated with the plasmon
resonance allow to couple adjacent nanoparticles and create
plasmonic molecules of nearly arbitrary complexity. Due to
advances in the top-down techniques related to micro- and
nanofabrication, we are able to structure such systems in two
and three dimensions nearly at will.l'>-%*] Additionally, bottom-
up techniques, such as DNA-mediated self-assembly,'®-2%] even
allow for switchable chiral structures.?'~281 Two aspects are of
particular importance here: On the one hand, the tunability
of these systems allows studying the properties of chirality in
great detail while having full control over the chiral plasmonic
structures,?>3% which is in stark contrast to molecular systems
whose structures cannot be manipulated easily. On the other
hand, researchers are searching for interactions between chiral
(bio)-molecules and chiral plasmonic molecules which could
lead to decreased detection limits.}1-36]

In all the mentioned cases, it is of large interest to study
single structures and unravel the influence of even minute con-
formational differences or to track changes in time on a single
structure level. Dark-field scattering spectroscopy has been
widely used to measure the (chiral) optical response of single
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plasmonic molecules or particles,?’% such as extrinsically
chiral systems,*!l self-assembled 3D structures,*>*31 or litho-
graphically prepared planar chiral nanostructures.** Here, we
show that this concept is also applicable for the characterization
of single chiral plasmonic molecules by analyzing the influence
of structural defects on the chiral optical response. We find that
even minute structural differences lead to significant changes
in the chiral optical response which underlines once again the
unique ability of chiral plasmonic structures to encode their 3D
conformation into optical scattering spectra.

At this point, we must stress an important difference
between our plasmonic system and solutions of chiral mol-
ecules. The top-down fabrication of plasmonic nanostructures
leads to a structural ordering of the resulting chiral plasmonic
molecules which is ultimately induced by the surface on which
they are fabricated. Depending on the arrangement of the indi-
vidual nanostructures the overall arrangement can be biaxial.
Consequently, the intrinsic chiral response of the nanostruc-
tures might be masked and overlaid by linear birefringence. In
many experimental studies on chiral plasmonic systems, the
structures have thus been arranged in, for example, a C4 sym-
metric lattice.?**~#] Such an arrangement renders the overall
structures uniaxial and thus suppresses linear birefringence.
It is interesting to note, however, that the underlying biaxiality
is in fact due to the individual nanostructure. Every individual
chiral nanostructure exhibits distinct scattering properties for
excitation with different linearly polarized incident light, thus
being biaxial or even triaxial (when taking all three dimensions
into account).?®*! The suppression of in-plane polarization
conversion in a lattice arrangement is therefore in fact real-
ized by creating a C, symmetric unit cell. For obvious reasons,
such an effect cannot be observed in solutions of molecules.
Here, the orientation is purely random and the measured
CD response is solely caused by the chiral properties of the
molecules.

Interestingly, even for a single chiral molecule on an inter-
face, the orientation will play an important role and it will
most probably not be possible to measure the CD response of
such a single molecule. As soon as one immobilizes a chiral
structure on an interface, the different optical properties of
the molecule under excitation along the distinct molecular
axes will cause additional contributions to the signal.l?l How-
ever, as mentioned, an arrangement of chiral structures can be
rendered uniaxial. For single chiral structure investigations, it
is indispensable to take these effects into account. The most
straightforward way is to suppress linear birefringence in cre-
ating a C, symmetric cell consisting of four chiral molecules or
subgroups.

2. Results and Discussions

The enantiomers of our single plasmonic oligomer are shown
in Figure 1a. They consist of four chiral quadrumers rotated
by 90° with respect to each other.[*l This arrangement renders
the single oligomer uniaxial and thus suppresses the afore-
mentioned contributions due to polarization conversions, as
discussed above. A quadrumer—the fundamental building
block—consists of three gold disks in the first (lower) layer and
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Figure 1. a) Schematic representation of the enantiomers of a single
plasmonic oligomer in C;, symmetry. The left-handed structure is shown
in the upper picture and is marked in red, whereas the right-handed struc-
ture is shown in the lower picture and is marked in blue. The oligomer
consists of four identical chiral quadrumers rotated by 90° with respect
to each other. b) Sketch of the measurement setup. Light from a high-
intensity white light source passes through a polarizer and a quarter wave
plate (QWP) to create left-circularly polarized (LCP) and right-circularly
polarized (RCP) light. A dark-field condenser is used for illumination, the
objective collects only scattered light which is sent into a spectrometer.

one gold disk in the second (upper) layer. The diameter of all
disks is 100 nm. The position of the upper disk can easily be
changed to obtain the two enantiomers as well as the achiral
oligomer. The structures are fabricated by standard two-layer
electron beam lithography. First, a 70 nm thick dielectric layer
(PC403, JCR) is spin-coated on a glass substrate (1 x 1 cm?).
Afterward, a two-layer positive tone resist system (poly(methyl)
methacrylate, 200K and 950K, Allresist) is spin-coated followed
by electron beam exposure (Raith eLine Plus) to define the first
layer of the single oligomers. After development, a 3 nm Cr
adhesion layer and a 40 nm gold layer are deposited by elec-
tron beam evaporation. After a lift-off process in a commercial
n-ethyl-2-pyrrolidon (NEP)-based remover (Allresist), another
70 nm thick dielectric layer is spin-coated. The second layer is
fabricated in a subsequently aligned electron beam lithography
step, followed by development, Cr and Au evaporation, lift-off,
and a final spin-coating of a 70 nm dielectric layer to end up
with a fully embedded gold structure. The distance between
neighboring single oligomers is 8 um.

A modified dark-field transmission microscope (Nikon
Eclipse TE2000-U) combined with a grating spectrograph
(Princeton Instruments SP2500i) and a Peltier-cooled front-
illuminated CCD camera (Acton PIXIS 256E) is used to resolve
a single oligomer and to measure its scattering spectrum in
the visible and near-infrared spectral range (500-1000 nm).
The spectroscopy setup is schematically shown in Figure 1b.14]
Light from a high-intensity laser-driven plasma white light
source (Energetiq EQ-99) passes through a polarizer (Thor-
labs LPVIS100) and a broadband quarter wave plate (B. Halle
RAC 5.4.20) to obtain left-circularly polarized (LCP) and right-
circularly polarized (RCP) light. A dark-field condenser (NA
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= 0.8-0.95) cuts out the center cone of the primary beam
and focuses the light onto the sample. The positioning of the
single oligomers in focus is performed with a high precision
stage (Mirzhiuser SCAN IM 120 x 10). Due to the high NA of
the condenser and the resulting high angle of incidence, the pri-
mary light passes the objective (magnification 60x) and only the
scattered light from a single oligomer is guided into the spec-
trometer. The exposure time for each measurement of a single
oligomer is t., = 4 s. As a reference, we measure the LCP and
RCP scattering spectrum of a chemically roughened silica sub-
strate, which is assumed to give an isotropic and spectrally flat
optical response. Background correction is performed by taking
the average of ten dark measurements, when the entrance slit
of the spectrometer is closed and subtracting the resulting aver-
aged individual pixel intensity from each measurement.

Figure 2 shows the dark-field scattering signal in transmis-
sion of two exemplary single oligomers for circularly polarized
excitation. One left- and one right-handed single plasmonic oli-
gomer is illuminated with incident LCP (dashed) and RCP light
(solid). The spectra of the L-enantiomer are plotted in red, the
ones of the R-enantiomer in blue. The resonance position of
the left-handed oligomer is blueshifted by AA = 30 nm. This
effect is observed for all structures measured in this work.
Due to the small size of the nanoparticles, the energetic split-
ting between the coupled modes of the oligomers is strongly
reduced as compared to the near-infrared wavelength range and
thus the spectral signatures of these modes are no longer well
separated. This fact manifests itself in the “close-to-single-peak”
appearance of the scattering spectrum. For both enantiomers,
we observe clear differences for LCP and RCP excitation in
the wavelength region from A = 650 nm to A = 800 nm. For
comparison, the scattering spectra of the achiral structure are
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Figure 2. Scattering spectra of single plasmonic oligomers in C, sym-
metry, illuminated with LCP (dashed) and RCP light (solid). The reso-
nance position of the L-structure (red) is blueshifted by AA = 30 nm in
comparison to the R-structure (blue). The typical interchanging effect
from RCP to LCP light is clearly observed. In addition, tilted scanning
electron microscope (SEM) images of both enantiomers are shown
(30° tilting angle). The scale bar is 200 nm and valid for both images.
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plotted in Figure S1 (Supporting Information). Furthermore,
Figure 2 depicts tilted scanning electron microscope (SEM)
images of the two-layered left- and right-handed single oli-
gomers, demonstrating excellent structural control.

In molecular physics or molecular chemistry, CD is defined
as the difference in absorption of LCP and RCP light, namely,
as CD = Ajcp — Agcp. In our case, however, we are defining
the chiroptical measurement signal via scattering, that is, as
the difference of the scattering spectra measured with inci-
dent RCP and LCP light, namely, Sgcp — Sycp (this definition is
arbitrary with respect to the sign). Characterizing a chiroptical
response via differential scattering appears counterintuitive at
first sight. However, it needs to be stressed that molecular sys-
tems and plasmonic systems are very different with respect to
their interaction with light. Due to their small size compared
to the wavelength of light, molecules do only absorb light and
virtually no scattering can be observed. The difference in trans-
mission is thus fully determined by the difference in absorp-
tion (apart from a sign change). Plasmonic molecules on the
other hand absorb and scatter light. In fact, we can thus envi-
sion two distinct contributions in the chiroptical response of
plasmonic structures.’® One is related to absorption, one to
scattering. It has in fact been shown that even without near-
field coupling a purely scattering type chiroptical response
can be observed.P!l This behavior suggests that the chirop-
tical response of plasmonic structures is much richer than it
is for molecules. In any case, it underlines that our definition
of the measurement signal in this experimental study is rea-
sonable as absorption and scattering are known to contribute.
Thus, we expect to only measure part of the chiral response and
that absorption spectroscopy, which can also be performed on
a single nanostructure level, might reveal additional informa-
tion and insight.’?-4 Please note that we define the differen-
tial scattering as Spcp — Sicp, Whereas CD is Ajcp — Agcp. We
choose this difference in sign arbitrary. Nevertheless, we link
this definition to the relation between the absorption and scat-
tering cross section, which both contribute to the extinction
Cross section as Ouy = Oups + Occar

We plot in Figure 3 the differential scattering of 2 x 18 single
oligomers (18 left-handed and 18 right-handed structures). The
spectra are obtained by taking the difference between the indi-
vidual scattering spectra for RCP and LCP light (Sgcp — Sicp)-
The left panel shows the chiroptical response of 18 left-handed
single oligomers plotted in red and the right panel the chirop-
tical response of all 18 right-handed single oligomers plotted
in blue. We sorted the spectra in a waterfall plot depending
on their spectral motifs. Starting at the top with spectra where
the left feature at A = 680 nm is very pronounced, followed by
spectra where we observe two clearly distinguishable features,
we end up with spectra with a distinct feature at A = 780 nm.
All 2 x 18 structures are fabricated with nominally identical
parameters on the same sample. We clearly show that even
these nominally identical structures of each handedness show
considerably different chiral spectral features, which we ascribe
to minute structural differences due to fabricational tolerances.
However, the overall trend between all spectra of structures
with the same handedness is the same. Interestingly, despite
the significant structural differences between all particles we
find pairs of left- and right-handed single oligomers which
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Figure 3. Differential scattering (Sgcp — Sicp) spectra of 2 x 18 single oligomers (18 left-handed and 18 right-handed). Left-handed structures are
marked in red and right-handed structures in blue. We sorted the spectra depending on their spectral features. The offset between the spectra is 0.04
in arbitrary units. Although all oligomers are fabricated with nominally identical parameters, we observe distinct differences in the chiroptical behavior.
Exemplarily, SEM pictures are shown for both enantiomers. The scale bar in the SEM images is 200 nm and valid for both images.

possess mirror symmetric chiroptical responses. This indicates The measurements depicted in Figure 4 demonstrate that it
that their deviations from the ideal structure are similar such  is indeed possible to measure the differential scattering signal
that they are mirror symmetric, that is, true enantiomers. To  of single right- and left-handed structures that exhibit a clean
further analyze this behavior, we show the chiroptical response  inversion of the signal when changing the handedness. Overall,
of three such pairs in Figure 4. we observe a rich set of spectral signatures and excellent mirror

a) 0.06 Left-handed Right-handed

0.03 - |

\

0.00

|
-0.03+

-0.06 ' s
b) 0.06 . . .

= L
s "% :
& 0.00 W_.
0 ]
o -0.03} v

g

0

_0.06 1 1 1
¢) 0.06 T

0.03

siejoweled [eonuapl AjeulWoN

0.00

-0.03

.06
500 600 700 800 900 1000
Wavelength (nm)

300 nm

Figure 4. Differential scattering (Spcp — Sicp) spectra of 2 x 3 single oligomers with nominally identical parameters (three left-handed and three right-
handed) selected from the measurements shown in Figure 3. The spectra of each oligomer and the corresponding SEM images are enumerated from
| to VI for clarity. Left-handed oligomers are plotted and marked in red and right-handed oligomers in blue. Despite identical fabrication we observe
distinct differences between these spectra. Correlating the spectra with the corresponding SEM images does not help to unravel the structural cause
for these differences, underpinning the unique ability of chiral structures to spectrally encode their 3D conformation.
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symmetric behavior, as would be expected for enantiomers in first
place. The oligomers in Figure 4a exhibit two clearly separated fea-
tures. These features are also observed in the differential scattering
signal of the oligomers measured in Figure 4b, however they are
not as pronounced and well separated. The two enantiomers in
Figure 4c show only a single feature in this wavelength region.
It is more an envelope of the double peak feature. In principle,
this behavior is very surprising. Once more, we emphasize that all
enantiomers of Figure 4 had the same nominal parameters.

As mentioned above, the chiroptical response of plasmonic
structures is strongly dependent on their exact conformation.
While electron beam fabrication is an extremely precise tech-
nique, the small sizes of the particles and the double-layer
nature of the structures make fabrication challenging and
slightest differences in the relative arrangement and shape
of the particles are to be expected. We can thus suspect these
minute differences to cause the distinct spectral features.>’!
To investigate this correlation, we performed high-resolution
correlative SEM investigations. The right column of Figure 4
depicts SEM images of the selected oligomer pairs. In addi-
tion, SEM images of the same oligomers taken at normal inci-
dence are shown in Figure S2 (Supporting Information). Even
a close inspection of the SEM images does not reveal any trace-
able structural differences. While a few particles seem to be of
slightly different shape and minutely shifted in position, it is
not possible to assign any of the observed spectral differences
to a distinct structural one. We can thus not infer from the high-
resolution microscopy investigation on the origin of the spectral
differences. Even though we have a very high degree of struc-
tural control in utilizing high-resolution electron beam lithog-
raphy, the accuracy is not high enough to warrant for the fabri-
cation of truly identical structures. This observation once again
underpins the unique ability of chiral structures to encode 3D
arrangements which are below the resolution limit of our SEM
investigations. Additionally, it stresses the importance of all
structural deviations in the fabrication of chiral nanostructures,
for top-down as well as bottom-up self-assembled nanosystems,
in particular as soon as they deform or order on surfaces.

The spectral signatures in the differential scattering are
caused by distinct plasmonic modes. It is therefore intriguing
to try and track the differences in the optical response and thus
the differences in structural arrangement by analyzing the plas-
monic mode formation in the oligomers. However, it needs to
be stressed that the mode formation is highly complex. Each
individual quadrumer consists of four particles with two in-
plane energetically degenerate dipolar modes. These result in
a total of eight coupled modes (disregarding the higher order
quadrupolar modes of the disks). Many of these modes do not
have a distinct handedness and will thus be excited similarly by
RCP and LCP incident light. The overall chiroptical response
will be highly complex and modal signatures will also spec-
trally overlap. It is thus not straightforwardly possible to assign
a certain spectral signature to a certain plasmonic mode. In
well-designed structures, such as the plasmonic Born-Kuhn
model®®>7 which consists of two edge-stacked single nanorods
with one dipolar mode each, the spectral features can
unambiguously be assigned and spectral changes can thus be
assigned to structural ones. In our more complex system, this
is not straightforwardly possible.
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Until now, we have shown only the influence of structural
defects onto the chiroptical response of the left- and right-
handed enantiomers. In addition, it is easy to define the achiral
version by changing the position of the disks in the upper
layer as seen in the SEM images in Figure 5. This results in an
unhanded C, symmetric single oligomer. Figure 5 shows the
differential scattering of two achiral single oligomers fabricated
with nominally identical parameters. Both structures do exhibit
a chiroptical response, despite the fact they are designed to be
achiral. However, it is well known from previous studies that
minute deviations from the ideal achiral arrangement lead to
detectable chiroptical responses.?#0l We can clearly observe
this effect in the spectra shown in Figure 5: The single oligomer
in Figure 5a, colored in dark brown with the corresponding
SEM image, exhibits a differential scattering spectrum which
exhibits features of the L-enantiomers, as shown in Figure 3.
The single oligomer in Figure 5b, colored in light brown with
the corresponding SEM image, possesses a differential scat-
tering spectrum with features of the R-enantiomer.

Our findings appear somewhat unexpected as such strong
deviations in the chiral optical response have not been observed
in array measurements, even though structural imperfections
should have an equally strong influence here. The main differ-
ence is, of course, related to ensemble averaging. One of the
main advantages of our technique is the ability to study indi-
vidual chiral oligomers and thus eliminate all averaging effects.
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Figure 5. Differential scattering spectra and corresponding SEM images
for two achiral single oligomers. a) The chiroptical response of the oli-
gomer is reminiscent of the behavior of the L-enantiomers in Figure 3,
whereas the oligomer in b) shows features of the R-enantiomers. The
cause for this behavior lies with inaccuracies and limitations in the fabri-
cation process which leads to misalignments and to deviations from the
perfect disk shape. The scale bar is 200 nm.
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Figure 6. a) Differential scattering of 2 x 18 oligomers (18 left- and 18 right-handed ones) measured in forward illumination. While we observe dis-
tinct variations, the overall trend for all structures is very similar. b) Corresponding differential scattering for the 36 oligomers measured in backward
illumination. We observe a larger spread in the chiroptical response, yet, overall the trend is very similar as in panel (a). c,d) The averaged scattering
difference of the 18 single oligomers per handedness shown in panels (a) and (b) in forward and backward illumination, respectively, as well as of
18 achiral ones. We observe mirror symmetric differential scattering spectra for both illumination directions. The chiroptical response of the achiral

structure is almost zero and shows only small deflections.

In order to demonstrate this, we have again plotted the differ-
ential scattering spectra of all 2 x 18 oligomers in Figure 6a.
We see distinct differences between the spectra, as discussed
in Figure 3. However, the overall trend of all structures with
the same structural handedness is the same. One can create an
artificial ensemble average by summing the contribution of all
oligomers up and plotting the average response. This response,
also for a set of 18 achiral structures, is shown in Figure 6c.
The spectra display good mirror symmetry, and the averaged
spectrum of the achiral structures shows barely any chiroptical
signal, as would be expected. However, we explain these min-
imal differential scattering signals with the minute structural
differences. It is obvious that it is not possible to fabricate a
“perfect” achiral structure. Therefore, all achiral oligomers pos-
sess either left- or right-handed properties. The sign of the aver-
aged achiral signal indicates that there are more slightly left-
handed achiral single oligomers.

We can perform another important consistency check. Illu-
minating the structures from the back side should result in a
similar chiroptical response. While the exact mode structure
is not expected to be reproduced, the overall trend, that is, the
handedness, must not change. Figure 6b depicts the differential
scattering spectra of the 2 x 18 oligomers shown in Figure 6a
for backward illumination. We again observe differences
between the spectra, yet, the overall trend for oligomers of
the same handedness is similar and comparable to the results
in Figure 6a. The spectra show a larger spread which can be
explained by the illumination geometry. For backward illumina-
tion, the focused light beam passes through the glass substrate
first. Due to refraction, we end up with slightly different angles
of incidence, which has already an influence on the dark-field
scattering spectrum of a single oligomer. Furthermore, it is more
difficult to place the respective single oligomer in focus because
it appears blurrier due to the substrate “on top.” Figure 6d
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again shows the average differential scattering of the 2 x 18 oli-
gomers and the 18 achiral ones. We see excellent mirror sym-
metry and the same mode structure and position as observed
for forward illumination. The achiral averaged differential scat-
tering signal is again close to zero but changes its sign. This is
explained with the different angle of incidence due to refraction
in backward illumination which changes the “field of view” and
therefore the arrangement of the achiral oligomers with respect
to incident light beam. Thus, the minute structural differences
lead to the inverted averaged differential scattering signal of the
18 achiral oligomers when changing the illumination direction.

These measurements clearly prove that we are indeed meas-
uring the chiroptical response of single chiral plasmonic oli-
gomers which are consistent with the expected behavior and
with previously performed array measurements. To underline
these findings, we also performed array measurements, which
are shown in the Supporting Information. When utilizing our
experimental setup in transmission bright-field hyperspec-
tral imaging mode we can measure the chiroptical response
of sections of the array of varying sector size. When scanning
the measurement window over the array we also observe dis-
tinct changes in the chiroptical response which are normally
masked by ensemble averaging in the entire array, as shown in
Figures S3 and S4 (Supporting Information).

Finally, as mentioned, all our structures are C, symmetric in
order to remove any contributions of polarization conversion
to the chiroptical response. To stress the importance of such
an arrangement, we show in Figure S5 (Supporting Informa-
tion) the differential scattering of 2 x 2 C; symmetric single
oligomers (two left- and two right-handed) in forward and back-
ward illumination. The spectra show no clear trend of mirroring
between right- and left-handed structures, demonstrating that
polarization conversion can lead to virtually any differential scat-
tering signal depending on minor fabrication differences.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3. Conclusions

In conclusion, we have demonstrated that we can measure
reproducibly the chiroptical response of single plasmonic oli-
gomers in the visible spectral range. The chiroptical response
of such single oligomers strongly depends on the precise
structural arrangement as well as structural defects. Minute
structural differences manifest themselves as distinct differ-
ences in the differential scattering signal. However, it is not
possible to relate the differences in the chiroptical response to
clear differences in the structural alignment and shape, or vice
versa. Similar to the averaging effect in a periodically arranged
array, we obtained mirror symmetric differential scattering
spectra for left- and right-handed single oligomers and almost
no chiroptical response for the achiral oligomer, which also
holds for backward illumination. Our measurements underpin
the unique ability of chiral plasmonic structures to encode their
conformation into chiroptical spectra. Even when utilizing
high-resolution electron beam lithography, the inherent struc-
tural control does not suffice to ensure identical structures.
These findings have immediate implications for other fabrica-
tion techniques, such as self-assembly. Here, due to the poly-
dispersity in nanoparticle size and shape, one expects an even
larger spread in the exact conformation of the fabricated struc-
tures. This issue becomes even more pressing as soon as the
structures are immobilized on an interface and slightly deform.
Our work could find applications in the fabrication, optimiza-
tion, and measurement of single plasmonic particles but might
also be important toward single chiral object sensing.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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