Zhou et al. Light: Science & Applications (2022)11:64
https://doi.org/10.1038/s41377-022-00755-2

Official journal of the CIOMP 2047-7538
www.nature.com/Isa

ARTICLE Open Access

Polarization-dispersive imaging spectrometer for
scattering circular dichroism spectroscopy of single

chiral nanostructures

Shuang Zhou', Jie Bian'?™ Peng Chen®', Mo Xie®, Jie Chao®, Wei Hu®', Yanging Lu®' and Weihua Zhang®"*>

Abstract

Circular dichroism spectroscopy is one of the most important tools in nanoscopic chiroptics. However, there is lack of
simple, fast and reliable method for measuring the circular dichroism responses of single nanostructures. To tackle this
issue, we report a polarization-dispersive imaging spectrometer which is capable of measuring the scattering circular
dichroism response of a single chiral nanostructure with a single shot. Using this technique, we studied the scattering
circular dichroism spectra of a model system, the vertically coupled plasmonic nanorod pair. Both experimental and
theoretical results indicate that the polarization-dispersive spectrometer measures the imaginary part of nonlocal
susceptibility of the structure. We further applied the technique to 3-dimensional Au nanorod structures assembled on
DNA origami templates together with correlated scanning electron microscopic measurements. Rich chiroptical
phenomena were unveiled at the single nanostructure level.

Introduction

Circular dichroism (CD) spectroscopy is the most widely
used optical tool for studying the 3D conformation of
molecules and nanostructure, such as chirality of mole-
cules'?, conformation of proteins®® and chiroptical prop-
erties of nanostructures’?®. Today, with the rise of the field
of chiral plasmonics, various chiral nanostructures’ %, even
kinetic ones'®™'®, have been created. How to collect the CD
spectrum of a single nanostructure in real-time and further
retrieve its 3D structural information have become one of
the central challenges of the field. However, to obtain the
CD response, one currently needs to modulate the polar-
ization state of the illumination and collect the spectra
at different polarization states in separated steps'®™'®,
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This multi-step scheme makes the conventional CD spec-
tral measurements very slow and consequently not applic-
able for continuous real-time measurements.

Interestingly, polarization-dependent dispersion effects
were recently reported using metasurfaces'®>* and pat-
terned liquid crystals***°, It leads to the new possibility of
building polarization-dispersive CD spectrometers similar
to the wavelength-dispersive spectrometer, which has sig-
nificantly simplified the spectral measurements. Among the
polarization-dispersive devices, a particularly interesting
one is the liquid crystal polarization grating (LCPG)***. It
splits the left-hand circularly polarized (LCP) and right-
hand circularly polarized (RCP) components of a beam into
different diffraction orders®®*, One can therefore perform
CD measurements by putting a LCPG in front of the
camera in a dark-field microscope system and collecting the
resulted spectral image, similar to the widely used
wavelength-dispersive spectrometer for single nanoparticle
spectroscopy developed by Sonnichsen et al.*.

More interestingly, it was reported that the CD
responses of vertically coupled plasmonic nanorods can
be explicitly described using the Born-Kuhn model®.
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This provides us a theoretical framework to understand
the CD spectra by the new polarization-dispersive-
device-based technique. Inspired by the above pro-
gresses, in this work, we develop a simple LCPG-based
polarization-dispersive imaging spectrometer for the
scattering CD (SCD) spectroscopy of single nanos-
tructures, and further study its data interpretation in
theory. The goal is to develop a simple, powerful and
reliable spectroscopic tool for investigating 3D chiral
nanostructures.

Results
LCPG-based polarization-dispersive imaging spectrometer

Figure 1a is the schematic drawing of the SCD spectro-
scopy system. It consists of a standard dark-field micro-
scope and a home-made imaging spectrometer, in which a
LCPG (grating period A =18 pm) is used instead of a
normal grating (see Supplementary Information Section 1
and 2). In measurements, unpolarized white light is used to
illuminate the sample (Fig. 1b) via a dark-field condenser.
The scattered light is collected by an objective (x40, N.A. =
0.6) forming an intermediate image and a final image at the
entrance of the spectrometer and camera (iXon Ultra 897,
Andor, Belfast, Northern Ireland), respectively.

To measure the spectrum of a single nanostructure,
first, one needs to take a dark-field image without the
LCPG (Fig. 1c) and select the target nanostructure with
the help of the slit at the intermediate image plane. Then,
the SCD spectrum can be obtained by inserting the LCPG
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in front of the camera and taking an image. As shown in
Fig. 1d, the LCPG separates the LCP and RCP compo-
nents into opposite orders, thus forming a pair of mir-
rored strips of spectral lines on the two sides of the 0™
order in the image. The difference of the two spectral lines
gives the SCD spectrum. In this work, we normalized all
the SCD data with the spectrum of the incident light.

It is worth noting that the diffraction efficiencies for the
LCP and RCP components are always equal. This is
because the polarization-dependent diffractions of the
LCPG are caused by the geometric phases of the LCP and
RCP light which are always conjugated with each
other’®*!. The detailed discussion can be found in the
Supplementary Information of this work.

Scattering CD spectroscopy of single vertically-coupled Au
nanorod pair

To test the performance of the SCD spectroscopy sys-
tem, vertically-coupled Au nanorod pairs were used as the
standard sample in this work. The sample was fabricated
using the two-step electron-beam lithography technique.
As shown in Fig. 1b, each enantiomer consists of two
identical Au nanorods (L =140nm, W=80nm, H=
50 nm) which are not in the same plane and vertically
separated by a distance of 50 nm (i.e., D =100 nm). And
the helical arrangement of the Au nanorod pair in the two
enantiomers are mirror images of each other, ie., the
right-hand enantiomer is dextrogyrate while the left-hand
enantiomer is laevogyrate.
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Fig. 1 Polarization-dispersive imaging spectrometer for single nanostructure SCD spectroscopy. a Schematic drawing of the LCPG-based
polarization-dispersive spectrometer. The inset illustrates the director distribution of the liquid crystal in the grating. b Structure of the vertically
coupled nanorod pairs used in this work. ¢ Dark-field image of an array of vertically coupled nanorod pairs with different geometrical parameters. The
period of the array is 3 um. d Spectral image of array of nanorod pairs labeled in (c). The RCP and LCP components are labeled with red and blue
boxes, respectively. e, f are the SCD spectra of sample 1 and 2 in (c), respectively. The insets show the correlated SEM image of samples, as well as the
left-hand and right-hand circularly polarized components of the scattered light of sample labeled in (d). Scale bar: 100 nm
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Figure le and f are the SCD spectra (green solid line) of
a nanorod pair and its enantiomer, respectively. The SCD
spectra exhibit a typical bisignate CD line shape which
possesses both a positive band and a negative band. For
the right-hand enantiomer, a negative band emerges first
with a positive band following subsequently; while the
SCD spectrum of the left-hand enantiomer is inverse to its
mirror symmetric structure.

The results are similar to the case of transmission CD
spectra collected from the array samples® and can be
pictorially understood by considering the hybridization
theory as depicted in Fig. 2a. Due to the coupling, the
resonance modes of the two nanorods form two dif-
ferent hybrid modes, bonding mode and anti-bonding
mode®>*®>. When a nanorod pair, e.g., right-hand
enantiomer, is illuminated by natural polarized light,
both the bonding mode and anti-bonding mode will be
excited, and they will scatter light into LCP and RCP
components, respectively. Note that the energy of
bonding mode is lower than the anti-bonding mode.
Therefore, the resonance wavelength of the scattering
spectrum of the RCP light component is shorter than
that of the LCP light component, and the SCD spec-
trum (i.e., Iscp = I cp — Ircp) has a negative peak on
the blue side and a positive peak on the red side. In the
case of left-hand enantiomers, the signs of the peaks
are opposite. This is exactly what we observed in Fig. le
and f.

Theory for the polarization-dispersive imaging
spectrometer

The above coupling induced optochiral effects can also
be explicitly described using the coupled oscillator model,
i.e., the Born—Kuhn model®**, which is an extended ver-
sion of the Lorentz bound electron model®®. As shown in
Fig. 2b, the model consists of two electrons (charge -e and
mass m) bounded to two perpendicularly arranged elastic
springs, and the dynamics of the system under external

electric fields can then be described as

{ +yx+ wix+Ey=— %Exeﬂ‘wt—ikg N

Yyt @y + Ex = — LEe it

Here, y is the damping parameter, wo is the natural
resonant frequency of the oscillator, ¢ is the coupling
strength of the two oscillators, and D is the vertical
separation between them. We can obtain the time varying
displacement 1 of the oscillators by solving Eq. (1) and
derive the dipole moment using P = gl. The results of the
dipole moment in two mutually orthogonal directions are

e’ W — o —iyw £ 1.
Py(r,t) = — 0 | E.eikD | gitkr—ot)
A0 = Lwﬁ*wz*i}’w)szz @ - —iye) ¢
(2-1)
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Considering e**P ~ 1 + ikD, Eq. (2) can be rewritten into
a simple form:

P, Oy Ay, + kT E.\ .
( > _ 80( ‘ y T 1 ) ( )el(k»rwt)
P, ay, — kT @y E,
(3)

Here, I' is known as the nonlocal optical susceptibil-
ity*****” and has the expression:

_ Dé? 3

=
gom (Wi — @2 — iyw)* — &

(4)
In our experiment, scattered light I, = |Es. | 2 s
measured. Here, E,, is linearly related to the factor of
P38, We can then connect the SCD signal, which is the
difference of the LCP and RCP components of E, to the



Zhou et al. Light: Science & Applications (2022)11:64

dipole moment P.
Iscp = Isca,L - Iscu,R ~ w4|PL|2_w4|PR|2 (5)

Since the illumination light is unpolarized, the SCD signal
is the average of the scattered light induced by the
excitation field along all the angle 6.

w4 21 ) )
ISCD XX 2—/ (|PL| 7|PR| ) do (6)
TJ o

Here, Py and Py are the LCP and RCP components of P,
respectively. They can be calculated by using the point
product of P and the basis vectors of the LCP and RCP
light components in our laboratory coordinate frame, i.e.,

e r = vafl . |. The detailed expression can be derived
: 2\ +i

using the Born—-Kuhn model and is given by

+&(wfe® — o)
(0} — 2030° + 0* — y20? — 62)2+(2yw3 — 2ywie)’

(7)

ISCDQ# ~A

for right-hand and left-hand enantiomers of the
nanorod pairs. The notation ¢ is always a positive number
in Eq. (7), and A is a positive constant coefficient. Detailed
calculations can be found in Supplementary Information.
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Comparing Eq. (7) and Eq. (4), we know
ISCD 0.8 w4lm(—1") (8)

From Eq. (8), we learn that the profile of a SCD spec-
trum is determined by the parameters of the coupled
oscillators, wy, y and €. Here, w, y and  correspond to the
wavelength of the zero-value point, linewidth and size of
the splitting between the two bisignate peaks, respectively.
As illustrated in Fig. 2b and c, we substitute parameters
y =250 THz, wo=2512THz, and £=5x10*s? into
Eq. (7) to obtain a typical set of SCD spectra for the right-
hand and left-hand enantiomers, and the calculated
results are similar to the experimental SCD spectra shown
in Fig. le and f.

Spectral interpretation for coupled Au nanorod pairs

We can further fit the experimental data with the Eq.
(8), and retrieve the key parameters such as y, wo, and & of
a structure. For example, in the case of the result in Fig.
le, we have y =250 THz, wy=2472THz, and {=5.5x
10 s™% in Fig. 1f, we have y = 250 THz, w, = 2552 THz,
and £=5x10%°s™% The fitting results (dashed lines in
Fig. 1e and f) match the experimental data almost per-
fectly. This justifies the Born—Kuhn model above.

Since the coupling between the nanorods, &, is depen-
dent on the relative position of the two nanorods, we can
further correlate the spectral information with the geo-
metrical information of the chiral nanostructures. Figure 3
shows the example of the SCD spectra of nanorod pairs
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Fig. 3 Geometry-dependent SCD spectra. a Structure illustration of the vertically coupled nanorod pairs with different displacements. b The left-
hand and right-hand circularly polarized components of the scattered spectra of the nanorod pairs. The insets are the correlated SEM images. Scale
bar: 100 nm. ¢ The SCD spectra of the samples. The dashed lines are the fitting results based on the Born-Kuhn model
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with different relative positions. The splitting of the two
bisignate peaks becomes wider when the displacement of
the central position of the two nanorods increases. This is
because the electric fields are localized at the ends of the
nanorods, and when the displacement is larger the ends of
the two nanorods will become closer to each other and
the coupling strength will increase.

Another interesting point is that, Eq. (8) is very similar
to the transmission CD spectrum of the bulk material
composed of such coupled oscillators described by the
Born—-Kuhn model. In the case of bulk model, the CD
spectrum can be described as (see Supplementary Infor-
mation Section 4)

20? ,
ICD = Iahs,L - _Iabs,R = 7Im(_r ) <9)

Here, I’ = NT is the nonlocal optical susceptibility of the
bulk material, and N is the density of the oscillators. Both
methods describe the spectral profile of the nonlocal
susceptibility of the nanostructure (or the bulk material
made of such a nanostructure).

Meanwhile, there is also a fundamental difference
between Iscp and I-p, that leads to their different
dependences on frequency, . The SCD spectroscopy
measures scattering signals, |E.|? the conventional
transmission CD spectroscopy measures the extinction
signal, i.e. the cross-term between the scattering and
incident fields, |E;,c| |Escal 3% Here, |Esea| is proportional
to w? while |E;,| is independent to w. As a result, Iscp o

w*, while Icp x w?.

Scattering CD spectroscopy of single 3D DNA-assembled
nanostructures

After establishing the relation between the spectral
profile and the structural information, we can apply this

LCPG-based SCD spectroscopy system to more complex
nanostructures. In this work, we focus on 3D DNA-
assembled plasmonic nanostructures, which often exhibit
rich optical behaviors due to the geometrical variations at
the single nanostructure level.

More detailed, we assembled Au nanorods into vertically
coupled pairs by using a ribbon-like DNA origami nanos-
tructure as the template4°’4l, as shown in Fig. 4a. In the
measurements, a dark-field image was first taken without
the LCPG (Fig. 4b), then the target nanostructures (labeled
by dashed circles) were chosen and measured with the
LCPG in the system. In addition, SEM images of the same
sample were also collected. After comparing the optical
images with the SEM images, we are able to correlate the
SCD signals of each individual nanostructure with its SEM
images directly, as shown in Fig. 4c.

Here, we first checked the nanorod pairs, which consist of
two stacked horizontal nanorods, as shown in Fig. 4c1-2.
Symmetric bisignate SCD spectra are observed similar to
the nanofabricated nanorod pairs in Fig. 1. Interestingly, the
splitting between the two peaks of the DNA-assembled
nanorod pairs can reach 150 nm, significantly larger than
the case of nanofabricated nanorod pairs. This can be
explained by considering that the spacing in the DNA-
assembled structures is much smaller than the nanofabri-
cated ones and consequently the inter-nanorod coupling is
much stronger.

Another intriguing point is that the signs of the SCD
spectra in Fig. 4c1 and Fig. 4c2 are opposite to each other,
indicating that the two structures have opposite handed-
ness. However, one can hardly distinguish this 3D struc-
tural difference using the SEM images (insets of
Fig. 4c1-2). This directly demonstrates the power of SCD
spectroscopy for studying the conformation of complex
3D chiral nanostructures.
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In the same sample, other types of DNA-assembled
nanorod structures were also found. For example, Fig. 4¢3
shows the result of a nanorod pair consisting of a hor-
izontal nanorod and a vertical one. In this case, bisignate
SCD spectrum is still observed, but the spectral profile is
different from the structures made of two horizontal
nanorods due to the different structure orientation. In
addition, we also found a nanorod trimer in the same
sample area (Fig. 4c4), and multiple resonances were
observed instead of two peaks. This can be attributed to
the multiple coupling channels between the three
nanorods. The above results show that, the SCD spectra
are not only sensitive to the handedness, but also related
to the orientation and detailed components of a nanos-
tructure. It is, therefore, interesting to generalize the
Bohn—Kuhn model for more complex situations. This will
potentially allow researchers to retrieve all the detailed 3D
structural information in the nanoscale by taking a SCD
spectrum.

Discussion

Finally, we would like to emphasize that light scattering
is a complex process. The polarization of the scattered
fields is directly related to the polarization of the incident.
To obtain a spectrum corresponding to the case of con-
ventional CD measurements, unpolarized incident (i.e., its
Stokes parameters satisfy S; =S, =S3=0) is required in
the polarization-dispersive imaging spectrometer devel-
oped in this work (see Supplementary Information Sec-
tion 3). If polarized or partially polarized light is used, the
result can be significantly different depending on the
polarization state of the incident.

In summary, we developed a new type of LCPG-based
polarization-dispersive imaging spectrometer for mea-
suring the scattering CD spectra of single nanos-
tructures. This method is simple, fast, and explicit in
data interpretation. In practice, it can be easily realized
by adding a LCPG into a conventional dark-field
microscope; the SCD spectrum of a single nanos-
tructure can be obtained with a single shot without
modulating the polarization state of the incident light;
the measured data is directly proportional to the ima-
ginary part of the nonlocal susceptibility of the nanos-
tructure, corresponding to the case of conventional
transmission CD spectroscopy for bulk materials. With
the help of this technique, we measured the SCD
spectra of single DNA-assembled plasmonic chiral
nanostructures and further correlated the spectra with
their geometry using SEM images of the same struc-
tures. Rich optical responses were observed from the
individual nanostructures, and it shows the power and
versatility of the LCPG-based SCD spectroscopy
method for investigating individual complex 3D chir-
optical nanostructures.

Page 6 of 7

Materials and methods
Fabrication of the vertically-coupled Au nanorod pairs
The vertically-coupled Au nanorod pair structure was
fabricated using a two-step electron-beam lithography tech-
nique. The gold film (50 nm thick) was deposited first by a
evaporator on the glass substrate coated with indium tin
oxide (ITO) thin film. And the first electron-beam litho-
graphy step was finished with the help of the spin-coated
negative photoresist, following by the inductively coupled
plasma etching process to obtain the lower nanorod. Then,
UV curing adhesive was spincasted on the top as a spacer
layer. After that, the second electron-beam lithography step
was done to fabricate the upper nanorod, which is the same
as the first step. The alignment of the nanorods was achieved
with the help of marks fabricated in the first step.

Liquid crystal polarization grating

The LCPG was homemade using the commercial
nematic LC E7 purchased from Jiangsu Hecheng Display
Technology Co., Ltd. The LC directors of LCPG were
guided by a thin photoalignment layer preprogramed
using a dynamic-mask photopatterning technique**. They
are periodically arranged in the sample plane with a dis-
tribution function of a(x, y) = —mnx/A, where A is the
period of the polarization grating, having A = 18 um (see
Supplementary Information Section 2).
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