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A Digital Twin for a Chiral Sensing Platform
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and Carsten Rockstuhl*

Nanophotonic concepts can improve measurement techniques by enhancing
and tailoring the light-matter interaction. However, the optical response of
devices that implement such techniques can be intricate, depending on the
sample under investigation. Nanophotonics is therefore a ripe field for
applying the concept of a digital twin: a digital representation of an entire
real-world device. In this work, the concept of a digital twin is detailed with
the example of a nanophotonically enhanced chiral sensing platform. In that
platform, helicity-preserving cavities enhance the interaction between chiral
molecules and light, allowing faster measurement of the circular dichroism of
the molecules. The sheer presence of the molecules affects the cavity’s
functionality, demanding a holistic treatment to understand the device’s
performance. In the digital twin, optical and quantum chemistry simulations
are fused to provide a comprehensive description of the system and predict
the circular dichroism spectrum. Performing simulations in lockstep with the
experiment will allow a clear interpretation of measurement results. This work
also demonstrates how to design a cavity-enhanced circular dichroism
spectrometer by utilizing the digital twin. The digital twin can be used to
guide experiments and analyze results, and its underlying concept can be

conditions for each sample. For instance,
when measuring the transmission spec-
trum of a sample of molecules in so-
lution, the sample is held in a glass
cell through which the light passes once.
Quantities of interest, such as the absorp-
tion coefficient, are then calculated us-
ing appropriate formulae, such as Beer’s
law.] Moving beyond such standard ap-
proaches, researchers have introduced
various nanophotonic devices that en-
hance light-matter interaction to make
more sensitive and/or selective measure-
ments; many reviews have recently been
published on this topic.l>* This progress
towards nanophotonics-driven measure-
ment technology is accompanied by chal-
lenges. Among these challenges, poten-
tially the most important is that the in-
teraction between the sample and the
nanophotonic measurement device can
be complex and often changes, for exam-

translated to many other optical experiments.

1. Introduction

In standard spectroscopic experiments, the experimental con-
ditions are usually simplified as much as possible to exclude
sources of spurious signals, minimize measurement artifacts,
and make the measurement repeatable and occur in the same

ple, the shape of the spectrum being mea-

sured. In this situation, understanding

the device-sample interaction as precisely

as possible is vital and usually requires
extensive computer simulations. Such needs prompt the devel-
opment of what is nowadays called a digital twin.

Recently, the concept of digital twins has spread from indus-
trial applications to science. Broadly speaking, a digital twin is
a virtual replication of a real-world physical system, often com-
bining simulation, data acquisition, and control software tools
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in a holistic framework.l’] A digital twin can be used to control
and predict the performance of the real-world system based on
data obtained from the system. In photonics and related fields,
the concept has received attention in material processing,®’!
imaging,®! design of light-emitting diodes,!*%l and design of op-
tical measurement setups./!!]

In this work, we address the problems of nanophotonics-
enhanced spectroscopy experiments by introducing a digital twin
that models the entire nanophotonic system and can act as an
integral part of the experiment. We concentrate on a particular
case, the sensing of chiral molecules through the measurement
of their circular dichroism (CD) spectrum. The molecular CD is
usually weak, both in absolute terms and when compared to the
polarization-averaged absorption, and this traditionally results in
long measurements times and the inability to measure minute
concentrations. This is especially true for vibrational circular
dichroism (VCD) on which we concentrate here.['>13] Hence,
nanophotonic enhancement of the CD signal is an important re-
search direction with potential for immediate applications.!14-26]

In our work, light-matter interaction enhancement is pro-
vided by helicity-preserving cavities. These are planar optical
cavities defined by nanostructured mirrors that sustain cav-
ity modes that approximately preserve optical helicity.?-?] A
helicity-preserving cavity not only enhances the CD signal by a
large factor but also changes the shape of the spectrum, often
even flipping the sign of the actual CD signal, as shown later. This
renders it a prime challenge to discriminate between the left- and
right-handed enantiomers of a chiral molecule. A digital twin of
this experiment solves this issue by providing a framework that
considers all aspects of the experiment across all length scales
in full detail. It constitutes a virtual environment that seamlessly
supplements all measurements. Finally, it unlocks the opportu-
nity to map between the sample at stake and the measured quan-
tities, permitting an unambiguous interpretation. Beyond the
methods behind the digital twin, we also demonstrate its applica-
bility in a more complex setting, where many cavities are tuned to
different operational wavelengths, and the task is to reconstruct
the original CD spectrum of the bare molecule out of the indi-
vidual measurement signals using machine-learning techniques.
Such a spectral reconstruction is a task also encountered in many
other types of nanophotonic spectrometry.2*3! Ultimately, we
believe this synthesis of experiment and computations allows us
to utilize nanophotonic enhancement in precise measurements
of physical quantities.

The article is structured as follows: in Section 2, we first dis-
cuss the preliminaries of CD spectroscopy and briefly recall the
working principle of the helicity-preserving cavity with chiral
molecules inside. We then describe the simulation methods that
are seamlessly combined in the digital twin. In Section 3, we ap-
ply the digital twin to a particular example of chiral sensing (bi-
naphthol molecules) and elaborate on the parameters of the cal-
culation. In Section 4, we take on the more complex example of
reconstructing the entire spectrum of binaphthol from multiple
cavity-enhanced signals. Section 5 presents concluding remarks.

2. Digital Twin for Cavity-Enhanced Chiral Sensing

The infrared CD spectrum of a molecule is typically measured us-
ing a Fourier transform infrared (FTIR) spectrometer. The sam-
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ple is illuminated by a broadband beam of light whose polar-
ization state is continuously modulated between left- and right-
handed circular polarization and the transmission spectrum is
then measured (in this work, we exclusively deal with trans-
mission CD). The resulting signal can be separated into a con-
stant part, proportional to the polarization-averaged transmit-
tance of the sample, and an oscillating part, proportional to the
CDsignal.®?l Let T, = P_ /P, be the transmittance of left-handed
(positive helicity) and right-handed (negative helicity) circular po-
larization; P, is the transmitted power and P, is the incident
power. We define the CD signal as

AT=T,-T. 1)

As shown in Figure 1a, the left- and right-handed enantiomer of a
molecule have CD spectra that are of the same shape, but the sign
of the CD is flipped. If the sample has absorption coefficients a,
for the two polarizations, then

AT = exp(—a_d) — exp(—a,d) = Aadexp(—a,,,d) (2)

avg

where Aa = a_ — a, and a,,, = (@_ + @,)/2, and the approxima-
tion in the above equation is valid for Aad << 1. Here, we have
also ignored the reflections from the two surfaces of the sample.
If the sample size is not limited, one can get the largest AT by
setting d = 1/a,,,. For fairly high-concentration samples, this is
practical. However, we aim to lower detection limits in this work,
and thus, we will assume low concentrations. In such a setting,
the optimal sample thickness d is impractically large. Thus, we
assume d to be fairly small, in which case we have AT =~ Aad.

Let us now consider a cavity-enhanced CD spectrometry ex-
periment, illustrated in Figure 1b. The sample, molecules in so-
lution, is inserted into a planar optical cavity that has nanos-
tructured mirrors. We will describe this cavity, called a helicity-
preserving cavity, in a later subsection. The cavity is inserted into
the spectrometer in place of the usual cuvette sample holder, and
the transmittance of the cavity-held sample is then measured. Ob-
viously, the transmission spectrum is no longer the spectrum of
the molecules but the spectrum of the whole device, including
the molecules. As a figure of merit, we define a CD enhancement
factor as

AT
ATref

F G)

where AT is the CD signal of the device and AT, = Aad.
Ultimately, we wish to detect small concentrations of chiral
molecules, determine which enantiomer is present in the sam-
ple, and reconstruct the original spectrum of the molecules. For
this, we need to model the system with quantitative accuracy, ac-
counting for the interaction of the sample (the molecules) with
the cavity that enhances the light-matter interaction. The key idea
of this paper is to build a virtual representation of the entire ex-
periment. We call this representation a digital twin of the exper-
iment because it replicates the real-world system through com-
puter simulations. The structure of our digital twin is shown in
Figure 1c. It begins with using density functional theory (DFT)
calculations to determine the optical properties of the chiral
molecules. Knowing the optical properties, we proceed with de-
signing and optimizing the cavities, for instance, to match with
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Figure 1. a) Measurements of the circular dichroism (CD) of a chiral molecule can be used to distinguish between the molecule’s two enantiomers
because their CD spectra will have opposite signs. b) In this work, cavity-enhanced CD measurements are performed by inserting the chiral molecules
into a helicity-preserving optical cavity that enhances the light-matter interaction. This cavity can then be used instead of a normal sample cuvette in a
CD spectrometer. The cavity enhancement modifies the shape of the spectrum, necessitating the development of a digital twin of the cavity-enhanced
chiral sensing experiment to predict the results. c) The digital twin replicates the experiment through a computer simulation and consists of four linked
simulations. Density functional theory (DFT) simulations give the optical properties of the molecules. These are then used in optical simulations to
design the cavity (or many cavities) to match the molecule. After simulating the response of the device for all wavelengths of interest, reference spectra

are obtained, which can then be used in the data analysis phase.

some of the peaks of the CD spectrum of the molecule. Once the
cavities have been designed, we calculate their CD spectra that
correspond to the spectra that would be measured in the real-
world experiment. At the end of the data analysis phase, these
spectra are used as a basis for interpreting experimental results,
whether for discriminating between the two enantiomers of the
molecule or even measuring the entire CD spectrum while still
benefiting from cavity enhancement. In the following subsec-
tions, we elaborate on the most important aspects of our digi-
tal twin.

2.1. Helicity-Preserving Optical Cavity

The key component of the physical setup is a helicity-preserving
optical cavity. The helicity-preserving cavity is a planar optical
cavity that sustains modes that preserve the circular polariza-
tion state of the incident light. The particular structure we use
in this work is depicted in Figure 3a. The first mirror of the cav-
ity is a nanostructured one consisting of a hexagonal array of
silicon cylinders on a substrate. The second mirror is a flat sil-
icon slab. The sample to be measured, chiral molecules in solu-
tion, is inserted in between the mirrors. As shown in Figure 3a,
normally incident light interacts with the nanostructured mir-
ror and is diffracted into highly oblique angles. The nanostruc-
tured mirror is designed to preserve the helicity of the incident
field. Moreover, when a circularly polarized wave reflects from
a (dielectric) interface at a large incidence angle, the polariza-
tion is not changed much, unlike in a normal-incidence Fabry—
Perot resonator, where the polarization state would change upon
each reflection.!?”] As a consequence, the cavity modes will have
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the same helicity as the incident light. The actual occurrence of
the cavity modes sensitively depends on the cavity length, which
is chosen to ensure the appearance of resonances. The helicity-
preserving cavity is moreover achiral, which implies that, in the
absence of fabrication imperfections, the CD signal is zero unless
a chiral molecular material is inserted into the cavity. Therefore,
any chiral signal seen in the transmitted light is due to the sam-
ple. The chiral properties of dielectric disc arrays have been previ-
ously studied in detail 116171933361 and the characteristics of this
type of cavity have been previously studied for normal-incidence
waves.[?2837] CD enhancement factors up to 2000 were demon-
strated theoretically with sample concentration-dependent spec-
tral shapes. Although the cylinder-array-based helicity-preserving
cavity of this work is not the only structure capable of obtaining
high CD enhancement factors,2>-22%] it combines a number of
practical advantages: achirality of the structure itself as explained
above, signal enhancement for molecules in the whole region be-
tween the mirrors (not only in near fields), and easy integration
to spectrometers and optical setups due to the flat structure.

2.2. Overview of Simulation Methods

The starting point of the digital twin must be the faithful rep-
resentation of the optical properties of the chiral molecules. For
that purpose, we rely on density functional theory (DFT) calcu-
lations. In this work, we use a development version of the TUR-
BOMOLE V7.7 software packagel®! for electronic structure cal-
culations to first perform geometry optimization of the molecule
by calculating the ground state electron density. Starting from
the optimized ground state electron density of the molecule in
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solvent, the molecular vibrational transitions are obtained, and
the complex polarizabilities (electric dipole, magnetic dipole, and
electric-magnetic dipole coupling) are computed by broadening
the transitions with a Lorentzian function with a phenomeno-
logical damping parameter, usually in the range of 5-10 cm™! for
the half-width half-maximum (HWHM) to match the experimen-
tally obtained spectrograms. A new algorithm for the damped
dynamic polarizability tensors in the infrared part of the spec-
trum has been implemented in the TURBOMOLE package for
this study, allowing us to construct T-matrices (discussed below)
and efficiently bridge the scales from molecules to the device lev-
els. The implemented algorithm is based on the work of Warnke
and Furchel®! and Zanchi et al.l*! It uses sum-over-states calcu-
lation of the complex frequency dependent polarizability tensors
from atomic polar tensors (APTs) and atomic axial tensors (AATs)
transformed to the normal vibration modes of the molecule. The
electric—electric, electric-magnetic, and magnetic-magnetic po-
larizability tensors can be calculated as:[*941]

_ 1§ (Oalul1,) ® (1,]u[0,)
a o 0) = h; w, —w—il'/2
15 (0alpl1,) ® (1,|u[0,)
+£; w, +o—il'/2 “)
om 1y 1 {0]ul1,) ®(1,/m|0,)
a”"(—w,w) = = —

h &~ o w,—w—il'/2

a

1 1 (0,lul1,) ® (1,|m|0,)
2 Z 2

h &~ w, w,+w—il/2

mm _ 1y (0,m|1,) ® (1,|m|0,)
* (—w,w)—;l; w, —w—il'/2

1y (0,m|1,) ® (1,|m|0,)

= 6

+hz w, +w—il'/2 ©)

where w is the frequency of interest, @, is the frequency of the a ™

mode, I is the damping parameter with I'/2 being equivalent to

the half width at half maximum (HWHM), ® is the outer product
operator, and(*>*]

1/2
(0, ul1,) = (1,1u10,) = (f) 3 *y )
J

0,Im|1,) = —(1,Im|0,) = - (2h0,) " ¥ ®)

Here, L is a transformation matrix that relates the Cartesian dis-
placements x; of the atoms to the normal coordinates. The op-
erators ou/dx; encompass the APTs, while om/0x; gather the
AATs.[#244] Equations (4-6) have been implemented in the
course of this work. Contrary to electronic excitation, where
these equations are tedious to evaluate directly, the limited num-
ber of vibrationally excited states makes the sum-over-states ap-
proach feasible. It is therefore straightforward to implemented
Equations (4-6) in any suitable program that can evaluate the
corresponding vibrational APT and AAT tensors. Note that the
magnetic-magnetic part, ™", is listed and implemented for
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completeness, but neglected in this work due to its vanishingly
small contribution to the T-matrices.

We conduct both the “optical simulations” and “device simula-
tions” steps shown in Figure 1c using the T-matrix method. The
T-matrix describes the linear light-matter interaction of a single
scatterer, connecting the incident and scattered fields, both of
which are represented using vector—spherical-harmonic fields.
The T-matrix of a molecule can be obtained from polarizabil-
ity tensors calculated on the precise quantum level of theory by
the DFT-based method,!*?) while the T-matrix of a classical scat-
terer, such as one of the cylinders in a helicity-preserving cav-
ity, is calculated using a Maxwell’s equations solver.[*’] For these
computations, we utilize the finite element simulation package
JCMsuite.*] The T-matrix serves as the starting point for cal-
culating the plane-wave transfer matrix of each of the compo-
nents of the system, and the optical response of the whole system
can be obtained by stacking the transfer matrices together.[+7#]
These calculations are performed using the treams Python
package.[**5!] The main advantage of T-matrix-based simulations
is speed: once the T-matrices of all parts of the system have been
calculated, the response of the whole system can be computed
quickly. Also, parameters such as the period of the cylinder ar-
ray and the length of the cavity can be varied without calculating
new T-matrices. This permits the large parameter sweeps of the
following section.

3. Sensing BINOL Molecules

We now illustrate the function and capabilities of the digital
twin by taking a particular example, the sensing of 1,1’-Bi-2-
naphthol (BINOL) molecules. The BINOL molecule was selected
because it is widely available and extensively used in the con-
text of electronic and vibrational CD spectroscopy due to its
strong chiral properties. In the following, we will use the dig-
ital twin to simulate the optical response of a realistic concen-
tration of BINOL molecules, design a helicity-preserving cavity
to match one of the molecule’s resonances and calculate the CD
spectrum.

We begin by conducting DFT calculations on the (R)-(+)-
BINOL enantiomer, assuming the molecules are dissolved in
chloroform. The details of the DFT calculations can be found
in the Supporting Information. Briefly, the geometrical shape of
the molecule is optimized by a gradient descent-based method,
and surrounding solvent effects were considered by an implicit
conductor-like screening model (COSMO) as implemented in
TURBOMOLE for chloroform. A stable structural minimum of
the BINOL molecule was confirmed by analysis of the vibra-
tional modes, followed by the calculation of the polarizability ten-
sors in the middle infrared, the most informative part of the
vibrational spectrum. The constructed T-matrices from polar-
izabilities were used to simulate the absorption and CD spec-
tra as depicted in Figure 2a,b, respectively. The overall spectral
shape matches well to the experimentally recorded spectra re-
ported previously.’?) The chosen damping of 10 cm™ for the full-
width at half-maximum (FWHM) of the Lorentzian lineshape
convolves the discrete transitions and simulates the thermally-
induced broadening of the spectrum in the experiment. The ab-
sorption spectrum exhibits four intensive peaks at 6.15, 6.65,
7.05, and 7.48 um, with many lower intensity transitions in
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Figure 2. The optical properties of chiral molecules are calculated from the T-matrices obtained from the density functional theory approach. Panels (a)
and (b) show, respectively, the calculated molar absorption coefficients for the infrared (¢) and VCD (Ae) spectrum of the BINOL molecule in chloroform
solvent, which were used as a benchmark example. A vertical solid line marks the chiral resonance at 6.805 pm wavelength. The dotted lines also highlight
three surrounding resonances. The displacement vectors of the selected molecular vibrations that these resonances correspond to are shown in (c). The
white, grey, and red color spheres correspond to hydrogen, carbon, and oxygen atoms, respectively.

between. The most intensive CD signal is for transitions at 6.65,
6.805, and 7.48 um. Those vibrational transitions exclusively cor-
respond to modes where single and double carbon—carbon bonds
in aromatic rings and hydrogen-saturated C-O bonds are stretch-
ing and bending. In Figure 2c, the displacement vectors of atoms
of four selected vibrational modes corresponding to the interest-
ing modes are visualized by black arrows superimposed on the
figure of the molecular structure. Displacement vectors of hy-
drogen atoms manifesting symmetric and asymmetric rocking
on the carbon and oxygen atoms accompanying C-C stretching
and bending in the molecules have larger displacement vectors
because they are much lighter than the C and O atoms. Overall,
spectral features of both IR and CD spectroscopy give us the con-
fidence to proceed further with the design of the enhancing cav-
ity for the CD transition at 6.805 pm. That peak was selected for
enhancement due to the reasonably high ratio between CD and
normal absorption. This can be beneficial for high-concentration
samples, as shown in ref. [28].

To illustrate the field distribution inside the cavity at the cho-
sen wavelength, Figure 3b shows the light intensity in an op-
timized cavity filled only with solvent. The excitation is with a
normally-incident plane wave with left-handed circular polariza-
tion, and the cross-section in the xz-plane is shown. As expected,
we observe the interference of the diffraction orders as a standing
wave along the x-direction and the interference of up- and down-
propagating waves as a standing wave in the z-direction. We also
see a peak local intensity enhancement factor of 110. Although
this field is calculated for a cavity filled with only achiral solvent,
the small concentrations of the chiral molecules we consider in
this work will not affect the field distribution.

To optimize this cavity, we performed optical simulations us-
ing the T-matrix-based method. We fixed the wavelength for the
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optimization to 6.8 um. We require the diffraction orders to prop-
agate at 6; = 80° angle, which then gives us the required period
of the cylinder array from the diffraction equation for a hexago-
nal lattice A = 210/(\/§n sin(6,)). We therefore set A =5.684 ym.
The choice of the diffraction angle presents a tradeoff between
a higher quality factor (larger angle) and larger bandwidth and
lower loss through diffracted light escaping from the side of the
cavity (smaller angle). We also fix the thickness of the second
mirror (the silicon slab) to 0.55 um. We then varied the remain-
ing geometrical parameters: cylinder radius R, cylinder height
H, and cavity length L, in each case calculating the transmission
CD, AT, of the cavity for a normal-incidence plane wave. This
is easily done in a brute-force manner because full-wave simula-
tions are only required to obtain the T-matrices of the cylinders.
The T-matrix method is comparatively fast and energy efficient,
allowing us to calculate vast parameter sweeps quickly. Figure 3¢
shows the CD enhancement factor as a function of R and H. The
best L for the corresponding (R, H) is chosen at each point on the
color plot. Best enhancement factors are obtained for moderately
large cylinders, and there are many local optima. We note, how-
ever, that many of these local optima are very narrow features in
the plot. This would make the structure exceedingly sensitive to
fabrication imperfections, and thus, we choose touse R= 1.7 um,
H = 3.4 ym with L = 8.7 um. Here the feature is fairly resistant
against small perturbations in R and H. The corresponding CD
enhancement reaches 300.

Figure 3d shows the CD spectrum of the designed cavity with
BINOL molecules inside at a concentration of 1 u mol L™ (blue
curve). The spectrum peaks sharply at the design wavelength.
For comparison, the CD spectrum of the same sample without
the cavity is shown in gray; this curve is multiplied by a fac-
tor of 100 to make it visible. This verifies the CD enhancement
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Figure 3. A helicity-preserving cavity is illustrated in panel (a). Its structure consists of two mirrors lying on two separate calcium fluoride substrates (the
upper substrate is omitted from the figure). The bottom mirror consists of a hexagonal lattice of silicon cylinders, while the top mirror is a simple thin
film of silicon. The solution containing the molecules to be analyzed is inserted in between the mirrors. The red beams of light illustrate how the cavity
functions: light enters the cavity through the silicon disc array, which splits the beam into diffraction orders that couple into the cavity modes. Panel (b)
shows a cross-section of the cavity together with the electric-field intensity distribution for a normally-incident circularly polarized plane wave. A strong
intensity enhancement is obtained, and the interference of the diffraction modes is visible as a standing wave that modulates the intensity distribution
along the x-direction. To optimize the cavity for the given 6.8 um design wavelength, we explore the parameter space consisting of cylinder radius R and
height H together with the cavity length L. Panel (c) shows a pseudocolor plot of the circular dichroism enhancement factor of the cavity for a range of
R and H. In each pixel in the plot, the optimal cavity length L is chosen, and the corresponding CD enhancement value is plotted. There are many local
optima with an enhancement factor of about 300, and the one at R = 1.7p m and H = 3.4j1 m is chosen. Panel (d) shows the CD spectrum of this optimal
cavity (blue curve) compared to the CD spectrum of the molecules alone (gray curve); the latter is multiplied by a factor of 100 to bring it to the same
scale with the enhanced spectrum. At the design wavelength, a 300-fold enhancement is obtained. The inset shows a narrow part of the spectrum around
the resonance. To illustrate the dependence of the system’s response on the sample, the concentration of BINOL molecules is gradually increased up

to 10 mmol L™". The lineshape of the resonance is then increasingly flattened at higher concentrations due to absorption.

and also illustrates how drastically the shape of the spectrum
changes. For example, the sign of the CD is even flipped by the
cavity. Furthermore, the inset of this figure shows the lineshape
for two different concentrations: 1 p mol L' (blue curve) and 10
mmol L. The flattening of the lineshape for the higher concen-
tration is expected because of increased absorption, which re-
duces the Q-factor of the resonance. It also illustrates that, in
general, the output signal cannot be expressed as a product of
the plain molecule’s CD spectrum with an enhancement factor
spectrum. Therefore, simulating the system with the cavity and
the sample together is necessary. In the workflow discussed in
Section 2, this would mean performing a simulation for each
measurement, making the physical and virtual experiments in-
timately connected.

The simulations shown in Figure 3 illustrate the ideal case, but
are somewhat simplistic because just one plane wave is used as
input. We now take into account the experimental limitations, in
particular, the limited size of the cavity. This is done by consider-

Laser Photonics Rev. 2024, 2300967 2300967 (6 of 10)

ing the transmission of an optical beam with a finite divergence
angle 6, which results in a limited beam spot size. The actual
edge effects are still ignored. For simplicity, we consider beams
with a flat, constant-intensity angular spectrum. Though using,
e.g., a Gaussian beam would be more realistic, we find the dif-
ference in CD signal due to the beam intensity distribution to be
small (see Supplementary Information Section 3). The effect of
increasing the divergence angle 6 on the peak CD enhancement
factor is shown in Figure 4a. For small 8, enhancement factors
of about 300 are obtained, just like in Figure 3 for the normal-
incidence case. Once a certain threshold 6 is crossed, the CD en-
hancement decreases because many of the plane waves that con-
stitute the optical beam are no longer in resonance with the cavity.

The blue line shows a fit described by aF, /v a* + 62, with the
values a = 0.004 rad and F, ,, = 280. In the limit of large 6, the
fit shows a 1/6 behavior. This is consistent with the behavior of
planar resonators for oblique incidence angles; we prove this in

the Supplementary Information.
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Figure 4. Optimization of CD enhancement while accounting for the finite size of the CD-enhancing cavity, a typical experimental limitation. The right
inset of panel (a) illustrates that light passing through the cavity diverges, necessitating the consideration of an angular spectrum of plane waves with
divergence angle up to 6. The angular spread leads to smaller CD enhancement factors than those shown in Figure 3, as shown in panel (a), which plots
the maximum available CD enhancement against 6. Beyond a critical value of 8, the enhancement decreases proportional to 1/6, and the enhancement
no longer reaches the limit set by the cavity’s finesse. The optimization of the cavity is done in the same way as in Figure 3, but here, we set = 0.02
rad to account for the divergence of light passing through a 250 um-wide cavity; the lower left inset of panel (a) shows the intensity distribution of the
beam. Panel (b) shows the optimization surface with cylinder radii R and heights H. In each pixel of the image, the optimal L is chosen. An optimum is
found at R = 1.2 um and H = 2.25 pm, where the enhancement factor reaches -50 and is not too sensitive to the exact values of R and H, making the
cavity more robust against, e.g., fabrication imperfections. For this design, cavity length L = 8.58 um is optimal. Panel (c) shows the circular dichroism
spectra of a 1 p mol/L solution of BINOL inside the cavity (blue line) and outside the cavity for the same sample thickness (orange line). The latter is
multiplied by a factor of 10 to bring it to the same scale as the enhanced spectrum. The signal from the cavity is 60 times larger than from the plain
molecules. The inset shows the line shape in a narrower spectral region.

We perform the optimization as in Figure 3, but use a beam  the experimental ones may be compared. For the simple task
with 0 = 0.02 rad expanded into a 9-by-9 grid of plane waves. This  of detection and enantiomer discrimination of a single type of
multiplies the computational effort, but the calculations remain ~ molecule, using just one helicity-preserving cavity tuned to the
tractable owing to the speed of the T-matrix-based calculation  strongest molecular resonance may be sufficient. Preferably, the
method. The chosen width of the angular spectrum corresponds  light source should also match the target wavelength because the
to a beam with a spot size of about 250 um. Therefore, we pre-  CD enhancement outside the target wavelength is fairly modest.
dict that a cavity with a lateral size on the order of a few hundred = However, using only one cavity would not allow one to distin-
u m would be sufficient for experimental verification of the CD  guish between multiple different molecules efficiently. This issue
enhancement presented here. Figure 4b shows the CD enhance-  can be solved by using multiple cavities. To demonstrate this, we
ment factor for a range of Rand H. As previously, in each pointin ~ proceed to our final example, which is easy to construct thanks
the plot, we pick the best L. As expected, the increased divergence  to the digital twin: a cavity-enhanced CD spectrometer.
reduces the CD enhancement, but we also obtain a different op-
timum: R=1.2 um and H = 2.25 pym with L = 8.55 um. Here, we
get an enhancement factor of 50, which is also very stable against
small perturbations of Rand H. If we now inserta 1 umol/Lsolu-  Due to the narrow linewidth of helicity-preserving cavities that
tion of BINOL into the cavity, we obtain the CD spectrum shown  provide a significant CD enhancement, it becomes necessary to
in Figure 4(c). As expected, it is broader than in the previous ex-  create many cavities that span a larger range of wavelengths to-
ample, but still reaches a respectable CD enhancement of 50. We  gether. This allows one to distinguish between many different
also see that the sign of CD is again changed. molecules and their enantiomers. We shall also show that, by

Spectra such as those shown in Figures 3d and 4c can be mea-  applying a reconstruction algorithm, the original spectrum of a
sured using a CD spectrometer. The digital twin can then be  molecule may be retrieved by simply measuring the total trans-
used to produce the corresponding calculated spectra to which  mitted power going through each cavity.

4. Cavity-Enhanced CD Spectrometer
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Figure 5. An array of helicity-preserving cavities tuned to different wavelengths can act as a spectrometer. Panel (a) shows an illustration of the array.
We assume that the cavities would be fabricated on a single substrate in one run, and thus we regard the height of the cylinders H and the cavity
length L to be fixed parameters while allowing the array period A to vary from one cavity to the next. Panel (b) shows the CD spectrum of BINOL at
1 um concentration, stitched together from the spectra of 160 cavities, their center wavelengths spanning the wavelength range 6.0-7.6 um. Panel (c)
shows the maximum absolute CD enhancement factors of each cavity, demonstrating that enhancement factors over 60 are obtained for a wide range
of wavelengths and the enhancement peaks at 125. Finally, panel (d) shows the reconstruction (blue solid line) of BINOL's circular dichroism spectrum
(red solid line) from measurements of the total intensity transmitted by each cavity (red dots). The reconstructed spectrum is mostly identical to the
original spectrum, showing that the cavity-enhanced spectrometer works well.

Figure 5a illustrates the cavity-enhanced CD spectrometer. It
consists of an array of helicity-preserving cavities, each is tuned
to a different operational wavelength. As before, the liquid sam-
ple to be measured is inserted inside the cavities. The cavities are
illuminated all together by broadband light, and on the transmis-
sion side, the optical power transmitted through each cavity is
measured by an array detector such as a photodiode array. In this
example, we used the digital twin to design 160 cavities spanning
the wavelength range 6.0-7.6 pm. This was accomplished by tak-
ing the design used in the example of Figure 4 and varying the
cylinder array period A. We assume that the cylinder arrays would
be fabricated in one run on a single substrate and, likewise, a sin-
gle substrate with a large-area Si thin film would be used as the
second mirror. In this case, the cylinder heights H would be fixed
by the amount of Si deposited, and the cavity length L would be
the same for all cavities. While varying R would still be possible
and would slightly improve the results shown here, it makes no
difference from the point of view of a proof of concept.

Assuming each of the cavities is filled with 1 u mol L of BI-
NOL in chloroform, Figure 5b shows the spectra of all the cavi-
ties together. In the measurement process where the total power
is measured, each cavity-specific spectrum is integrated over all
wavelengths. To complicate matters, the enhancement factor of
the cavities is not the same. Figure 5c¢ shows the peak CD en-
hancement factor as a function of the center wavelength of the

Laser Photonics Rev. 2024, 2300967 2300967 (8 of 10)

cavity. Here we see that the enhancement ranges from 60 to 120
between 6.0 and 6.8 um and then drops to low values for longer
wavelengths; this is mainly because the cavity length is no longer
optimal for these wavelengths.

As a proof of principle, let us consider an optically thin sample
for which it is possible to write the transmitted CD signal of the
n™ cavity as

Sn Z/Fn(/lo)ATmolec()’O)dﬂ'O (9)

where F,(4,) is the spectrum of the CD enhancement and
AT, 1ec(4o) is the molecule’s CD spectrum. If we now discretize
the spectra using a constant wavelength step A4, this integral
turns into a sum

s,=A1) F, (10)

where the index i runs over the discrete wavelength and for
the sake of notational simplicity u; = AT, ..(4;). We now want
to estimate AT, .(4). The system of n equations from Equa-
tion (10) can be expressed as a matrix equation s = Fu. The re-
construction requires us to find the inverse of F, which, in gen-
eral, does not exist as the matrix is not square. However, we can
find an approximate inverse, the matrix G, that minimizes the

© 2024 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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error |u,.. — u| = |Gs — u| for physically plausible spectra. To find
the reconstruction matrix G, we first calculate F using the digi-
tal twin. Then, we treat the system u = Gs as a neural network
with one fully connected layer, no bias vector, and linear activa-
tion function. We generate random spectra u that consist of sums
of Lorentzian functions, calculate the corresponding cavity sig-
nals s using Equation (10), and use this as training data to find
the elements of G using the TensorFlow library. It is crucial to
note that the spectrum of BINOL or any other molecular spec-
trum is not present in the training data. The training process is
described in more detail in the Supporting Information.

We now use the optimized G to retrieve the spectrum of BI-
NOL. In Figure 5d, the original spectrum is the red solid line.
The cavity signals are the red dots. The reconstructed spectrum
is shown by the blue solid line. In this case, the reconstruction
is very good, except for an edge artifact at 7.6 ym and under-
estimation of the height of the peak near 7.1 ym. This shows
that even though the individual cavity enhancement spectra have
many features beyond the main spike as seen in Figure 4c, the re-
construction is not adversely affected. We note that this machine
learning-inspired approach leads to good-quality spectra. Still, we
also tested a more straightforward approach, based on a least-
squares solution of the equation s = Fu or, equivalently, setting
G to be the Moore—Penrose pseudoinverse of F. This approach
gives inferior results with substantial spurious oscillations in the
spectrum. This is discussed in the Supporting Information.

5. Conclusions

In this work, we constructed a digital twin for a chiral sensing
platform that uses helicity-preserving optical cavities to enhance
light-matter interaction. In this approach, the price paid for the
CD signal enhancement is the modification of the measured
spectrum. The digital twin replicates each step of the actual ex-
periment by performing a computer simulation and can thus be
used to map different samples to measurable CD spectra, remov-
ing the uncertainty brought about by the modified spectrum. We
then went further and showed that, using similar principles, it is
possible to create a spectrometer based on helicity-preserving cav-
ities. This spectrometer benefits from the signal enhancement
by the cavities and can reconstruct the spectrum of the molecule
being measured by computational means. Thus, by using the re-
sults of the digital twin, the drastic modification of the CD spec-
trum of the molecule is no obstacle to the unambiguous retrieval
of the spectrum from the measurements.

Modern advances in computer hardware, algorithms, and sim-
ulation methods make it increasingly possible to use simulations
as an integral part of the experimental process. Standard experi-
ments, such as measuring a CD spectrum of molecules in solu-
tion, are normally straightforward because the setup is simple,
and the results can be obtained from raw measurement data by
analytical formulae. This is no longer the case with nanophotonic
measurement devices, but the extra complexity can be managed
with digital twins. In the case of a standard measurement with
a known system that has to be repeated for many samples, the
simulations could be performed in the background by intelligent
computer software, leaving a straightforward interface for the
user that requires no simulation expertise. Such systems appear
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as a logical next step in developing nanophotonics-based mea-
surement technology.

Supporting Information

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