Downloaded via STANFORD UNIV on September 11,2020 at 18:46:26 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

il

" 'ACS o
Photonics -.————~

pubs.acs.org/journal/apchd5

High Quality Factor Dielectric Metasurfaces for Ultraviolet Grcular

Dichroism Spectroscopy
Jaok Hu,*

Mak Lawrence™ and Jnnifer A. Dionne”

Department of Materials Science and Engineering, Stanford University, Stanford, California 94305, United States

*  Qupporting Information

ABSTRACT: Chiral-optical spectroscopies, such as circular dichroism,
are critical in the biomedical, pharmaceutical, and agrochemical
industries for revealing structural information about molecules and
determining the purity of chemical samples. Emerging nanophotonic
platforms have been shown to increase the intrinsically weak interaction
between circularly polarized light and chiral molecules through the
concentration of the local density of optical chirality, C. However,
enhancements in C have been limited to infrared and visible frequencies, |
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while the chiral absorption features of most small molecules are in the

ultraviolet. Furthermore, achievable C enhancements in nanophotonic

systems remain relatively low, especially when averaged across the sample volume. Here, we use full-field simulations to design a
high quality factor (high Q) diamond metasurface that enhances C by over 3 orders of magnitude in the ultraviolet regime. The
diamond nanostructures enable ultraviolet Mie resonances while a biperiodic disk lattice activates high Q resonances that
significantly increase the electromagnetic field intensities. When a high Q electric dipole and magnetic dipole mode are spatially
and spectrally overlapped, a Kerker-like condition emerges that enables uniform sign C enhancements that are locally as high as
1130-fold. Even when averaged across the unit cell and 40 nm away from the surface, enhancements in C exceed 100-fold. We
show how the quality factor and C can be further tuned by adjusting the structural asymmetry via the diameter offset in the
biperiodic lattice. Our results pave the way for ultrasensitive chiral spectroscopy and efftient light-mediated enantiomer

separation.
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hirality is a physical descriptor for a pair of objects that

are mirror images of each other, but not superimposable.
In living matter, molecular chirality significantly dictates the
function of many biomolecules, including proteins, amino
acids, enzymes, and hormones.' For example, physiologically
active amino acids appear as L-enantiomers while trace
amounts of b-amino acids can mark the onset of organ failure
or neurodegenerative diseases.”” Synthetic chemicals such as
pharmaceuticals and agrochemicals can also exhibit chirality,
with opposite enantiomers having distinct interactions with
biological life.*”

The enantiospecific interactions between chiral molecules
and chiral light offrs a versatile method to detect and
distinguish enantiomers. This phenomena is utilized in circular
dichroism (CD) spectroscopy, where the diffrential absorp-
tion of an enantiomer illuminated with right- and left-circularly
polarized (RCP/LCP) light is measured.® CD spectroscopy
can both determine the secondary structure of chiral molecules
and the purity of a chiral solution. However, the chiroptical
response of most small molecules is intrinsically weak; the
differential RCP/LCP absorption is generally 107 to 107°
times smaller than the absolute absorption, necessitating high
analyte concentrations and long integration times.”*

Recent developments in novel nanophotonic materials have
produced platforms with favorable properties for highly
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sensitive chiral molecule detection. These metamaterials are
generally designed to provide large local concentrations of
optical chirality, C, defined as™'

o * 0}
C 2021m(E H) 2CzIEIIHIcos(tI)iEJ_l) M
where E and H represent the complex electric and magnetic
fields, and w, €.and |, are the angular frequency of light,
permittivity of free space, and permeability of free space,
respectively. The ellipticity of the electromagnetic fields is
captured by ¢y, which describes the phase angle between iE
and H. For circularly polarized light (CPL) in vacuum,

cos(§igy) = =1 and Cepp, = = 2°Fy, where By is the incident

electric field amplitude. The differential absorption of RCP and
LCP by an enantiomer, A€, is proportional to the local C.''"'"?
Thus, designing platforms that concentrate electromagnetic
fields while creating or maintaining circular polarized states
provides a means to increase the chiroptical response of
molecules.

In the past, both plasmonic resonances in metallic structures
and Mie resonances in high-refractive-index dielectric materials
have been engineered for this purpose. Calculated enhance-
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Figure 1. Calculated optical chirality enhancements in plasmonic and dielectric nanophotonic platforms compared with diffrential RCP/ LCP
absorption, A€, of small molecule pharmaceuticals. The contribution of this work is marked with a star. Note: C enhancements for these
nanostructures were calculated for specific design parameters and wavelengths, but many designs feature enhancements that can be tuned via

geometrical parameters across the visible and IR spectrum.

ments in C upward of 150-fold greater than that of CPL have
been demonstrated for metallic helices, gammadions, shur-
ikens, and twisted nanoparticle assemblies, as well as dielectric
spheres, cubes, and disks.'!'722 Using these systems,
augmented chiral detection has been experimentally achieved
on large molecules with chiroptical bands at visible and
infrared (IR) ﬁequencies.15 2324 However, the chiral response
of most industrially relevant small molecules are in the
ultraviolet (UV) regime as illustrated in Figure 1257 While
certain plasmonic and quantum dot systems can enhance
nonresonant tails or induce CD signals at visible frequencies,
molecular information is convoluted in the overall system
response.' /207!

To improve the performance of chiral sensing platforms,
novel metamaterials must be developed with resonances
overlapping the chiral molecular absorption features in the
UV regime. Enhancing C in the UV requires materials with low
losses, as absorption by the nanostructures dampens resonant
enhancements and induces a background signal in CD
measurements.’> Although UV transparent dielectrics could
be utilized with previous nanophotonic designs, these systems
are inherently limited by low quality factor (Q) resonances (Q
~ 10) that only weakly concentrate electromagnetic
fields.'"®*'"? This challenge is further exacerbated by the
lower refractive indices of UV materials. Furthermore, many
chiral sensors produce nonuniform chiral fields or rely on field
confinement in tight gaps, where the chiroptical response of
molecules is only enhanced in certain locations on the
nanostructures.

In this work, we introduce the design of high quality factor
(high Q) diamond metasurfaces for enhanced CD in
midultraviolet frequencies. The use of diamond enables UV
Mie resonances while our high Q design increases the
electromagnetic field intensities and optical chirality densities
by orders of magnitude. We consider a metasurface consisting
of a biperiodic disk lattice where the asymmetry in adjacent
disks allows for free-space coupling into high Q resonances.
The tuning of asymmetric electric and magnetic dipole modes
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enhances the optical chirality density over 3 orders of
magnitude locally. Importantly, optical chirality enhancements
are of a single handedness and still exceed 2 orders of
magnitude averaged across a plane 40 nm away from the
metasurface. This global enhancement of C is a desired
property for CD spectroscopy measurements where small
molecules will be randomly distributed around the nanostruc-
tures. Furthermore, we show that altering the degree of
asymmetry in the disk lattice controls the resonant Q factors
and allows for C enhancements spanning multiple orders of
magnitude.

To enhance the electromagnetic density of chirality, C, we
first consider a diamond disk metasurface. Diamond was
chosen as the studied material system due to its relatively high
refractive index (n ~ 2.6) and negligible losses down to A ~
240 nm. Furthermore, advances in fabrication techniques have
produced high-quality nanoscale diamond structures.***
However, other UV transparent materials with relatively high
refractive indices such as aluminum nitride or hafnium oxide
could also be considered. We base our nanophotonic platform
on a dielectric disk metasurface where the nanoantennas
support both electric and magnetic Mie resonances that can be
independently tuned in relation to each other via the disk
aspect ratio.”*”’

Using full-field finite diffrence time domain simulations, we
first calculate the total fields from a square array of disks
illuminated with CPL at normal incidence. The dielectric
structures are calculated with the optical properties of diamond
including loss,”™ and are embedded in a background refractive
index of n = 1 (see Supporting Information and ref 18 for
substrate and superstrate effects). The metasurfaces have
dimensions of height h = 60 nm, lattice parameter a = 200 nm,
and diameters ranging from d = 132 nm to d = 156 nm (Figure
2a). The incident light is an LCP plane wave propagating in
the -z direction.

In Figure 2b for the curve corresponding to diameter d =
156 nm, we see two resonance dips at A = 286 and 270 nm.
These two modes are an electric dipole p and magnetic dipole
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Figure 2. (a) Schematic of dielectric disk metasurface. (b)
Transmission spectra of a diamond metasurface with h = 60 nm, a
=200 nm, and d = 132—-156 nm. (¢) Electric field distributions for
the electric and magnetic dipolar modes. Scale bars are 50 nm. (d)
Spectra of C/ Ccp for varying disk diameters. (e) Spatial distributions
of cos(¢p ) and C enhancements, for a metasurface with d/h = 2.2
(d =132 nm) at A= 263 nm. (f) Maximum local C enhancements as a
function of the imaginary part of the refractive index, k, for silicon (n
= 39) and diamond (n = 2.6) metasurfaces. (g) Q factors of the
electric and magnetic dipole resonances in silicon and diamond.

m, as seen from the field distributions in Figure 2c. When the
disk aspect ratio (d/h) is tuned by altering the diameter, p and
m shift frequencies in relation to each other. At an aspect ratio
of d/h =22 (d = 132 nm) the dipolar modes are spectrally
overlapped and exhibit a Kerker condition where the
transmission approaches unity.”® When the metasurface is
operating at the Kerker condition, the scattered fields from the
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structure preserve the helicity of the incident CPL, a property
that is ideally suited for enhancing optical chirality.’ Our
group has previously shown this effect for the IR regime in
silicon disk metasurfaces to obtain maximum local C
enhancements of 150-fold compared to freely propagating
CPL."® We now utilize this condition in the ultraviolet. Figure
2d shows the maximum local enhancement of C external to the
diamond structures as the disk aspect ratio is tuned to d/h =
22 (d = 132 nm). At this aspect ratio, the maximum local
optical chirality enhancement outside of the disks is 49-fold
greater than that of CPL. In Figure 2e, the spatial distribution
of cos(¢) indicates that the E and H scattered fields have a TV 2
phase shift and maintain the incident circular polarization. The
circularly polarized near fields in combination with the
resonant E and H concentrations produce strong C enhance-
ments in the disk that extend into the surrounding medium.
The C enhancements around the metasurface are of the same
handedness, which is beneficial for experimental CD measure-
ments, where it is difftult to localize molecules at specific
locations around the nanostructures.

While spectral overlap of p and m modes is an effctive
strategy for increasing C, these enhancements can be limited
by the optical properties of the dielectric material. For
comparison, we optimize two sets of disk metasurfaces with
fixed refractive indices of n = 3.9 (representative of silicon in
the visible) and n = 2.6 (representative of diamond in the UV).
The disk aspect ratios for these two sets are d/h = 2.35 for
silicon and d/h = 2.2 for diamond. The maximum local optical
chirality is then calculated as the imaginary component of the
refractive index, k, is increased (Figure 2f) . Additionally, Figure
2g shows the quality factor of both p and m, as calculated from
the line widths of the electric field intensity [EF and magnetic
field intensity [H at the center of the disks, respectively. The
Q factor of the resonances correlates with the field intensities
produced around the nanostructures and consequently the
highest attainable C enhancements. Figure 2f,g indicates that
higher refractive index materials can produce a significantly
larger enhancement in C, but that material absorption quickly
dampens the resonances and diminishes the chiral fields. At
wavelengths longer than A = 1100 nm, silicon is lossless and
exhibits a maximum C enhancement of 150-fold. However, as
the imaginary part of the silicon refractive index increases, C
rapidly decreases until there is no significant enhancement
below ~400 nm. Diamond metasurfaces can only achieve a
maximum C increase of 49-fold, but are lossless until ~240 nm.
These insights suggest that designing a metasurface with higher
Q modes in a lossless material would allow for even greater
optical chirality increases in the UV.

In order to increase the quality factors of our resonant
modes and, consequently, the local field concentrations, we
utilize dark modes, coupling into them from the far field via
asymmetries in the disk array.*' We now consider a biperiodic
metasurface where a unit cell consists of two disks with

diameters d + % and d — % arranged in a square checker-

board lattice (Figure 3a). We describe the geometric diffrence
between adjacent disks through the asymmetry parameter, Q:

A

o=
d (2

In Figure 3b, we consider a symmetric (a = 0) and
asymmetric (@ = 0.1) diamond metasurface with dimensions h
= 60 nm, a = 200 nm, and d = 92 nm. The two broad dips
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Figure 3. (a) Schematic of biperiodic dielectric disk metasurface. (b)
Transmission spectra of symmetric (a = 0) and asymmetric (a=0.1)
diamond disk metasurfaces. The metasurfaces have dimensions a =
200 nm, h = 60 nm, and d = 92 nm. (¢) Electric field distributions for
the asymmetric electric and magnetic dipolar modes. Scale bars are 50
nm. (d) Transmission spectra of asymmetric disk metasurfaces (a =
0.1) with h = 60 nm and diameters d = 101 to 113 nm.

around 210 and 220 nm correspond to the normal p and m
modes seen previously in metasurfaces where the disk
diameters are all equal. When we introduce a disk asymmetry
to form a biperiodic lattice, two sharp resonance features
appear in the transmission spectra. These high Q resonances
are also dipole-like as seen in the electric field distributions in
Figure 3c. One of these modes has an electric character (p,),
while the other is magnetic (m,). However, dipoles in
neighboring disks are oscillating out of phase. The asymmetry
suppresses the interaction of the resonances with free space,
leading to longer resonance lifetimes and higher quality factors.
When the diameters of the disk are offet by 10% (a=0.1), the
Q factors of p, and m,, are ~ 1000 and ~ 500, respectively. The
extended resonant lifetimes produce large field enhancements
within the disks, [El/ IEgl ~ 30 and IHI/ [Hyl ~ 65. We chose a =
0.1, where A ~ 10 nm, as these dimensions are on the order of
achievable features with state of the art diamond fabrication
techniques.'” However, the geometric asymmetry between
neighboring disks can be tuned to further increase the Q factor
of these resonances (vide infra).
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Similar to symmetric disk metasurfaces, changing the disk
aspect ratios shifts the resonant frequencies of the asymmetric
dipole modes. Increasing the aspect ratio of both disks in a
biperiodic lattice while maintaining a constant a causes the
high Q electric and magnetic dipoles to shift in relation to each
other. Figure 3d shows the transmission spectra of biperiodic
diamond metasurfaces with lattice parameter a = 200 nm,
height h = 60 nm, asymmetry parameter a = 0.1, and center
diameter varying from d = 101 to 113 nm (a finer parameter
sweep is included in the Supporting Information). Increasing
the disk diameter creates a larger frequency shift in p, than m,
and leads to a spectral overlap of the two modes when d = 107
nm. At this condition, we see unity transmission as
backscattering is suppressed in a Kerker-like condition
involving high Q dipolar resonances.

Tailoring C with the asymmetric dipolar modes p, and m,, is
analogous to the results shown in Figure 2 utilizing symmetric
dipolar modes p and m. The local maximum C enhancements
external to the disks are calculated for the biperiodic
metasurfaces as the diameter is varied (Figure 4a). The optical
chirality density is most strongly enhanced when the modes are
spectrally overlapped for a metasurface with d = 107 nm and
reach a peak value enhancement of >1100-fold. Furthermore,
the spatial distribution of the phase diffrence between the
electric and magnetic fields when the modes are overlapped
shows that the incident polarization of the LCP wave is largely
preserved in the scattered field and cos(¢) is negative in sign
for all space (Figure 4b).

Since the circular polarization state of the incident wave is
largely maintained, C is increased for a single handedness and
enhancements persist throughout the near field of the
metasurface. The spatial distribution of C in Figure 4c shows
that C is most highly concentrated inside the diamond
nanodisks where the electromagnetic field intensities of the
dipolar modes are strongest and decay away from the surface
of the disks. In Figure 4d, we show a three-dimensional
visualization of the optical chirality enhancement surrounding
the metasurface along with cut planes at diffrent z heights (z
= 0 describes the plane that intersects the center of the disks).
In all planes, C enhancements are of a single handedness. The
largest values of C are located at hotspots on the top surface of
the disks (z = 30 nm) and along four lobes around the radial
face of the disks (z = 0 nm) where enhancements of = 1000-
fold are observed. Additionally, large values of C/ Ccpy, persist
in the space between nanostructures with a minimum of ~230.

To quantify the large enantiospecific enhancements seen in
the volume surrounding the metasurface, we consider local and
averaged optical chirality across various z slices. In Figure 4e,
Cioca plots the maximum value of the local optical chirality
enhancement along a particular z height. We see at z = 0 nm,
the plane that cuts through the center of the disk array, the
maximum value of C/ Ccp, external to the disks is 1000 and
enhancements decline until z = 30 nm at the top surface of the
disks where C/ Ccpp. = 1130. From z = 30 nm, enhancements
decay exponentially away from the surface of the disk array.
This trend is identical in both the +z and —z direction as the C
enhancements are mirror symmetric about the z = 0 nm plane
(Supporting Information). The optical chirality enhancement
external to the disks averaged across a plane is considered in
the C,, curve. We see that, when C enhancements are
considered in all the space between disks (z = 0 to 30 nm), the
average optical chirality density exceeds 400-fold. Even above
the metasurface, the average C increase across a plane is greater
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Figure 4. (a) Maximum local optical chirality for high Q disk metasurfaces (a = 0.1) with h = 60 nm and diameters d = 101 to 113 nm. (b) Spatial
distribution of the phase between E and H, cos($), for a metasurface with d = 107 nm. (¢) Logarithmic scaled distribution of C for a metasurface
with d = 107 nm. (d) Three-dimensional rendering of the near field optical chirality enhancements in an asymmetric disk metasurface (a=0.1,d =
107 nm) and x—y cut planes at various z heights in a single unit cell. (¢) z height dependence of local (Cy,.y) and plane averaged (C,,,) optical
chirality enhancements. The dashed line marks the top surface of the disks at z = 30 nm.

than 100-fold until z = 70 nm. This result illustrates the
advantage of utilizing spectrally and spatially aligned electric
and magnetic dipole resonances to concentrate the electro-
magnetic fields while maintaining a single handedness of
polarization in the scattered fields. When p, and m, are
detuned, the individual resonances still produce large local
concentrations of C, but of opposite signs, leading to minimal
averaged enhancements (Supporting Information). In the
Supporting Information, we also show that even when the
background refractive index is increased to n = 1.5 in order to
represent a substrate and superstrate, the high Q modes p,, and
m,, are still present and C/ Ccp;, = 1000 can be achieved.

Finally, we note that our biperiodic diamond lattice can be
tailored to increase Kuhn$ dissymmetry factor, g, for
enantiospecific photolysis or photosynthesis of chiral mole-
cules. This factor describes the efftiency with which a chiral
molecule absorbs RCP versus LCP. Our diamond metasurfaces
can enhance glocally by 35-fold compared to CPL (Supporting
Information). Assuming first order kinetics, this enhancement
can impact the asymmetric photodecomposition of an
azidoamide molecule (g = 0.024),** producing a solution
with a 10% enantiomeric excess at a product yield of 79%
compared to 0.02% with no metasurface.

While we have shown that large C enhancements can be
achieved in metasurfaces with a fixed a = 0.1, the structural
asymmetry can be used as an additional tuning parameter to
control the resonant lifetimes of the asymmetric electric and
magnetic dipole resonances. As seen in Figure 5a, the Q factor
of p, and m, increase as the diameter offet between
neighboring disks is decreased. The dependence of the Q
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Figure 5. (a) Quality factors of the asymmetric electric p, and
magnetic m, dipole resonances with varying asymmetry parameter.
(b) Maximum local optical chirality enhancements in diamond
biperiodic metasurfaces with varying asymmetry parameters. The
dashed lines represent functions of the form B/c?, where B is a
constant.

factor on small structural deviations, such as @, has been
previously described in metasurfaces through temporal
coupled-mode theory and perturbation theory:**~*
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where B is a constant that depends on the metasurface design.
This relationship is only valid for small structural perturbations
and we see the trend for the Q factor deviating when a is
greater than 0.1 (Figure 5a). If we vary a and spectrally align
the p, and m, modes, we also see a similar trend in the
maximum local C enhancements (Figure 5b). Tuning the
quality factor of the resonant modes in our metasurface allows
us to achieve optical chirality enhancements multiple orders of
magnitude larger than previously reported nanophotonic
sensors, as discussed in Figure 1. Furthermore, the Q factors
can be theoretically increased indefinitely as the structural
perturbation @ is made infinitely small. Therefore, resonant
enhancement of the electromagnetic fields and C are mainly
limited by the achievable fabrication tolerances and intrinsic
absorption. In practical applications, spectral alignment of high
Q resonant modes through geometric tuning will also be
challenging due to fabrication imperfections. However,
resonance frequencies could be further adjusted with gas
condensation, temperature control, or electrical tuning
methods."**

In conclusion, we have introduced metasurfaces that
strongly enhance the optical chirality, C, in the midultraviolet
wavelength regime. Our platform utilizes dielectric disks, where
electric and magnetic dipole resonances can be tuned in
relation to each other through the disk aspect ratio. Since
conventional high refractive index dielectrics such as silicon are
susceptible to losses in the UV, we perform calculations based
on diamond resonators. While our study focuses on diamond,
these metasurfaces could also be engineered in other UV
transparent materials such as aluminum nitride. To increase
electromagnetic field intensities, we exploit resonances with
higher quality factors. We design a biperiodic disk metasurface,
where a geometric asymmetry is introduced in the form of a
diameter offet in adjacent nanoantennas. This structural
perturbation allows for coupling to high Q asymmetric electric
and magnetic dipole resonances. We find that the spectral
overlap of these modes produces a Kerker effct that
resonantly enhances the near fields while maintaining the
polarization of the incident CPL, a condition ideally suited for
maximizing C/ Ccp . When the diffrence in diameters of the
adjacent disks in our biperiodic lattice is 10%, the local C
enhancement exceeds 1000-fold and plane averaged C
enhancements 40 nm away from the metasurface exceed
100-fold. We also show that tuning the degree of asymmetry in
a biperiodic lattice can produce resonant Q factors and C
enhancements spanning multiple orders of magnitude. These
enhancements occur for wavelengths between 200 and 300 nm
where most chiral small molecules exhibit CD peaks. However,
this high Q platform can also be scaled to operate at longer
wavelengths for other spectroscopies such as vibrational
circular dichroism. Additionally, this design features highly
spectrally selective C enhancements that could be utilized in a
pixelated metasurface for molecular chirality barcoding.™ The
ability to control the resonant quality factors and increase
optical chirality densities in metasurfaces has the potential for
highly sensitive chiroptical spectroscopy as well as efftient
enantiomer separation.
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The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsphoto-
nics.9b01352.

Simulation details, a finer parameter sweep for the
biperiodic lattice, discussion of singled handedness vs
mixed handedness C enhancements, calculations of a
metasurface embedded in a background index ofn= 1.5,
and discussion of Kuhn$ dissymmetry factor enhance-
ments for asymmetric photolysis (PDF)
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