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Abstract: This article reviews the material properties that enable maximum optical response.
We highlight theoretical results that enable shape-independent quantification of material “figures
of merit,” ranging from classical sum rules to more recent single-frequency scattering bounds.
A key delineation at optical frequencies is between polaritonic materials that support highly
subwavelength resonances and dielectric materials that can have vanishingly small loss rates.
We discuss the key metrics that enable comparisons both within these material classes and
between them. We discuss analogous metrics for 2D materials, and point to applications for
which rigorous comparison can be made between bulk- and 2D-material approaches. The various
results highlight the synergy between materials discovery and theoretical nanophotonic bounds,
and point to opportunities in achieving new extremes in light-matter interactions.
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1. Introduction

As material discovery proceeds at a rapid pace [1-21], and atomistic control promises the
possibility of “designer” materials [22-25], there is a fundamental question to be answered: what
material properties should the optical-materials community aim to synthesize? In the field of
nanophotonics, for many applications the goal is to maximize the interaction of light with matter,
manifested by absorption and/or scattering [26—31], quality factor [32-38], spontaneous-emission
rate [39-42], and related response functions [43—46], for frequency bands ranging from the near
ultraviolet to the far infrared. In this Review, we survey the key metrics that have been identified
for maximum optical response. Across the broad landscape of polaritonic, dielectric, and 2D
materials, we use experimental optical-constant data in tandem with these metrics to identify
especially promising materials and material characteristics at optical frequencies.

At any frequency, one can divide the landscape of nonmagnetic materials into two categories:
those whose permittivities have negative real parts, thereby supporting quasistatic plasmonic
and polaritonic resonances (with caveats discussed below), and those with positive real parts.
Following standard terminology, we call the former “polaritonic” materials and the latter
“dielectric” materials, though by this definition the category a physical material belongs to
often changes with the frequency of interest. The reason for this delineation is the significant
differences in the resonator properties of the two materials. For polaritonic materials (Sec. 2), itis
possible and typically desirable to support quasistatic resonances with extremely subwavelength
confinement of electromagnetic waves [47-50], with a length scale decoupled from the free-space
wavelength and a resonant frequency determined by the material permittivity and a shape-
associated parameter (the depolarization factor). The dominant loss mechanism is dissipation
(absorption), and for materials with electric susceptibilities y(w) (measuring how much a material
is polarized in response to an electric field, also related to relative permittivity € via y = € — 1),
there are two key metrics pertaining to dissipation: an “inverse resistivity” | y|>/Im y (Ref.
[51]), and a material quality factor proportional to [d(Re x)/dw] /Im y (Ref. [52]). By contrast,
dielectric materials (Sec. 3) require patterning at sizes at the scale of wavelength [53-55], and
radiative coupling (e.g. surface roughness) is typically the dominant loss mechanism. For these
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materials, a sum rule (generalized from Ref. [56]) dictates that the all-frequency response is
constrained by the real part of the refractive index, n, which becomes a key metric of interest. In
Sec. 4, we review two known ways to compare between the two material categories: a sum rule
that equates total scattering response to the total number of electrons in the scatterer [57,58],
and recent “power-bandwidth” limits that enable comparison over any bandwidth from 0 to co
[59]. We include comparisons between the two and show that it is possible in many scenarios
to quantitatively determine whether polaritonic or dielectric approaches are optimal. Finally,
looking forward, we examine new avenues of exploration at the intersection of optical-material
synthesis and maximum nanophotonic response (Sec. 5).

Given the excitement over recent material breakthroughs, there are a few recent reviews
surveying various aspects of the field [20,21,49,55,60—-64]. In this review, we include and
emphasize only those material characteristics that can be shown to be globally optimal for some
application; moreover, we require such optimality to be independent of the underlying structure
or geometry of the system. We do not include analyses or properties that are only true for,
e.g., spheres or planar surfaces (see Refs. [55,65-69], which is by no means a comprehensive
list); instead, we show that in fact there is now extensive theoretical understanding about
structure-independent optimal material properties.

2. Polaritonic materials

Polaritonic materials at optical frequencies benefit from the strong coupling of light to free
electrons, but at the cost of significant absorption. To what extent can absorption losses be
avoided, for large scattering or high-Q resonances? In this section we highlight two results
that answer this question: bounds on the largest single-frequency response possible (Sec. 2.1)
and bounds on the highest quality factor possible (Sec. 2.2), yielding two metrics (| y|>/Im y
and [d(Re y)/0w] /Im y, respectively, for bulk materials with susceptibilities y) by which all
polaritonic materials can be compared. We also highlight the important role the real part of
the permittivity plays to determine the feasibility of achieving high-confinement polaritonic
resonances (Sec. 2.3). In Sec. 2.4 we highlight general bounds for maximum response in a
regime of high-radiative-efficiency plasmonics, and hybrid dielectric—metal structures that offer a
combination of high efficiency and large response, approaching their respective bounds. Finally,
we discuss the important role nonlocality plays at small length scales, and known bounds that
incorporate the relevant nonlocal parameters (Sec. 2.5).

2.1. Maximal single-frequency response

It has long been recognized that reducing material “loss” is critical for many plasmonics
applications, yet there are many possible loss rates to choose from: the imaginary part of the
susceptibility, the imaginary part of the refractive index, the real part of a material’s conductivity,
the inverse of its real resistivity, etc. One way to frame the question is in the context of scattering
problems: given an external excitation, what is the largest possible response (absorption,
scattering, etc.) from a given material? Ref. [51] develops a systematic answer to this question,
independent of particulars of the geometrical patterning. The idea stems from consideration of
the polarization currents P excited within the material, related to the electric field E via P = yE.
The rate at which energy is absorbed is proportional to fV (Im ) |E|? = (Im x/| ,\/|2) /V P2,
and is proportional to the square of the magnitude of the polarization currents. By contrast, the
well-known optical theorem [66,70—72] dictates that the total extinction of the incident field (i.e.
sum of absorption and scattering) must be proportional to the imaginary part of a scattering
amplitude, which increases only linearly with the induced polarization currents. Extinction
must be larger than absorption, and yet absorption increases more rapidly with the magnitude
of the polarization currents. Constraining absorption to be smaller than extinction, which is
equivalent to requiring that scattered power be non-negative, thereby imposes a limit on the
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largest polarization currents that can be excited in any particular material. This constraint can
then be used to identify bounds on many optical-response functions. The exact form of the bound
depends on the application, but within each bound there is a “material figure of merit” (FOM)
f(w) that dictates increased possible response based on the material properties. As first introduced
in Ref. [51], the material metric f(w) encapsulates the tradeoff between resonant enhancement
and absorption. More generally, it maps out what materials are desirable, or to be avoided, for a
large variety of optical responses and independent of any particular geometry. (A similar analysis
[73] can be done for the induced surface currents in 2D materials with conductivity o-(w).) For
any polaritonic material, the material metric is given by [51,73]

2
% 3D / bulk materials
Flw) = | M x(@) (1)
lo(w)| ;
0o——— 2D materials,
Re o (w)

where the impedance of free space, Z, is included in the 2D-material FOM to make it
dimensionless. This material metric determines the maximal single-frequency response for
many applications, including absorption, scattering, and local density of states [51,73,74], cross
density of states [59], near-field radiative heat transfer [75], high-radiative-efficiency plasmonics
[76], free-electron radiation [77], Raman scattering [78], and more. Equation (1) is for scalar,
nonmagnetic materials; more generally, with a tensor susceptibility y or conductivity o, the
material metric becomes ||,\/T (Im,\/)_1 )(”2 (Ref. [51]) and Z ||0'T (Im 0')_1 a'||2 (Ref. [73]),
respectively, where ||-||, denotes the matrix 2-norm [79].

Intuitively, the material metric of Eq. (1) (hereafter referred to as the “material FOM") makes
sense: larger absolute susceptibilities imply the ability to sustain large induced currents, while
the imaginary part of the susceptibility must dampen resonant response. Figure 1(a,b) compares
different polaritonic materials against the material FOM f(w) for experimentally characterized
bulk and 2D materials. In the figure for bulk materials, across a spectrum ranging from the
extreme UV to the mid-infrared, there is a clear trend for increasing f(w) with wavelength, which
can be attributed to Drude-like response in such materials. For a Drude susceptibility with
plasma frequency w, and material loss rate y, y(w) = —cul% /(w?* + iyw), the material FOM is

given by wﬁ /yw, and is therefore exactly proportional to wavelength. Variations from linear
dependence thus represent non-Drude features in the material susceptibilities. The increasing
material FOM with wavelength may be compensated by frequency-dependent constants in the
response function; for example, the far-field scattering bounds [51] multiply the material FOM by
a factor w/c that exactly compensates a linear increase with wavelength. As we discuss further in
Sec. 2.3, the large values of | y|?>/Im y for noble metals at infrared frequencies may represent
bounds that are not achievable in practice (due to infeasible synthesis requirements), in which
case polar-dielectric materials, transparent conducting oxides, and doped semiconductors may all
be viable alternatives. In the case of 2D materials, per Fig. 1(b), one can see that graphene with
a large Fermi level appears ideal at photon energies below 1 eV, while 2D Ag, Al, and Au all
perform very well at higher photon energies. In that figure we take the 2D-material limit from
bulk properties of the metals; intriguingly, ab-initio calculations suggest that actual single-layer
sheets of 2D materials may have significantly larger material FOM than their infinitely thin bulk
counterparts [97].

The bulk-material figure of merit of Eq. (1) appears in other contexts as well. For example, in
plasmonic waveguides, a designer often needs to balance the tradeoff between two important
performance metrics: field confinement and propagation length [60,98,99]. In such cases, the
tradeoff can be encoded by a single, combined metric. In fact, it is shown in Ref. [100] that
|x|>/Im y is the key material metric determining a geometry-independent limit to the tradeoff
between these two quantities. The essence of that derivation similarly approaches the problem
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Fig. 1. (a) Comparison of representative bulk, polaritonic (and/or lossy) materials via
the material figure of merit | y(w)|?/Im y(w). Conventional metals (Ag, Au, Al Cu) [80]
outperform alternative plasmonic materials (aluminum-doped ZnO (AZO) [60], Dysprosium-
doped CdO (CdO:Dy) [81], SiC [82], TiN [83], ITO [84], doped InAs [85], n-type and p-type
Si [86]) in the visible and infrared (albeit at the expense of large permittivity real parts).
Drude material susceptibilities exhibit linear increases in material FOM as a function of
wavelength, explaining the linear trend in the figure. (b) Comparison of various 2D materials
by material FOM Z; ”O.’r (Im 0')_1 0'“2 (or Zp|o(w)|?/Re o-(w) in the scalar case). Here,
we compare: graphene at different Fermi levels [87] (solid black lines) and magnetic-biasing
[88] (dashed black line), AA-stacked bilayer graphene [89] (dark red), hBN [90] (green),
MoS; [91] (purple), the anisotropic conductivity components of black phosphorus [63]
(BP, pink and dark purple), and three 2D metals [92], Al (red), Ag (blue), and Au (gold).
High-Fermi-level graphene and 2D silver offer the largest possible responses at infrared and
visible wavelengths, respectively. The inset compares graphene at THz frequencies [93-95]
to the topological insulator BiySes [96], which can have a surprisingly large FOM. For (b),
reprinted with permission from Ref. [73], American Chemical Society.

as one of identifying the maximum possible induced polarization currents. As a result, the
ideal material needs to have a large susceptibility magnitude for tight confinement of the mode
profile, and a small imaginary part of susceptibility for minimal material losses. (It has been
suggested [101-105] that the propagation length of a surface plasmon on a planar interface
follows an expression that ultimately is proportional to (Re £)?/Im &, which is very similar to the
material metric. However, this is derived with a Taylor expansion that is invalid on resonance, as
explained in Appendix E of Ref. [51]; the correct expression is in fact proportional to v/Im y,
which decreases as loss decreases, because of the concomitant reduction in group velocity. But
these arguments only apply to planar surfaces and patterned surfaces may more closely approach
the bound of Ref. [100].) The inverse of the material metric has also been identified as the
fundamental loss quantity to be minimized in metamaterial-based models [106].

Epsilon-near-zero materials [107,108] exhibit intriguing phenomena such as distorted channels
[109,110], high-directivity emission [111,112], and arbitrarily large phase velocities [113,114],
and offer the possibility for significant enhancement of nonlinear optical response [115-117].
But they do not offer any particular benefit for large linear response. At the frequency where the
real part of the permittivity crosses zero, the material FOM simplifies to [1 + (Im x)]* /Im y,
which will tend to be significantly smaller than many of the values in Fig. 1(a), due to the modest
magnitude of y.

An ideal polaritonic material has a purely real, negative permittivity with zero loss, in which
case the material FOM diverges. A real, negative permittivity over a nonzero, finite frequency
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band is compatible with causality requirements (e.g., the Kramers—Kronig relations), and in
theory ultra-low loss metals may be achievable in materials with artificially large lattice spacing
or in designer organometallic compounds [118]. The bounds for any physical power-flow quantity
cannot themselves diverge, and must be regularized by other effects in the presence of a lossless
material. In the case of cross-sections per volume, the bounds can diverge as nonzero response is
possible with arbitrarily small volumes. However, cross-sections themselves cannot diverge as
radiative losses must become dominant as absorptive losses go to zero [119—121]. In the near
field, there is not necessarily any radiative coupling; one form of regularization would be the
breakdown of a local bulk susceptibility at the large wavevectors that are accessible with very
small loss. In either scenario, lower-loss materials towards such regularizations would represent
improved response relative to the current state-of-the-art. From a microscopic perspective,
two fundamental sources of loss are intrinsic quantum linewidth broadening [122] as well as
inhomogeneous broadening, but typical metals exhibit higher losses than required by these
sources and thus significant improvements may be possible [123].

There has been significant effort in mitigating losses in polaritonic materials [50,60,118,131-135].
The synthesis techniques for a given material can dramatically affect the material FOM, as
depicted in Fig. 2. High-quality films of Ag and Au can be deposited using focused-ion-beam
lithography or other techniques [127]. However, it is shown that, up to a threshold, the thickness
of the film will adversely increase the optical loss [129,130]. The dielectric function of bulk
silver is sensitive to environmental conditions and influenced by extrinsic effects, such as surface,
impurity, and grain boundary scattering [128]. On the contrary, bulk gold is less sensitive to
sample morphology and variation between different bulk measurements [80,124,126] are mostly
likely caused by systematic errors [125]. There are other approaches to mitigating loss as well.
One approach is to engineer the free-carrier concentration [136—144]. Another is to use gain
media to compensate for loss [145-147]. Polar dielectrics supporting surface phonon-polaritons
tend to naturally have lower losses and are good polaritonic media at mid-infrared frequencies
[49,63,148,149]. While all these approaches help reduce loss as measured by the imaginary
part of susceptibility, they do not necessarily translate to an enhancement in the material FOM.
For example, reducing the free-carrier concentration decreases the magnitude of the real part
of susceptibility, in addition to decreasing its imaginary part, thus resulting in smaller material
FOM. Thus a useful measure of loss is the inverse of the material FOM, Im y(w)/| x(w)|?. Under
this metric, the various approaches mentioned above may not be very effective. Countertuitively,
measures that increase the imaginary part of the susceptibility could help reduce absorptive
losses.

2.2.  Quality factor

Quality factor is another measure of loss, indicative of both the relative loss rate per cycle
in a resonator as well as the linewidth of the scattering contribution from a single resonance.
In general, it is a function of both the resonator geometry and its material properties, but for
high-confinement, highly subwavelength polaritonic resonances, the quasistatic nature of the
resonances implies that material loss is the dominant source of loss and is geometry independent.

Using simple integral relations for quasistatic fields, Ref. [52] derived the quality factor of any
low-loss polaritonic resonator, depending only on its susceptibility y(w):

w5 [Re x()] )

Q= 2 Imy(w) @

For Drude materials with loss rate vy, the Q-factor expression simplifies to Q = w/7y. On physical
grounds, Khurgin [133] has pointed out that quasistatic resonances have vanishingly small
magnetic-field energies relative to their electric-field energies. The magnetic-field energy serves
the role of “kinetic energy” for the resonator, and is replaced by the kinetic inductance of the free
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Fig. 2. Figure of merit, f(w) = |y(w)*/Im y(w), of different experimental data
[80,124-130] for (a) Ag and (b) Au. The metric can vary dramatically even within
the same material, depending on the synthesis techniques and experimental conditions. The
names represent the authors from whom the data was obtained, and all of the curves are for
bulk, thick films except for the dashed black lines, which are for thin films.

electrons. Energy stored in the free electrons, however, will dissipate at a rate proportional to v,
independent of the geometrical details of the structure.

Beyond the low-loss regime, Ref. [150] extends the result of Eq. (2) to any loss regime for
Drude-Lorentz-oscillator material models. For Drude-Lorentz oscillators with damping rates
I, they define a variable ym,«(w) that is a frequency-dependent weighted average of 1/2 times
the I, rates, ymax(w) = X, 0n(w)I,/2, where 0 is a spectral weighting factor. Then the quality
factor is bounded below by a simple ratio of the resonant frequency w to ymax [150]:

w

©% Dyl v

where the extra factor of 2 in the denominator arises from the definition of yy,x as a weighted
average of half of the Drude loss rates. Technically, Eq. (3) does not require a quasistatic
approximation, but it does require material losses to dominate relative to radiative losses.

These derivations can be adapted easily to 2D materials, by making the replacement w y(w) —
i6s(x)o(w), where d5(x) is a delta function on the surface of the (not necessarily planar [151])
2D material. The analog of Eq. (2) for a 2D material is:

o[
€77 TReot) @

Beyond the quasistatic approximation, it is possible to narrow the linewidth beyond the expressions
of Egs. (2)—(4), through e.g. Fano resonances [152,153] and near-field coupling [154,155],
but such effects must necessarily occur at larger size scales, without the highly subwavelength
confinement available in the quasistatic limit.

Figure 3 plots the quality factor computed by Eq. (2) for a wide variety of materials. To
compare loss rates at very different frequencies, in Fig. 3(a) the Q factor of representative
materials is shown over a range of moderate values of the real parts of their permittivities.
Figure 3(b) shows the Q factors of many materials at the frequencies for which Ree = -2,
where a subwavelength sphere exhibits a surface-plasmon or surface-phonon resonance. The O
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factor near these resonances can be expressed as w/y where w refers to the resonance frequency.
The Q factor tends to increase with wavelength because optical phonon lifetimes for polar
dielectrics are typically orders of magnitude larger than those of plasmonic metals, which more
than compensates for the (roughly an order-of-magnitude) reduction in resonance frequency.
Doped semiconductors are intermediate between the two classes, with their loss rates several
times smaller, but resonance frequencies slightly smaller, than their metal counterparts.
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Fig. 3. (a) Quality factor (using Eq. (2),valid under quasistatic approximation) for repre-
sentative materials as a function of real part of permittivity. For Ag, optical constants were
obtained from both Palik [80] and Johnson and Christy (J&C) [124]. (b) Comparison of
quality factor (Eq. (2)) for different materials, ranging from polaritonic materials—metals,
metal alloys, and doped semiconductors—to polar dielectrics. Reprinted with permission
from Ref. [49], De Gruyter.
2.3. Real part of permittivity

Polaritonics in the mid-IR spectrum is rich with applications in sensing and selective thermal
emission [156—158], given that a wide variety of molecules exhibit fundamental vibrational
and rotational modes in the mid-IR and that blackbody emission peaks in this range for typical
temperatures [49,61,159]. As discussed above, metals can have very large material FOM
f(w) = |x|*/Im y at such frequencies because the real parts of their permittivities tend to
scale as 1/w?. However, achieving the corresponding scattering bounds may be unrealistic.
Achieving polaritonic resonances in materials with large negative real permittivities may require
difficult-to-fabricate feature sizes. As an example, for ellipsoids to have a quasistatic /plasmonic
resonance at a particular frequency requires their depolarization factors L (parameters associated
with scatterer shapes) to equal Re(—1/ x) (Ref. [51]), which requires increasingly large aspect
ratios as L = Re(—1/y) — 0. As an example, for a resonance at 5 um wavelength in silver
would require an aspect ratio greater than 50, whereas the highest aspect ratios fabricated to date
are roughly 30 (Ref. [160]). It is possible to shift resonances to longer wavelengths without
high aspect ratios by increasing their size, and correspondingly the radiative damping, but the
confinement is reduced and the materials start behaving more like perfect conductors rather
than plasmonic materials [85]. Large, negative real part of permittivities are also undesirable
for certain transformation-optics based devices and applications. For instance, Ref. [161] has
designed a non-magnetic, cylindrical cloak at optical frequencies that require the real part of

permittivity of the constituent metal wires to have a similar magnitude to that of the surrounding
dielectric.
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Figure 4 compares the magnitude of Re ¢ for various polaritonic materials in the visible and
infrared spectrum. The shaded region corresponds to permittivity values whose real parts are
between -2 and -16.9, which for nanorod-like ellipsoidal nanoparticles maps to aspect ratios
from 1 to 5. This may be considered the region within which true quasistatic resonances can be
achieved.
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Fig. 4. Comparison of (negative) Re & of various polaritonic materials for a wide range
of frequencies, ranging from visible to mid-IR. The pink shaded region shows the allowed
range of Re ¢ for realistic aspect ratio of 1 to 5 for a prolate spheroid. Given this range,
conventional metals are ideal in the visible, whereas alternative plasmonic materials are
suited for infrared spectrum. The extent to which the real part of permittivity of different
materials responds to wavelength varies, with SiC demonstrating very small wavelength
range over the pink shaded region and doped InAs the largest in the mid-IR.

A subtlety that arises for high-loss materials is that the negativity of the real part of the
permittivity no longer becomes the true delineation of whether a material supports quasistatic
polaritonic resonances. In quasistatic electromagnetism, Maxwell’s equations simplify to
Poisson’s equation for the quasistatic fields. Poisson’s equation can be transformed to a surface-
integral equation [74,162-166] for surface-charge configurations o at all material interfaces, a
surface-integral equation that can be written in the form Ko — Ao = —s, where K is the Neumann-
Poincare operator [165-167] that is a Green’s-function convolution operator, A depends on the
material susceptibility y (assuming vacuum exterior, easily generalizable) via A = 1/2 + 1/ x,
and s is a source term proportional to the incident field. The key aspect relevant to this discussion
is that in an eigendecomposition of K, the response will be maximal if the real part of —1/ y is
in the range [0, 1]. This is the true condition for plasmonic-like response for a lossy material:
Re(—1/x) € [0, 1], generalizing the simple negative-permittivity condition for materials with
nontrivial loss rates.

2.4. High-radiative-efficiency plasmonics

In the preceding sections, it was emphasized that one wants quasistatic resonances for maximum
confinement in polaritonic response, and that coupling to radiative channels reduces such response.
Yet for applications where high radiative efficiency is important, in areas such as far-field imaging
[28,168], photovoltaics [169,170], and quantum nanophotonics [171], it is important to identify
bounds that incorporate radiative-efficiency constraints. This problem is considered in Ref. [76],
where it is shown that for both far-field scattering and near-field LDOS quantities, one can derive
bounds with the additional constraint of high radiative efficiencies. In particular, the results of
Ref. [76] show that imposing a minimum radiative efficiency 1y, (for hard-to-achieve radiative
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efficiencies above 50%) effectively reduces the maximum possible scattering response by a factor
Nmin (1 = 7min) /4, in which case one can define the material FOM by

Mmin (1 = 7min) | x(w)]?
4 Im y(w)’

flw) = &)

The new material FOM, given by Eq. (5), explicitly identifies the tradeoff in response that must
be sacrificed to achieve high radiative efficiency.

The radiative-efficiency-constrained bounds enable comparison [76] of all-metal [172—176]
and hybrid metal—dielectric [76,177,178] approaches to high-radiative-efficiency plasmonics.
Shown in Fig. 5 is one set of findings from Ref. [76]: a hybrid silicon-on-silver resonator could
have superior plasmonic properties to an all-silver resonator when radiative-efficiency constraints
are included. Shown in Fig. 5(a-d) are the absorption and scattering cross-sections of silicon-only,
silicon—silver, and silver-only optimized resonator designs, with the hybrid silicon-on-silver
resonator showing the largest scattering cross-sections per volume. Moreover, as shown in
Fig. 5(e), these resonators approach their scattering-efficiency bounds, including the metric of
Eq. (5). Also shown in Fig. 5(e) are the bounds for silver-only and gold-only nanoresonators,
which lie below the actual scattering performance of the designed silicon-on-silver structure
(solid blue lines). This implies that there is no silver-only or gold-only approach that can ever
do better than the designed silicon-on-silver structure, no matter how optimized the patterning
is. This shows the power of such bounds: they convey the ability to survey a research field and
rank-order certain approaches relative to each other. As shown in Ref. [76], the hybrid structures
are also superior to metal-only structures for near-field spontaneous-emission enhancements at
high radiative efficiency.

2.5. Nonlocal effects

Another important consideration is the effect of nonlocality in material susceptibilities for media
synthesized at single-nanometer length scales, whereby the polarization currents induced at
a point x are related to the electromagnetic fields at another point x’. Such effects both shift
resonant frequencies [179-182] as well as dampen the maximal possible response [73,183,184].
Reference [73] considers the maximum response when the material susceptibility is described
in a hydrodynamic framework, where the currents behave like fluids with a diffusion constant
D and convection constant S (both real-valued), in which case the current is the solution of
a convection—diffusion equation driven by the electric fields. In a quasistatic framework that
is relevant at the length scales where such effects are important, one can show [73] that the
cross-section bounds depend on a competition of two “rates:” the material FOM f(w), and a
second term relating the size of the scatterer to the “diffusion” length in the material. If one
defines a radius r of the smallest bounding sphere containing the scatterer, and a plasmonic

diffusion length &p = (/cD/ wf,, for plasma frequency w,, the maximum extinction cross-section
per area of a 2D-material scatterer is given by [73]
-1
2\ ~1 2\ 7!
Oext loioc| r
<|Zo=——] +|= , 6

A ( ORea'loc) (5;2)) ©)
where o7 is the local contribution to the conductivity. Equation (6) shows a dramatic reduction
in response at size scales well below ¢p, serving both to illuminate the effects of nonlocality
as well as potentially serving as a means to extract the value of {p itself for any 2D material
from experimental measurements. The analog of Eq. (6) for bulk materials is straightforward,
replacing the first term with the material FOM f(w) from Eq. (1) and the second term from a

volume integral instead of a surface integral. An intriguing next step would be to consider the
bounds that are possible in ab-initio material models.
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Fig. 5. Schematic of hybrid dielectric-metal resonator, as shown in the top left. Scattering
and absorption cross sections of (a) Si cylinder in free-space and (b,c) Si and Ag cylinders,
respectively, above a semi-infinite Ag substrate with gap thickness g = 2 nm. Geometrical
parameters (insets) are chosen to align their resonant wavelengths at 700 nm. The three
structures are all illuminated by normally incident plane waves. In (b,c), the absorption
includes the dissipation in both the particle and the substrate. (d) The dielectric—metal
structure shows the highest per-volume scattering cross-section, because it simultaneously
achieves large scattering cross-section oca, high radiative efficiency 7, and small particle
volume V. (e) In the visible regime, the scattering capabilities of metal-metal geometries
(Ag—Ag and Au—Au bounds), free-space metallic (Ag bound), and free-space dielectric
(Si free-space) scatterers all fall short when compared with the dielectric—metal (Si—-Ag)
scatterer, which also approaches its own upper bound. For the Si-Ag and Ag—Ag structures,
the gap size is fixed at 5 nm; the cylinder (both Si and Ag) height / ranges from 40 to 60
nm in order to tune the resonant wavelength. Reprinted with permission from Ref. [76],
American Chemical Society.

3. High-index dielectric materials

Dielectric materials, with Re £>0, can have very small material loss rates (so that Im y — 0),
and their dominant loss channel is typically radiation. The positive real part of the permittivity
prevents such materials from supporting quasistatic, highly subwavelength resonances (though
very small mode volumes are possible [185—188]), and it elevates the importance of geometrical
patterning in their response. Independent of the patterning, however, there is an important
geometry-independent sum rule governing their response and identifying high refractive index as
a key metric for dielectric materials.

In a homogeneous medium with refractive index n (where n = /e neglecting material losses),
the density of plane-wave electromagnetic states is proportional to n® and w? at frequency w (Ref.
[189]). If we consider an electric dipole radiating at a any point in the medium, it will efficiently
couple to half of these states (effectively the half with the same polarization). The power that it
radiates, and hence its spontaneous-emission rate, will be directly proportional to the density of
states, and is called the (electric) local density of states, LDOS [190]. The LDOS is a measure
of the relative energy density of modes at a given point in space relative to the total density of
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modes [191]. Denoting the free-space electric LDOS by po, it is given by the expression [192]

n3w2

212¢3

po(w) = (7
Now consider a dipolar source in a structured medium of refractive index n. For a point source at
some position x, the LDOS p(x, w) is highly dependent on the position x, the frequency w, and
the material and structuring. But, if one considers a certain integral over all frequencies (and
discard a near-field coupling term that typically, though not always, corresponds to emission into
material-absorption pathways), Barnett and Loudon showed [56] that there is a simplifying sum
rule from causality arguments. They considered a source point in vacuum, with a structured
medium surrounding it, and showed that the integral over all frequencies of the relative difference
between the structured-medium LDOS and the vacuum LDOS, i.e. (0 — pPyac) /Ovac» 1 precisely
0. We can generalize their argument slightly, pointing out that if the source is in a medium
with constant refractive index n (over all frequencies), the same sum rule should apply to the
structured-medium LDOS relative to the background LDOS p for a homogeneous medium of
refractive index n, as given in Eq. (7). Then the generalization of the sum rule from Ref. [56] is

/ ¥ px0) ~ pow)
0

=0. 8
@) ¢ ®

The sum rule of Eq. (8) states that for any patterning, the total LDOS of a system cannot be
modified, on average, over all frequencies. The LDOS can be increased in one frequency range,
but thereby must be reduced in another. The only way to increase LDOS over all frequencies is
by increasing the refractive index n of the medium itself, which increases po(w) by n* per Eq. (7).
This highlights the key role that refractive index can play in maximizing light—matter interactions.

The role of refractive index to increase the available states has been recognized in a wide variety
of systems. Large refractive index enables smaller mode volumes [185-188] and correspondingly
large spontaneous-emission enhancements [193—195]. In a photonic-crystal cavity, a typical
defect mode has minimum mode volume ~ (1/2n)°, in which case larger refractive index widens
the bandgap and increases the spatial confinement of the mode [196—198]. In the quest for
miniaturization of nanophotonic “building blocks,” plasmonic split-ring resonators tend to exhibit
large absorption and can be difficult to fabricate and miniaturize at optical frequencies [199,200].
High-index dielectric nanoresonators exhibit strong electric and magnetic resonances [201]
and can help overcome such problems [202,203]. Large refractive index contrast between the
core and air helps to confine the light within the high index medium. As a result, the reduced
radiation loss improves the overall Q factors of the resonator [55]. High refractive index is also
necessary for the miniaturization of such nanoresonators [204], since the magnetic resonance of
a sphere occurs at a wavelength A ~ nd, where n is the refractive index and d is the diameter
of a sphere [202,203,205]. With nanoresonators as building blocks, a high-index material with
positive permittivity and unit permeability can create metamaterials with effective permittivities
and permeabilities across the four possible quadrants [206-208]. Nanoresonators with electric-
and magnetic-dipole resonances can be used to tailor scattering profiles [54,209-215]; as one
example, effective negative index can be used for Huygens’ metasurfaces with no reflection loss
and tailored forward scattering [216,217]. Alternatively, with only a single dipolar resonance,
one can create perfect electric reflectors with near-unity reflection due to the negligible loss of
the dielectric material [218,219]. Finally, magnetic reflectors feature maximum electric field at
the interface, dramatically enhancing light—matter interaction on that plane [220,221].

A classical application of the density-of-states enhancement associated with high index is for
absorption enhancement in solar cells. Random surface texturing on thick films with plane-wave-
like states enables full occupation of all of the internal states, an n3 enhancement relative to
external illumination from all angles. The intensity is enhanced in proportion to the product of



Vol. 10, No. 7/1 July 2020/ Optical Materials Express 1572

OPHCAINEENaISIEXPRES S

the density of states with the wave speed, ¢/n, ultimately yielding the 4n> Yablonovitch limit
to absorption enhancement [222,223]. Wavelength-scale pattering has enabled much thinner
structures to approach, though generally not surpass, the 4n? limit [41,224-231].

Figures 6 and 7 show the refractive indices of many common high-index materials over
transparency windows at visible and infrared frequencies. Many of the materials that are
transparent in the visible and near-IR are polar dielectrics that support phonon polaritons,
and thus are not transparent in the mid-infrared. Conversely, many (though not all) of the
materials transparent in the mid-IR are not transparent in the visible/near-IR. One can see in
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Fig. 6. Comparison of common high-index materials over transparent frequency ranges in
the visible and IR spectrum. Curves with blue colors represent materials transparent over
the visible and near-IR spectrum (MgF; [232], SiO, [233,234], Al,O3 [235], Si3Ny [236],
ZrO, [237], LiNbO3 [238], GaN [239], ZnS [240,241], TiO, [242], ZnSe [243]), and those
with red colors over the mid-IR (Si [244], ZnTe [245], GaAs [246], Ge [247], InP [248-250],
InAs [251], PbS [250,252], Te [253], PbSe [252], PbTe [254]). The chromatic dispersion for
the two classes of materials are measured at wavelengths of 500 nm and 5 pm respectively,
with darker shades corresponding to higher values of chromatic dispersion.
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both figures that the mid-IR-transparent materials tend to exhibit larger values of n relative to
visible/near-IR-transparent materials, consistent with various models showing that the refractive
index for semiconductors tends to increase with smaller energy gaps [204,255-258]. One tradeoff
that tends to come with higher refractive index is increased chromatic dispersion, as measured by
the derivative of the refractive index with respect to wavelength, i.e., dn/dA. Figure 7 clearly
shows a nearly linear relationship between refractive index and chromatic dispersion. Thus an
important materials-synthesis question is whether higher-index materials with small chromatic
dispersion can be synthesized. Such materials would immediately improve the performance of a
wide variety of dielectric metasurfaces [259-269].

4. Comparing polaritonic and dielectric materials

The metrics reviewed in Secs. (2, 3) are not compatible with each other, preventing straightforward
comparisons between polaritonic and dielectric media. The bounds in Sec. 2 are inversely
proportional to the loss rate of the material, which is practically O for many dielectric media.
Conversely, the refractive-index sum rule of Sec. 3 does not account for the surface waves that
are so important in polaritonic media. In this section, we highlight two measures that enable
direct comparison of the two systems: total electron number for all-frequency response (Sec.
4.1), and recently developed power—bandwidth metrics for any bandwidth of interest (Sec. 4.2).

4.1. Electron number

The total number of electrons N, in a system is a key property to describe the maximum response
of any material. Causality requires any linear electromagnetic response function to be analytic
in the upper half of the complex-frequency plane [270], which enables contour-integral-based
“sum rules” to connect response averaged over all frequencies to certain constants of the scatterer.
In quantum systems, this leads to the well-known Thomas—Reiche—Kuhn sum rule (or “f-sum”
rule) [271-275], which relates the sum of oscillator strengths for energy level transitions to the
electron number. One can apply this technique to the extinction cross-section of any optical
scatterer, oext(w), yielding the sum rule [57,58]:

® nw; e 5 2.1
/ Oext(w)dw = —V = N, =~ 1.67 x 107°N, [m~s™ "], 9
0 2c 2g0m,C

where w),, is the effective plasma frequency of the material (defined by electron density 7, through
wp = en,”/eom,) and V is the volume it occupies. Equation (9) says that the extinction of light
summed over all frequencies is determined by the number of electrons in the scatterer, independent
of its geometry and the incident-field polarization. In Ref. [58], extinction cross-sections are
computed for different canonical geometries and materials including aluminum and silicon,
verifying that the sum rule is indeed independent of the nanostructure and material platform. To
maximize frequency-integrated extinction, it is advantageous to use materials with large electron
number. However, Eq. (9) does not provide any guarantees about which frequency ranges will
contain the resonances. The sum rule requires susceptibilities that satisfy Kramers—Kronig
relations, diminishing to zero at high frequencies. The decay-to-zero requirement, though
physically reasonable, means that even “dielectric” media (semiconductors, insulators, etc.) have
a plasma-like response at large enough frequencies. Such response contributes to integrated
extinction, often in a large way due to the negative susceptibility. This obscures the behavior
of, for example, a transparent dielectric at optical frequencies, by accounting for transitions that
occur at UV and X-ray frequencies and which can be the dominant contributor to the response of
Eq. 9).
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4.2. Maximal response over nonzero, finite bandwidth

While the Thomas—Reiche—Kuhn sum rule provides information on integrated optical cross
section, it does not provide spectral information over any finite bandwidth and often overestimates
dielectric-material interactions as described above—the sum rule weighs the entire spectrum
equally instead of isolating particular frequencies of interest. To remedy these shortcomings, Ref.
[59] establishes power—bandwidth limits by combining causality principles, which underlie the
sum rules discussed in Sec. 3 and Sec. 4.1, with the energy-conservation principles underlying
the single-frequency bounds of Sec. 2. The resulting bounds enable comparisons between
polaritonic and dielectric media, and yield the single-frequency and all-frequency bounds in
their respective asymptotic limits. The key is to connect the frequency-averaged response over a
bandwidth Aw around a center frequency wy to a single complex-valued frequency w = wg + iAw
(Ref. [59,186,276]). (This simple form emerges for a Lorentzian average; other averaging
“windows” can be used [59,186].) Then one can derive bounds that depend on material figures of
merit for which the material parameters y or o~ are evaluated at this complex frequency, i.e. y(w)
or o (w). For nonmagnetic materials with bulk susceptibilities y(w) or 2D conductivities o (w),
the material FOM (not to be confused with Eq. (1), which holds only for single frequencies) is
given by [59]:

lwx|* +lwy| Aw

—————>=—— 3D/ bulk materials
flw = w + idw) = |Ui$|)|12m (we) (10)
Re o (w) 2D materials.
o\w

(For the general case of anisotropic, magnetic, and even spatially inhomogeneous media, see the
Supplemental Material of Ref. [59].) It is evident from Eq. (10) that the material FOM over any
nonzero bandwidth yields a finite value even for lossless materials (due to the imaginary part of
w, given by Im w = Aw), and thus enables comparison among all possible optical materials. The
FOM for 2D materials has an identical functional form (albeit with a complex frequency) as the
single-frequency 2D-material FOM, Eq. (1), whereas the functional form of the bulk-material
FOM is now slightly more complex in Eq. (10) than its single-frequency counterpart in Eq. (1).
As in the single-frequency case, the material FOM in Eq. (10) favors large | y(w)| and small
Im y(w) (and similarly for 2D materials), now evaluated at the complex frequency w = wg + iAw.
One can identify intuitive forms of the material FOMs for small bandwidth (Aw <« wy), for
which the material FOM simplifies to [59]:

2
M lossy (e.g. polaritonic)
Im y(w) ,
flw) ~ “0 M lossless (dielectric) (11)
Aw X(%)) +1
o (w)] .
—_— 2D 1
Reo(w) materials,

where the 2D material FOM retains its original simple form. For high-index lossless materials
[59]:
w

f@)~ (@)= 2 (2 =1)  lossless, high-index. (12)
Aw Aw

The material FOM for metals in the small-bandwidth limit is dictated by material loss Im y(w),
whereas the FOM for lossless materials (dielectrics) is dictated by relative bandwidth Aw/wy.
Lossy materials simplify to the single-frequency metric | y|>/Im y because the bandwidth of
their resonant response is dictated by material loss, and their single-frequency response can be
maintained over the whole bandwidth Aw. The material FOM for lossless high-index materials is
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consistent with the metrics of Sec. 3, where we saw that all-frequency response is determined by
the refractive index; the material FOM of Eq. (12) increases in proportion to wq over Aw, which
can be interpreted as the possibility for resonant amplification of the typical n> enhancement
in a resonator with Q-factor given by wg/Aw. No assumption of single-mode or quasistatic
behavior is made in Eq. (11), which holds for any number of resonances as well as more complex
phenomena such as Fano interactions [152,153] and exceptional points [277,278].

Figure 8 compares the material FOM for a large variety of materials at optical frequencies.
On the left side of the figure is the material FOM for canonical material types: (a) a Drude

metal, y(w) = —wﬁ /(w? + iyw), for plasma frequency wp and loss rate y, (d) a lossless,
10°
(@), 0 Metal Bw/wy=0.1 860/wy=0.1 (c)
- 102 si
o 3 Metals
3 = Polaritonic materials /
S~ - .
3 10 5 102 &l Dielectrics
4 = Sic] o sic
10+ I Tio2
2 6 10 2 Polaritonic materials / b
Ao (UM) 10! Dielectrics __/4‘
0
5 , 05 1 1.5 2 %0 105 11 15 12 125 13
flw) = M Center wavelength, A, (M) Center wavelength, A, (um)
|w] (we)
4 4
10 (@) No=1.55pm] 1° (f) Ag=10pm
d Dielectric = Ag
( )100 3103 Metals
s g 102 Polaritonic materials /
3 102 L 102 Dielectrics
5 s sic
o —
S 40! > Tio2 —_
el ] = Polaritonic materials / 10°
2 6 10 Dielectrics
Ao (HM) 10°
10 102 107! 10° 10 102 10°! 10°
indicates direction of Bandwidth, Aw/w, Bandwidth, Aw/w,
increasing material FOM (h) 2D materials (i)
s Aw/wy=0.1 Al , Ef=0.6eV Ao=5pm
T 10
(g)100 2D Conductor g
%
s ; 10°
3 102 o
< - Ef=0.6eV
| K] 107
L g Ef=0.6eV [ B=1T
10 5 [
2 6 10 = B=1T Ef=0.2eV
Ao (HM) 108 102
1 2 3 4 5 10% 102 107" 10°
Center wavelength, Ag (Hm) Bandwidth, Aw/w,

Fig. 8. (a,d,g) Isocurves of material FOM for a Drude metal (with material loss rate
v = 0.1wp), a lossless dielectric (of susceptibility y = 9), and a Drude 2D material (with
v = 0.01wp). The arrows indicate increasing material FOM in each case. (b) Comparison of
material FOM for various bulk metals and polaritonic materials (those supporting surface-
phonon polaritons) / dielectrics, keeping the bandwidth-to-center-frequency ratio Aw/wq
fixed to 0.1. Part (c) compares surface-phonon-polariton-supporting materials at mid-IR
wavelengths. (e),(f) Comparison of material FOM for varying bandwidths relative to the
center wavelengths of 1.55 and 10 um. At very narrow bandwidths, dielectrics offer greater
possible response than metals. (h,i) Comparison of material FOM for 2D materials for
different choices of center wavelength and Aw/wqg. (2D Al, Ag, and Au properties derived
from their bulk counterparts.) Reprinted with permission from Ref. [59], APS.
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constant-susceptibility (y(w) = 9) material, and (g) a “Drude” 2D material, with conductivity
0 (w) = iw,/(w+iy). One can see that these three material types show very different characteristic
dependencies of their FOM on frequency and bandwidth. The Drude-metal FOM is nearly
independent of bandwidth for small-to-moderate bandwidths and increases with the center
wavelength (of the frequency band of interest), 4g. On the other hand, a dielectric with constant
permittivity is independent of center wavelength, and highly dependent on the bandwidth. Finally,
2D Drude conductors are somewhere in between. Loss originates from both the material
parameter y as well as the bandwidth, and the material FOM favors small bandwidth and large
wavelength (for a large conductivity). These simplified permittivity/conductivity models describe
the key features of the FOM for real materials, as the plots in Fig. 8(b,c,h) follow the same
trends as those in Fig. 8(a,d,g): the material FOM for metals increases with wavelength, whereas
dielectrics (Si and SiC) and polaritonic materials (SiO, and TiO;) that support surface-phonon
polaritons at mid-IR frequencies [47] are relatively constant with wavelength. Conversely, the
plots in Fig. 8(e,f,i) show the effects of increasing bandwidth, with the FOM values nearly
unchanged for metals but those of the dielectrics and polaritonic materials decreasing nearly
linearly. The material FOM of 2D conductors increases with both wavelength and smaller
bandwidths.

5. Looking forward

The results highlighted in this paper demonstrate a synergy between experimental materials
discovery and theoretical nanophotonic bounds. There are now a number of key metrics by
which materials can be evaluated for optical performance. Looking forward, these results
prompt new questions in a variety of directions. First, the metrics can drive new-material
synthesis, whether for moderative-negative-permittivity polaritonic material with particularly
small loss (as measured by Im y//| y|?) or for dielectric materials with particularly large refractive
indices n and small chromatic dispersion. From a theoretical perspective, a quantum-mechanical
analysis may suggest constituent atoms or alternative approaches to achieving anomalously large
material figures of merit, or they may provide insight through novel bounds on how large such
metrics can be. There is also the question of which materials are optimal for quantum-photonic
applications, where high radiative efficiency (as discussed in Sec. 2.4) is important, and a number
of considerations beyond maximum response may be desirable. This highlights another area
for exploration—alternative nanophotonic metrics. Beyond maximum response, quantities such
as nonreciprocal transmission, isolation, selectivity, and others may be desirable [279-282];
bounds on such response functions may introduce new material metrics for such scenarios. Active
nanophotonic platforms offer another area for exploration, with metrics such as switching speed
taking increased importance. These examples provide a glimpse at the fertile opportunity for
better understanding of the extreme limits of light—matter interactions.

Disclosures

The authors declare no conflicts of interest.

References

1. J. Goldberger, R. He, Y. Zhang, S. Lee, H. Yan, H.-J. Choi, and P. Yang, “Single-crystal gallium nitride nanotubes,”
Nature 422(6932), 599-602 (2003).

2. 0. M. Yaghi, M. O’Keeffe, N. W. Ockwig, H. K. Chae, M. Eddaoudi, and J. Kim, “Reticular synthesis and the design
of new materials,” Nature 423(6941), 705-714 (2003).

3. M.F. A.M. van Hest, M. S. Dabney, J. D. Perkins, D. S. Ginley, and M. P. Taylor, “Titanium-doped indium oxide: A
high-mobility transparent conductor,” Appl. Phys. Lett. 87(3), 032111 (2005).

4. J. M. Macak, H. Tsuchiya, L. Taveira, S. Aldabergerova, and P. Schmuki, “Smooth anodic TiO, nanotubes,” Angew.
Chem., Int. Ed. 44, 7463-7465 (2005).

5. K.S.Novoselov, D. Jiang, F. Schedin, T. J. Booth, V. V. Khotkevich, S. V. Morozov, and A. K. Geim, “Two-dimensional
atomic crystals,” Proc. Natl. Acad. Sci. U. S. A. 102(30), 10451-10453 (2005).


https://doi.org/10.1038/nature01551
https://doi.org/10.1038/nature01650
https://doi.org/10.1063/1.1995957
https://doi.org/10.1002/anie.200502781
https://doi.org/10.1002/anie.200502781
https://doi.org/10.1073/pnas.0502848102

6.
7.

8.

9.

12.
13.

15.
16.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

Vol. 10, No. 7/1 July 2020/ Optical Materials Express 1577

BAIS EXPRESS —
e

A. K. Geim and K. S. Novoselov, “The rise of graphene,” Nat. Mater. 6(3), 183-191 (2007).

A. Ayari, E. Cobas, O. Ogundadegbe, and M. S. Fuhrer, “Realization and electrical characterization of ultrathin
crystals of layered transition-metal dichalcogenides,” J. Appl. Phys. 101(1), 014507 (2007).

D. Pacil, J. C. Meyer, C. Girit, and A. Zettl, “The two-dimensional phase of boron nitride: Few-atomic-layer sheets
and suspended membranes,” Appl. Phys. Lett. 92(13), 133107 (2008).

D. Hsieh, D. Qian, L. Wray, Y. Xia, Y. S. Hor, R. J. Cava, and M. Z. Hasan, “A topological Dirac insulator in a
quantum spin Hall phase,” Nature 452(7190), 970-974 (2008).

. C.R. Dean, A. F. Young, I. Meric, C. Lee, L. Wang, S. Sorgenfrei, K. Watanabe, T. Taniguchi, P. Kim, K. L. Shepard,

and J. Hone, “Boron nitride substrates for high-quality graphene electronics,” Nat. Nanotechnol. 5(10), 722-726
(2010).

. K. F. Mak, C. Lee, J. Hone, J. Shan, and T. F. Heinz, “Atomically thin MoS;: A new direct-gap semiconductor,”

Phys. Rev. Lett. 105(13), 136805 (2010).

J. E. Moore, “The birth of topological insulators,” Nature 464(7286), 194—198 (2010).

M. Osada and T. Sasaki, “Two-Dimensional Dielectric Nanosheets: Novel Nanoelectronics From Nanocrystal
Building Blocks,” Adv. Mater. 24(2), 210-228 (2012).

. Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman, and M. S. Strano, “Electronics and optoelectronics of

two-dimensional transition metal dichalcogenides,” Nat. Nanotechnol. 7(11), 699-712 (2012).

A. K. Geim and I. V. Grigorieva, “Van der Waals heterostructures,” Nature 499(7459), 419-425 (2013).

Z. K. Liu, B. Zhou, Y. Zhang, Z. J. Wang, H. M. Weng, D. Prabhakaran, S.-K. Mo, Z. X. Shen, Z. Fang, X. Dai,
Z. Hussain, and Y. L. Chen, “Discovery of a Three-Dimensional Topological Dirac Semimetal, Na3Bi,” Science
343(6173), 864-867 (2014).

. S. Borisenko, Q. Gibson, D. Evtushinsky, V. Zabolotnyy, B. Biichner, and R. J. Cava, “Experimental Realization of a

Three-Dimensional Dirac Semimetal,” Phys. Rev. Lett. 113(2), 027603 (2014).

. B. Q. Lv, H. M. Weng, B. B. Fu, X. P. Wang, H. Miao, J. Ma, P. Richard, X. C. Huang, L. X. Zhao, G. F. Chen, Z.

Fang, X. Dai, T. Qian, and H. Ding, “Experimental discovery of weyl semimetal TaAs,” Phys. Rev. X 5(3), 031013
(2015).

. M. I. Saidaminov, A. L. Abdelhady, B. Murali, E. Alarousu, V. M. Burlakov, W. Peng, I. Dursun, L. Wang, Y. He, G.

Maculan, A. Goriely, T. Wu, O. F. Mohammed, and O. M. Bakr, “High-quality bulk hybrid perovskite single crystals
within minutes by inverse temperature crystallization,” Nat. Commun. 6(1), 7586 (2015).

G. R. Bhimanapati, Z. Lin, V. Meunier, Y. Jung, J. Cha, S. Das, D. Xiao, Y. Son, M. S. Strano, V. R. Cooper, L.
Liang, S. G. Louie, E. Ringe, W. Zhou, S. S. Kim, R. R. Naik, B. G. Sumpter, H. Terrones, F. Xia, Y. Wang, J.
Zhu, D. Akinwande, N. Alem, J. A. Schuller, R. E. Schaak, M. Terrones, and J. A. Robinson, “Recent advances in
two-dimensional materials beyond graphene,” ACS Nano 9(12), 11509-11539 (2015).

C. Tan, X. Cao, X.-J. Wu, Q. He, J. Yang, X. Zhang, J. Chen, W. Zhao, S. Han, G.-H. Nam, M. Sindoro, and H.
Zhang, “Recent advances in ultrathin two-dimensional nanomaterials,” Chem. Rev. 117(9), 6225-6331 (2017).

D. Frenkel, “Playing Tricks with Designer “Atoms”,” Science 296(5565), 65-66 (2002).

D. Barredo, S. de Léséleuc, V. Lienhard, T. Lahaye, and A. Browaeys, “An atom-by-atom assembler of defect-free
arbitrary two-dimensional atomic arrays,” Science 354(6315), 1021-1023 (2016).

H. Kim, W. Lee, H.-G. Lee, H. Jo, Y. Song, and J. Ahn, “In situ single-atom array synthesis using dynamic holographic
optical tweezers,” Nat. Commun. 7(1), 13317 (2016).

D. Barredo, V. Lienhard, S. de Léséleuc, T. Lahaye, and A. Browaeys, “Synthetic three-dimensional atomic structures
assembled atom by atom,” Nature 561(7721), 79-82 (2018).

A. M. Gobin, M. H. Lee, N. J. Halas, W. D. James, R. A. Drezek, and J. L. West, “Near-Infrared Resonant Nanoshells
for Combined Optical Imaging and Photothermal Cancer Therapy,” Nano Lett. 7(7), 1929-1934 (2007).

X. Huang, S. Neretina, and M. A. El-Sayed, “Gold nanorods: From synthesis and properties to biological and
biomedical applications,” Adv. Mater. 21(48), 4880-4910 (2009).

J. N. Anker, W. P. Hall, O. Lyandres, N. C. Shah, J. Zhao, and R. P. Van Duyne, “Biosensing with plasmonic
nanosensors,” Nat. Mater. 7(6), 442-453 (2008).

W. S. Chang, J. W. Ha, L. S. Slaughter, and S. Link, “Plasmonic nanorod absorbers as orientation sensors,” Proc.
Natl. Acad. Sci. U. S. A. 107(7), 2781-2786 (2010).

Y. Pu, R. Grange, C.-L. Hsieh, and D. Psaltis, “Nonlinear Optical Properties of Core-Shell Nanocavities for Enhanced
Second-Harmonic Generation,” Phys. Rev. Lett. 104(20), 207402 (2010).

C. W. Hsu, B. Zhen, W. Qiu, O. Shapira, B. G. DeLacy, J. D. Joannopoulos, and M. Soljaci¢, “Transparent displays
enabled by resonant nanoparticle scattering,” Nat. Commun. 5(1), 3152 (2014).

S. Noda, A. Chutinan, and M. Imada, “Trapping and emission of photons by a single defect in a photonic bandgap
structure,” Nature 407(6804), 608-610 (2000).

. P. Michler, A. Kiraz, C. Becher, W. V. Schoenfeld, P. M. Petroff, L. Zhang, E. Hu, and A. Imamoglu, “A quantum dot

single-photon turnstile device,” Science 290(5500), 22822285 (2000).

M. Loncar, A. Scherer, and Y. Qiu, “Photonic crystal laser sources for chemical detection,” Appl. Phys. Lett. 82(26),
4648-4650 (2003).

J. P. Reithmaier, G. S¢k, A. Loffler, C. Hofmann, S. Kuhn, S. Reitzenstein, L. V. Keldysh, V. D. Kulakovskii, T. L.
Reinecke, and A. Forchel, “Strong coupling in a single quantum dot—-semiconductor microcavity system,” Nature
432(7014), 197-200 (2004).


https://doi.org/10.1038/nmat1849
https://doi.org/10.1063/1.2407388
https://doi.org/10.1063/1.2903702
https://doi.org/10.1038/nature06843
https://doi.org/10.1038/nnano.2010.172
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1038/nature08916
https://doi.org/10.1002/adma.201103241
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1038/nature12385
https://doi.org/10.1126/science.1245085
https://doi.org/10.1103/PhysRevLett.113.027603
https://doi.org/10.1103/PhysRevX.5.031013
https://doi.org/10.1038/ncomms8586
https://doi.org/10.1021/acsnano.5b05556
https://doi.org/10.1021/acs.chemrev.6b00558
https://doi.org/10.1126/science.1070865
https://doi.org/10.1126/science.aah3778
https://doi.org/10.1038/ncomms13317
https://doi.org/10.1038/s41586-018-0450-2
https://doi.org/10.1021/nl070610y
https://doi.org/10.1002/adma.200802789
https://doi.org/10.1038/nmat2162
https://doi.org/10.1073/pnas.0910127107
https://doi.org/10.1073/pnas.0910127107
https://doi.org/10.1103/PhysRevLett.104.207402
https://doi.org/10.1038/ncomms4152
https://doi.org/10.1038/35036532
https://doi.org/10.1126/science.290.5500.2282
https://doi.org/10.1063/1.1586781
https://doi.org/10.1038/nature02969

36.

37.

38.

39.

40.

41.

42.

43

44.

45.

46.

47.
48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

6

63.

64.

65.

66.
67.

68.

Vol. 10, No. 7/1 July 2020/ Optical Materials Express 1578

BAIS EXPRESS —
e

T. Tanabe, M. Notomi, S. Mitsugi, A. Shinya, and E. Kuramochi, “All-optical switches on a silicon chip realized
using photonic crystal nanocavities,” Appl. Phys. Lett. 87(15), 151112 (2005).

K. Hennessy, A. Badolato, M. Winger, D. Gerace, M. Atatiire, S. Gulde, S. Filt, E. L. Hu, and A. Imamoglu,
“Quantum nature of a strongly coupled single quantum dot-cavity system,” Nature 445(7130), 896-899 (2007).

K. Srinivasan and O. Painter, “Linear and nonlinear optical spectroscopy of a strongly coupled microdisk-quantum
dot system,” Nature 450(7171), 862-865 (2007).

S. Nie and S. R. Emory, “Probing single molecules and single nanoparticles by surface-enhanced Raman scattering,”
Science 275(5303), 1102-1106 (1997).

R. Bardhan, N. K. Grady, J. R. Cole, A. Joshi, and N. J. Halas, “Fluorescence Enhancement by Au Nanostructures:
Nanoshells and Nanorods,” ACS Nano 3(3), 744-752 (2009).

D. M. Callahan, J. N. Munday, and H. A. Atwater, “Solar Cell Light Trapping beyond the Ray Optic Limit,” Nano
Lett. 12(1), 214-218 (2012).

M. S. Eggleston and M. C. Wu, “Efficient Coupling of an Antenna-Enhanced nanoLED into an Integrated InP
Waveguide,” Nano Lett. 15(5), 3329-3333 (2015).

. M. Laroche, R. Carminati, and J. J. Greffet, “Near-field thermophotovoltaic energy conversion,” J. Appl. Phys. 100(6),

063704 (2006).

D. Martin-Cano, L. Martin-Moreno, F. J. Garcia-Vidal, and E. Moreno, “Resonance Energy Transfer and Superradiance
Mediated by Plasmonic Nanowaveguides,” Nano Lett. 10(8), 3129-3134 (2010).

A. Gonzalez-Tudela, D. Martin-Cano, E. Moreno, L. Martin-Moreno, C. Tejedor, and F. J. Garcia-Vidal, “Entanglement
of Two Qubits Mediated by One-Dimensional Plasmonic Waveguides,” Phys. Rev. Lett. 106(2), 020501 (2011).

S. Basu, Z. M. Zhang, and C. J. Fu, “Review of near-field thermal radiation and its application to energy conversion,”
Int. J. Energy Res. 33, 1203-1232 (2009).

S. A. Maier, Plasmonics: Fundamentals and Applications (Springer Science & Business Media, 2007).

E. Ozbay, “Plasmonics: Merging Photonics and Electronics at Nanoscale Dimensions,” Science 311(5758), 189-193
(2006).

J. D. Caldwell, L. Lindsay, V. Giannini, I. Vurgaftman, T. L. Reinecke, S. A. Maier, and O. J. Glembocki, “Low-loss,
infrared and terahertz nanophotonics using surface phonon polaritons,” Nanophotonics 4(1), 44-68 (2015).

J. B. Khurgin, “How to deal with the loss in plasmonics and metamaterials,” Nat. Nanotechnol. 10(1), 2-6 (2015).

. O.D. Miller, A. G. Polimeridis, M. T. Homer Reid, C. W. Hsu, B. G. DeLacy, J. D. Joannopoulos, M. Soljaci¢, and S.

G. Johnson, “Fundamental limits to optical response in absorptive systems,” Opt. Express 24(4), 3329 (2016).

F. Wang and Y. R. Shen, “General Properties of Local Plasmons in Metal Nanostructures,” Phys. Rev. Lett. 97(20),
206806 (2006).

A. E. Krasnok, A. E. Miroshnichenko, P. A. Belov, and Y. S. Kivshar, “All-dielectric optical nanoantennas,” Opt.
Express 20(18), 20599 (2012).

Y. H. Fu, A. I. Kuznetsov, A. E. Miroshnichenko, Y. F. Yu, and B. Luk’yanchuk, “Directional visible light scattering
by silicon nanoparticles,” Nat. Commun. 4(1), 1527 (2013).

A. 1. Kuznetsov, A. E. Miroshnichenko, M. L. Brongersma, Y. S. Kivshar, and B. Luk’yanchuk, “Optically resonant
dielectric nanostructures,” Science 354(6314), aag2472 (2016).

S. M. Barnett and R. Loudon, “Sum Rule for Modified Spontaneous Emission Rates,” Phys. Rev. Lett. 77(12),
2444-2446 (1996).

R. G. Gordon, “Three Sum Rules for Total Optical Absorption Cross Sections,” J. Chem. Phys. 38(7), 1724-1729
(1963).

Z.-J. Yang, T. J. Antosiewicz, R. Verre, F. J. Garcia de Abajo, S. P. Apell, and M. Kill, “Ultimate Limit of Light
Extinction by Nanophotonic Structures,” Nano Lett. 15(11), 7633-7638 (2015).

H. Shim, L. Fan, S. G. Johnson, and O. D. Miller, “Fundamental Limits to Near-Field Optical Response over Any
Bandwidth,” Phys. Rev. X 9(1), 011043 (2019).

G. V. Naik, V. M. Shalaev, and A. Boltasseva, “Alternative Plasmonic Materials: Beyond Gold and Silver,” Adyv.
Mater. 25, 3264-3294 (2013).

. Y. Zhong, S. D. Malagari, T. Hamilton, and D. Wasserman, “Review of mid-infrared plasmonic materials,” J.

Nanophotonics 9(1), 093791 (2015).

. D. N. Basov, M. M. Fogler, and F. J. Garcia de Abajo, “Polaritons in van der Waals materials,” Science 354(6309),

aag1992 (2016).

T. Low, A. Chaves, J. D. Caldwell, A. Kumar, N. X. Fang, P. Avouris, T. F. Heinz, F. Guinea, L. Martin-Moreno, and
F. Koppens, “Polaritons in layered two-dimensional materials,” Nat. Mater. 16(2), 182-194 (2017).

S. Foteinopoulou, G. C. R. Devarapu, G. S. Subramania, S. Krishna, and D. Wasserman, ‘“Phonon-polaritonics:
enabling powerful capabilities for infrared photonics,” Nanophotonics 8(12), 2129-2175 (2019).

M. 1. Stockman, “Nanofocusing of Optical Energy in Tapered Plasmonic Waveguides,” Phys. Rev. Lett. 93(13),
137404 (2004).

C. F. Bohren and D. R. Huffman, Absorption and Scattering of Light by Small Particles (John Wiley & Sons, 2008).
M. D. Arnold and M. G. Blaber, “Optical performance and metallic absorption in nanoplasmonic systems,” Opt.
Express 17(5), 3835 (2009).

J. B. Khurgin and G. Sun, “Scaling of losses with size and wavelength in nanoplasmonics and metamaterials,” Appl.
Phys. Lett. 99(21), 211106 (2011).


https://doi.org/10.1063/1.2089185
https://doi.org/10.1038/nature05586
https://doi.org/10.1038/nature06274
https://doi.org/10.1126/science.275.5303.1102
https://doi.org/10.1021/nn900001q
https://doi.org/10.1021/nl203351k
https://doi.org/10.1021/nl203351k
https://doi.org/10.1021/acs.nanolett.5b00574
https://doi.org/10.1063/1.2234560
https://doi.org/10.1021/nl101876f
https://doi.org/10.1103/PhysRevLett.106.020501
https://doi.org/10.1002/er.1607
https://doi.org/10.1126/science.1114849
https://doi.org/10.1515/nanoph-2014-0003
https://doi.org/10.1038/nnano.2014.310
https://doi.org/10.1364/OE.24.003329
https://doi.org/10.1103/PhysRevLett.97.206806
https://doi.org/10.1364/OE.20.020599
https://doi.org/10.1364/OE.20.020599
https://doi.org/10.1038/ncomms2538
https://doi.org/10.1126/science.aag2472
https://doi.org/10.1103/PhysRevLett.77.2444
https://doi.org/10.1063/1.1776946
https://doi.org/10.1021/acs.nanolett.5b03512
https://doi.org/10.1103/PhysRevX.9.011043
https://doi.org/10.1002/adma.201205076
https://doi.org/10.1002/adma.201205076
https://doi.org/10.1117/1.JNP.9.093791
https://doi.org/10.1117/1.JNP.9.093791
https://doi.org/10.1126/science.aag1992
https://doi.org/10.1038/nmat4792
https://doi.org/10.1515/nanoph-2019-0232
https://doi.org/10.1103/PhysRevLett.93.137404
https://doi.org/10.1364/OE.17.003835
https://doi.org/10.1364/OE.17.003835
https://doi.org/10.1063/1.3664105
https://doi.org/10.1063/1.3664105

70
71

72
73

74

75.

76.

7.

78.

79.
80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

95.

96.

97.

98.
99.

Vol. 10, No. 7/1 July 2020/ Optical Materials Express 1579

BAIS EXPRESS —
e

. X. Zambrana-Puyalto and N. Bonod, “Purcell factor of spherical Mie resonators,” Phys. Rev. B 91(19), 195422
(2015).

. R. G. Newton, “Optical theorem and beyond,” Am. J. Phys. 44(7), 639-642 (1976).

. D.R. Lytle, P. S. Carney, J. C. Schotland, and E. Wolf, “Generalized optical theorem for reflection, transmission, and
extinction of power for electromagnetic fields,” Phys. Rev. E 71(5), 056610 (2005).

. J. D. Jackson, Classical electrodynamics (John Wiley & Sons, New York, 2007).

. 0. D. Miller, O. Ilic, T. Christensen, M. T. Reid, H. A. Atwater, J. D. Joannopoulos, M. Soljaci¢, and S. G. Johnson,
“Limits to the Optical Response of Graphene and Two-Dimensional Materials,” Nano Lett. 17(9), 5408-5415 (2017).

. O.D. Miller, C. W. Hsu, M. T. H. Reid, W. Qiu, B. G. DeLacy, J. D. Joannopoulos, M. Soljacic, and S. G. Johnson,

“Fundamental limits to extinction by metallic nanoparticles,” Phys. Rev. Lett. 112(12), 123903 (2014).

0. D. Miller, S. G. Johnson, and A. W. Rodriguez, “Shape-Independent Limits to Near-Field Radiative Heat Transfer,”
Phys. Rev. Lett. 115(20), 204302 (2015).

Y. Yang, O. D. Miller, T. Christensen, J. D. Joannopoulos, and M. Soljaci¢, “Low-Loss Plasmonic Dielectric
Nanoresonators,” Nano Lett. 17(5), 3238-3245 (2017).

Y. Yang, A. Massuda, C. Roques-Carmes, S. E. Kooi, T. Christensen, S. G. Johnson, J. D. Joannopoulos, O. D. Miller,

I. Kaminer, and M. Soljaci¢, “Maximal spontaneous photon emission and energy loss from free electrons,” Nat. Phys.

14(9), 894-899 (2018).

J. Michon, M. Benzaouia, W. Yao, O. D. Miller, and S. G. Johnson, “Limits to surface-enhanced Raman scattering

near arbitrary-shape scatterers,” Opt. Express 27(24), 35189 (2019).

L. N. Trefethen and D. Bau, Numerical Linear Algebra (Society for Industrial and Applied Mathematics, 1997).

E. D. Palik, Handbook of Optical Constants of Solids (Academic Press, 1998).

. E. Sachet, C. T. Shelton, J. S. Harris, B. E. Gaddy, D. L. Irving, S. Curtarolo, B. F. Donovan, P. E. Hopkins, P. A.
Sharma, A. L. Sharma, J. Ihlefeld, S. Franzen, and J.-P. Maria, “Dysprosium-doped cadmium oxide as a gateway
material for mid-infrared plasmonics,” Nat. Mater. 14(4), 414-420 (2015).

M. Francoeur, M. P. Mengii¢, and R. Vaillon, “Spectral tuning of near-field radiative heat flux between two thin
silicon carbide films,” J. Phys. D: Appl. Phys. 43(7), 075501 (2010).

A. P. Hibbins, J. R. Sambles, and C. R. Lawrence, “Surface plasmon-polariton study of the optical dielectric function
of titanium nitride,” J. Mod. Opt. 45(10), 2051-2062 (1998).

S. Franzen, “Surface Plasmon Polaritons and Screened Plasma Absorption in Indium Tin Oxide Compared to Silver
and Gold,” J. Phys. Chem. C 112(15), 6027-6032 (2008).

S.Law, L. Yu, A. Rosenberg, and D. Wasserman, “All-Semiconductor Plasmonic Nanoantennas for Infrared Sensing,”
Nano Lett. 13(9), 4569-4574 (2013).

S. Basu, B. J. Lee, and Z. M. Zhang, “Infrared Radiative Properties of Heavily Doped Silicon at Room Temperature,”
J. Heat Transfer 132(2), 023301 (2010).

M. Jablan, H. Buljan, and M. Soljaci¢, “Plasmonics in graphene at infrared frequencies,” Phys. Rev. B 80(24), 245435
(2009).

G. W. Hanson, “Dyadic Green’s Functions for an Anisotropic, Non-Local Model of Biased Graphene,” IEEE Trans.
Antennas Propagat. 56(3), 747-757 (2008).

W. Wang, S. Xiao, and N. A. Mortensen, “Localized plasmons in bilayer graphene nanodisks,” Phys. Rev. B 93(16),
165407 (2016).

V. W. Brar, M. S. Jang, M. Sherrott, S. Kim, J. J. Lopez, L. B. Kim, M. Choi, and H. Atwater, “Hybrid Surface-
Phonon-Plasmon Polariton Modes in Graphene/Monolayer h-BN Heterostructures,” Nano Lett. 14(7), 3876-3880
(2014).

J. T. Liu, T. B. Wang, X. J. Li, and N. H. Liu, “Enhanced absorption of monolayer MoS, with resonant back reflector,”
J. Appl. Phys. 115(19), 193511 (2014).

F. J. Garcia de Abajo and A. Manjavacas, “Plasmonics in atomically thin materials,” Faraday Discuss. 178, 87-107
(2015).

F. Rana, “Graphene Terahertz Plasmon Oscillators,” IEEE Trans. Nanotechnology 7(1), 91-99 (2008).

L. Ju, B. Geng, J. Horng, C. Girit, M. Martin, Z. Hao, H. A. Bechtel, X. Liang, A. Zettl, Y. R. Shen, and F. Wang,

“Graphene plasmonics for tunable terahertz metamaterials,” Nat. Nanotechnol. 6(10), 630—-634 (2011).

T. Low and P. Avouris, “Graphene Plasmonics for Terahertz to Mid-Infrared Applications,” ACS Nano 8(2),
1086-1101 (2014).

P. Di Pietro, M. Ortolani, O. Limaj, A. Di Gaspare, V. Giliberti, F. Giorgianni, M. Brahlek, N. Bansal, N. Koirala, S.
Oh, P. Calvani, and S. Lupi, “Observation of Dirac plasmons in a topological insulator,” Nat. Nanotechnol. 8(8),
556-560 (2013).

R. Sundararaman, T. Christensen, Y. Ping, N. Rivera, J. D. Joannopoulos, M. Soljaci¢, and P. Narang, “Plasmonics in

Argentene,” arXiv preprint arXiv:1806.02672 (2018).

P. Berini, “Figures of merit for surface plasmon waveguides,” Opt. Express 14(26), 13030 (2006).

R. Buckley and P. Berini, “Figures of merit for 2D surface plasmon waveguides and application to metal stripes,”
Opt. Express 15(19), 12174 (2007).

100. A. Arbabi, E. Arbabi, and S. Safavi-Naeini, “A Fundamental Limit on Propagation Loss of Waveguides with

10

Subwavelength Mode Size,” arXiv preprint arXiv:1411.4402 (2014).
1. H. Raether, Surface Plasmons on Smooth and Rough Surfaces and on Gratings (Springer, 1988).


https://doi.org/10.1103/PhysRevB.91.195422
https://doi.org/10.1119/1.10324
https://doi.org/10.1103/PhysRevE.71.056610
https://doi.org/10.1021/acs.nanolett.7b02007
https://doi.org/10.1103/PhysRevLett.112.123903
https://doi.org/10.1103/PhysRevLett.115.204302
https://doi.org/10.1021/acs.nanolett.7b00852
https://doi.org/10.1038/s41567-018-0180-2
https://doi.org/10.1364/OE.27.035189
https://doi.org/10.1038/nmat4203
https://doi.org/10.1088/0022-3727/43/7/075501
https://doi.org/10.1080/09500349808231742
https://doi.org/10.1021/jp7097813
https://doi.org/10.1021/nl402766t
https://doi.org/10.1115/1.4000171
https://doi.org/10.1103/PhysRevB.80.245435
https://doi.org/10.1109/TAP.2008.917005
https://doi.org/10.1109/TAP.2008.917005
https://doi.org/10.1103/PhysRevB.93.165407
https://doi.org/10.1021/nl501096s
https://doi.org/10.1063/1.4878700
https://doi.org/10.1039/C4FD00216D
https://doi.org/10.1109/TNANO.2007.910334
https://doi.org/10.1038/nnano.2011.146
https://doi.org/10.1021/nn406627u
https://doi.org/10.1038/nnano.2013.134
https://doi.org/10.1364/OE.14.013030
https://doi.org/10.1364/OE.15.012174

Vol. 10, No. 7/1 July 2020/ Optical Materials Express 1580

r_i-—

crialS EXPRESS

102. W. L. Barnes, A. Dereux, and T. W. Ebbesen, “Surface plasmon subwavelength optics,” Nature 424(6950), 824-830
(2003).

103. J. A. Dionne, L. A. Sweatlock, H. A. Atwater, and A. Polman, “Planar metal plasmon waveguides: Frequency-
dependent dispersion, propagation, localization, and loss beyond the free electron model,” Phys. Rev. B 72(7), 075405
(2005).

104. W. L. Barnes, “Surface plasmon-polariton length scales: a route to sub-wavelength optics,” J. Opt. A: Pure Appl.
Opt. 8(4), S87-S93 (2006).

105. J. Homola, “Electromagnetic Theory of Surface Plasmons,” in Surf. Plasmon Reson. Based Sensors, J. Homola, ed.
(Springer-Verlag, 2006), chap. 1, pp. 3-44

106. P. Tassin, T. Koschny, M. Kafesaki, and C. M. Soukoulis, “A comparison of graphene, superconductors and metals
as conductors for metamaterials and plasmonics,” Nat. Photonics 6(4), 259-264 (2012).

107. L. Liberal and N. Engheta, “Near-zero refractive index photonics,” Nat. Photonics 11(3), 149-158 (2017).

108. N. Kinsey, C. DeVault, A. Boltasseva, and V. M. Shalaev, “Near-zero-index materials for photonics,” Nat. Rev.
Mater. 4(12), 742-760 (2019).

109. M. Silveirinha and N. Engheta, “Tunneling of Electromagnetic Energy through Subwavelength Channels and Bends
using e-Near-Zero Materials,” Phys. Rev. Lett. 97(15), 157403 (2006).

110. B. Edwards, A. Alu, M. E. Young, M. Silveirinha, and N. Engheta, “Experimental Verification of Epsilon-Near-Zero
Metamaterial Coupling and Energy Squeezing Using a Microwave Waveguide,” Phys. Rev. Lett. 100(3), 033903
(2008).

111. S. Enoch, G. Tayeb, P. Sabouroux, N. Guérin, and P. Vincent, “A Metamaterial for Directive Emission,” Phys. Rev.
Lett. 89(21), 213902 (2002).

112. V. Pacheco-Pe na, V. Torres, B. Orazbayev, M. Beruete, M. Navarro-Cia, M. Sorolla, and N. Engheta, “Mechanical
144 GHz beam steering with all-metallic epsilon-near-zero lens antenna,” Appl. Phys. Lett. 105(24), 243503 (2014).

113. P. Moitra, Y. Yang, Z. Anderson, I. I. Kravchenko, D. P. Briggs, and J. Valentine, “Realization of an all-dielectric
zero-index optical metamaterial,” Nat. Photonics 7(10), 791-795 (2013).

114. Y. Li, S. Kita, P. Mu noz, O. Reshef, D. I. Vulis, M. Yin, M. Loncar, and E. Mazur, “On-chip zero-index
metamaterials,” Nat. Photonics 9(11), 738-742 (2015).

115. A. Capretti, Y. Wang, N. Engheta, and L. Dal Negro, “Enhanced third-harmonic generation in Si-compatible
epsilon-near-zero indium tin oxide nanolayers,” Opt. Lett. 40(7), 1500 (2015).

116. M. Z. Alam, I. De Leon, and R. W. Boyd, “Large optical nonlinearity of indium tin oxide in its epsilon-near-zero
region,” Science 352(6287), 795-797 (2016).

117. L. Caspani, R. P. M. Kaipurath, M. Clerici, M. Ferrera, T. Roger, J. Kim, N. Kinsey, M. Pietrzyk, A. Di Falco, V. M.
Shalaev, A. Boltasseva, and D. Faccio, “Enhanced Nonlinear Refractive Index in e-Near-Zero Materials,” Phys. Rev.
Lett. 116(23), 233901 (2016).

118. J. B. Khurgin and G. Sun, “In search of the elusive lossless metal,” Appl. Phys. Lett. 96(18), 181102 (2010).

119. M. Gustafsson, K. Schab, L. Jelinek, and M. Capek, “Upper bounds on absorption and scattering,” arXiv preprint
arXiv:1912.06699 (2019).

120. Z. Kuang, L. Zhang, and O. D. Miller, “Maximal single-frequency electromagnetic response,” arXiv preprint
arXiv:2002.00521 (2020).

121. S. Molesky, P. Chao, and A. W. Rodriguez, “T-operator limits on electromagnetic scattering: Bounds on extinguished,
absorbed, and scattered power from arbitrary sources,” arXiv preprint arXiv:2001.11531 (2020).

122. M. G. Kuzyk, “Fundamental limits of all nonlinear-optical phenomena that are representable by a second-order
nonlinear susceptibility,” J. Chem. Phys. 125(15), 154108 (2006).

123. E. L. Crowell and M. G. Kuzyk, “Quantum Limits on Material Response Factors for Optimized Radiative Heat
Transfer,” arXiv preprint arXiv:2002.05210 (2020).

124. P. B. Johnson and R. W. Christy, “Optical Constants of the Noble Metals,” Phys. Rev. B 6(12), 4370-4379 (1972).

125. R. L. Olmon, B. Slovick, T. W. Johnson, D. Shelton, S.-H. Oh, G. D. Boreman, and M. B. Raschke, “Optical
dielectric function of gold,” Phys. Rev. B 86(23), 235147 (2012).

126. S. Babar and J. H. Weaver, “Optical constants of Cu, Ag, and Au revisited,” Appl. Opt. 54(3), 477 (2015).

127. K. M. McPeak, S. V. Jayanti, S. J. P. Kress, S. Meyer, S. Iotti, A. Rossinelli, and D. J. Norris, “Plasmonic Films Can
Easily Be Better: Rules and Recipes,” ACS Photonics 2(3), 326-333 (2015).

128. H. U. Yang, J. D’ Archangel, M. L. Sundheimer, E. Tucker, G. D. Boreman, and M. B. Raschke, “Optical dielectric
function of silver,” Phys. Rev. B 91(23), 235137 (2015).

129. D. I. Yakubovsky, A. V. Arsenin, Y. V. Stebunov, D. Y. Fedyanin, and V. S. Volkov, “Optical constants and structural
properties of thin gold films,” Opt. Express 25(21), 25574 (2017).

130. A. Ciesielski, L. Skowronski, M. Trzcinski, and T. Szoplik, “Controlling the optical parameters of self-assembled
silver films with wetting layers and annealing,” Appl. Surf. Sci. 421, 349-356 (2017).

131. P. West, S. Ishii, G. Naik, N. Emani, V. Shalaev, and A. Boltasseva, “Searching for better plasmonic materials,”
Laser Photonics Rev. 4, 795-808 (2010).

132. A. Boltasseva and H. A. Atwater, “Low-Loss Plasmonic Metamaterials,” Science 331(6015), 290-291 (2011).

133. J. B. Khurgin and A. Boltasseva, “Reflecting upon the losses in plasmonics and metamaterials,” MRS Bull. 37(8),
768-779 (2012).


https://doi.org/10.1038/nature01937
https://doi.org/10.1103/PhysRevB.72.075405
https://doi.org/10.1088/1464-4258/8/4/S06
https://doi.org/10.1088/1464-4258/8/4/S06
https://doi.org/10.1038/nphoton.2012.27
https://doi.org/10.1038/nphoton.2017.13
https://doi.org/10.1038/s41578-019-0133-0
https://doi.org/10.1038/s41578-019-0133-0
https://doi.org/10.1103/PhysRevLett.97.157403
https://doi.org/10.1103/PhysRevLett.100.033903
https://doi.org/10.1103/PhysRevLett.89.213902
https://doi.org/10.1103/PhysRevLett.89.213902
https://doi.org/10.1063/1.4903865
https://doi.org/10.1038/nphoton.2013.214
https://doi.org/10.1038/nphoton.2015.198
https://doi.org/10.1364/OL.40.001500
https://doi.org/10.1126/science.aae0330
https://doi.org/10.1103/PhysRevLett.116.233901
https://doi.org/10.1103/PhysRevLett.116.233901
https://doi.org/10.1063/1.3425890
https://doi.org/10.1063/1.2358973
https://doi.org/10.1103/PhysRevB.6.4370
https://doi.org/10.1103/PhysRevB.86.235147
https://doi.org/10.1364/AO.54.000477
https://doi.org/10.1021/ph5004237
https://doi.org/10.1103/PhysRevB.91.235137
https://doi.org/10.1364/OE.25.025574
https://doi.org/10.1016/j.apsusc.2017.01.039
https://doi.org/10.1002/lpor.200900055
https://doi.org/10.1126/science.1198258
https://doi.org/10.1557/mrs.2012.173

Vol. 10, No. 7/1 July 2020/ Optical Materials Express 1581

r_i-—

crialS EXPRESS

134. J. B. Khurgin, “Replacing noble metals with alternative materials in plasmonics and metamaterials: how good an
idea?” Philos. Trans. R. Soc., A 375(2090), 20160068 (2017).

135. W. T. Hsieh, P. C. Wu, J. B. Khurgin, D. P. Tsai, N. Liu, and G. Sun, “Comparative Analysis of Metals and
Alternative Infrared Plasmonic Materials,” ACS Photonics 5(7), 2541-2548 (2018).

136. A.J. Hoffman, L. Alekseyev, S. S. Howard, K. J. Franz, D. Wasserman, V. A. Podolskiy, E. E. Narimanov, D. L.
Sivco, and C. Gmachl, “Negative refraction in semiconductor metamaterials,” Nat. Mater. 6(12), 946-950 (2007).

137. M. G. Blaber, M. D. Arnold, and M. J. Ford, “A review of the optical properties of alloys and intermetallics for
plasmonics,” J. Phys.: Condens. Matter 22(14), 143201 (2010).

138. G. V. Naik and A. Boltasseva, “Semiconductors for plasmonics and metamaterials,” phys. stat. sol. (RRL) 4(10),
295-297 (2010).

139. G. V. Naik, J. Kim, and A. Boltasseva, “Oxides and nitrides as alternative plasmonic materials in the optical range
[Invited],” Opt. Mater. Express 1(6), 1090 (2011).

140. G. V. Naik, J. L. Schroeder, X. Ni, A. V. Kildishev, T. D. Sands, and A. Boltasseva, “Titanium nitride as a plasmonic
material for visible and near-infrared wavelengths,” Opt. Mater. Express 2(4), 478 (2012).

141. H. Kim, M. Osofsky, S. M. Prokes, O. J. Glembocki, and A. Piqué, “Optimization of Al-doped ZnO films for low
loss plasmonic materials at telecommunication wavelengths,” Appl. Phys. Lett. 102(17), 171103 (2013).

142. J. Kim, G. V. Naik, N. K. Emani, U. Guler, and A. Boltasseva, “Plasmonic Resonances in Nanostructured Transparent
Conducting Oxide Films,” IEEE J. Sel. Top. Quantum Electron. 19(5), 1-7 (2013).

143. J. Kim, G. V. Naik, A. V. Gavrilenko, K. Dondapati, V. I. Gavrilenko, S. M. Prokes, O. J. Glembocki, V. M.
Shalaev, and A. Boltasseva, “Optical Properties of Gallium-Doped Zinc Oxide—A Low-Loss Plasmonic Material:
First-Principles Theory and Experiment,” Phys. Rev. X 3(4), 041037 (2013).

144. A. Agrawal, S. H. Cho, O. Zandi, S. Ghosh, R. W. Johns, and D. J. Milliron, “Localized Surface Plasmon Resonance
in Semiconductor Nanocrystals,” Chem. Rev. 118(6), 3121-3207 (2018).

145. D. J. Bergman and M. 1. Stockman, “Surface Plasmon Amplification by Stimulated Emission of Radiation: Quantum
Generation of Coherent Surface Plasmons in Nanosystems,” Phys. Rev. Lett. 90(2), 027402 (2003).

146. M. C. Gather, K. Meerholz, N. Danz, and K. Leosson, “Net optical gain in a plasmonic waveguide embedded in a
fluorescent polymer,” Nat. Photonics 4(7), 457461 (2010).

147. M. 1. Stockman, “Nanoplasmonics: past, present, and glimpse into future,” Opt. Express 19(22), 22029 (2011).

148. J. B. Khurgin, “Relative merits of phononics vs. plasmonics: the energy balance approach,” Nanophotonics 7(1),
305-316 (2018).

149. J. D. Caldwell, I. Aharonovich, G. Cassabois, J. H. Edgar, B. Gil, and D. N. Basov, “Photonics with hexagonal
boron nitride,” Nat. Rev. Mater. 4(8), 552-567 (2019).

150. A. Raman, W. Shin, and S. Fan, “Upper Bound on the Modal Material Loss Rate in Plasmonic and Metamaterial
Systems,” Phys. Rev. Lett. 110(18), 183901 (2013).

151. M. M. Asmar and S. E. Ulloa, “Symmetry-breaking effects on spin and electronic transport in graphene,” Phys. Rev.
B 91(16), 165407 (2015).

152. U. Fano, “Effects of Configuration Interaction on Intensities and Phase Shifts,” Phys. Rev. 124(6), 1866—1878
(1961).

153. M. F. Limonov, M. V. Rybin, A. N. Poddubny, and Y. S. Kivshar, “Fano resonances in photonics,” Nat. Photonics
11(9), 543-554 (2017).

154. M. I. Stockman, L. N. Pandey, and T. F. George, “Inhomogeneous localization of polar eigenmodes in fractals,”
Phys. Rev. B 53(5), 2183-2186 (1996).

155. J. P. Kottmann and O. J. Martin, “Plasmon resonant coupling in metallic nanowires,” Opt. Express 8(12), 655
(2001).

156. J.-J. Greftet, R. Carminati, K. Joulain, J.-P. Mulet, S. Mainguy, and Y. Chen, “Coherent emission of light by thermal
sources,” Nature 416(6876), 61-64 (2002).

157.J. A. Mason, S. Smith, and D. Wasserman, “Strong absorption and selective thermal emission from a midinfrared
metamaterial,” Appl. Phys. Lett. 98(24), 241105 (2011).

158. X. Liu, T. Tyler, T. Starr, A. F. Starr, N. M. Jokerst, and W. J. Padilla, “Taming the Blackbody with Infrared
Metamaterials as Selective Thermal Emitters,” Phys. Rev. Lett. 107(4), 045901 (2011).

159. S. Law, D. C. Adams, A. Taylor, and D. Wasserman, “Mid-infrared designer metals,” Opt. Express 20(11),
12155-12165 (2012).

160. B. Busbee, S. Obare, and C. Murphy, “An Improved Synthesis of High-Aspect-Ratio Gold Nanorods,” Adv. Mater.
15(5), 414-416 (2003).

161. W. Cai, U. K. Chettiar, A. V. Kildishev, and V. M. Shalaev, “Optical cloaking with metamaterials,” Nat. Photonics
1(4), 224-227 (2007).

162. R. Fuchs, “Theory of the optical properties of ionic crystal cubes,” Phys. Rev. B 11(4), 1732—1740 (1975).

163. F. Ouyang and M. Isaacson, “Surface plasmon excitation of objects with arbitrary shape and dielectric constant,”
Philos. Mag. B 60(4), 481-492 (1989).

164. F. J. Garcia de Abajo and A. Howie, “Retarded field calculation of electron energy loss in inhomogeneous dielectrics,”
Phys. Rev. B 65(11), 115418 (2002).

165. I. D. Mayergoyz, D. R. Fredkin, and Z. Zhang, “Electrostatic (plasmon) resonances in nanoparticles,” Phys. Rev. B
72(15), 155412 (2005).


https://doi.org/10.1098/rsta.2016.0068
https://doi.org/10.1021/acsphotonics.7b01166
https://doi.org/10.1038/nmat2033
https://doi.org/10.1088/0953-8984/22/14/143201
https://doi.org/10.1002/pssr.201004269
https://doi.org/10.1364/OME.1.001090
https://doi.org/10.1364/OME.2.000478
https://doi.org/10.1063/1.4802901
https://doi.org/10.1109/JSTQE.2013.2255586
https://doi.org/10.1103/PhysRevX.3.041037
https://doi.org/10.1021/acs.chemrev.7b00613
https://doi.org/10.1103/PhysRevLett.90.027402
https://doi.org/10.1038/nphoton.2010.121
https://doi.org/10.1364/OE.19.022029
https://doi.org/10.1515/nanoph-2017-0048
https://doi.org/10.1038/s41578-019-0124-1
https://doi.org/10.1103/PhysRevLett.110.183901
https://doi.org/10.1103/PhysRevB.91.165407
https://doi.org/10.1103/PhysRevB.91.165407
https://doi.org/10.1103/PhysRev.124.1866
https://doi.org/10.1038/nphoton.2017.142
https://doi.org/10.1103/PhysRevB.53.2183
https://doi.org/10.1364/OE.8.000655
https://doi.org/10.1038/416061a
https://doi.org/10.1063/1.3600779
https://doi.org/10.1103/PhysRevLett.107.045901
https://doi.org/10.1364/OE.20.012155
https://doi.org/10.1002/adma.200390095
https://doi.org/10.1038/nphoton.2007.28
https://doi.org/10.1103/PhysRevB.11.1732
https://doi.org/10.1080/13642818908205921
https://doi.org/10.1103/PhysRevB.65.115418
https://doi.org/10.1103/PhysRevB.72.155412

Vol. 10, No. 7/1 July 2020/ Optical Materials Express 1582

—
f -

NAISSEXPRESS

166. O. D. Kellogg, Foundations of Potential Theory (Dover Publications, Inc., 1929).

167. T. Sandu, “Eigenmode Decomposition of the Near-Field Enhancement in Localized Surface Plasmon Resonances of
Metallic Nanoparticles,” Plasmonics 8(2), 391-402 (2013).

168. F. Tam, G. P. Goodrich, B. R. Johnson, and N. J. Halas, “Plasmonic enhancement of molecular fluorescence,” Nano
Lett. 7(2), 496-501 (2007).

169. H. A. Atwater and A. Polman, “Plasmonics for improved photovoltaic devices,” Nat. Mater. 9(3), 205-213 (2010).

170. M. L. Brongersma, Y. Cui, and S. Fan, “Light management for photovoltaics using high-index nanostructures,” Nat.
Mater. 13(5), 451-460 (2014).

171. N. P. De Leon, M. D. Lukin, and H. Park, “Quantum plasmonic circuits,” IEEE J. Sel. Top. Quantum Electron.
18(6), 1781-1791 (2012).

172. R. Esteban, T. Teperik, and J.-J. Greffet, “Optical patch antennas for single photon emission using surface plasmon
resonances,” Phys. Rev. Lett. 104(2), 026802 (2010).

173. A. Moreau, C. Ciraci, J. J. Mock, R. T. Hill, Q. Wang, B. J. Wiley, A. Chilkoti, and D. R. Smith, “Controlled-
reflectance surfaces with film-coupled colloidal nanoantennas,” Nature 492(7427), 86-89 (2012).

174. C. Belacel, B. Habert, F. Bigourdan, F. Marquier, J.-P. Hugonin, S. M. de Vasconcellos, X. Lafosse, L. Coolen, C.
Schwob, C. Javaux, B. Dubertret, J.-J. Greffet, P. Senellart, and A. Maitre, “Controlling spontaneous emission with
plasmonic optical patch antennas,” Nano Lett. 13(4), 1516-1521 (2013).

175. A. Rose, T. B. Hoang, F. McGuire, J. J. Mock, C. Ciraci, D. R. Smith, and M. H. Mikkelsen, “Control of radiative
processes using tunable plasmonic nanopatch antennas,” Nano Lett. 14(8), 4797-4802 (2014).

176. R. Faggiani, J. Yang, and P. Lalanne, “Quenching, plasmonic and radiative decays in nanogap emitting devices,”
ACS Photonics 2(12), 1739-1744 (2015).

177. A. Devilez, B. Stout, and N. Bonod, “Compact metallo-dielectric optical antenna for ultra directional and enhanced
radiative emission,” ACS Nano 4(6), 3390-3396 (2010).

178. E. Rusak, I. Staude, M. Decker, J. Sautter, A. E. Miroshnichenko, D. A. Powell, D. N. Neshev, and Y. S. Kivshar,
“Hybrid nanoantennas for directional emission enhancement,” Appl. Phys. Lett. 105(22), 221109 (2014).

179. F. J. Garcia de Abajo, “Nonlocal Effects in the Plasmons of Strongly Interacting Nanoparticles, Dimers, and
Waveguides,” J. Phys. Chem. C 112(46), 17983-17987 (2008).

180. C. Ciraci, R. T. Hill, J. J. Mock, Y. Urzhumov, A. I. Fernandez-Dominguez, S. A. Maier, J. B. Pendry, A. Chilkoti,
and D. R. Smith, “Probing the Ultimate Limits of Plasmonic Enhancement,” Science 337(6098), 1072—-1074 (2012).

181. N. A. Mortensen, S. Raza, M. Wubs, T. Sgndergaard, and S. I. Bozhevolnyi, “A generalized non-local optical
response theory for plasmonic nanostructures,” Nat. Commun. 5(1), 3809 (2014).

182. S.Raza, S. 1. Bozhevolnyi, M. Wubs, and N. Asger Mortensen, “Nonlocal optical response in metallic nanostructures,’
J. Phys.: Condens. Matter 27(18), 183204 (2015).

183. W. Yan, M. Wubs, and N. A. Mortensen, “Hyperbolic metamaterials: Nonlocal response regularizes broadband
supersingularity,” Phys. Rev. B 86(20), 205429 (2012).

184. D. Correas-Serrano, J. S. Gomez-Diaz, M. Tymchenko, and A. Alu, “Nonlocal response of hyperbolic metasurfaces,”
Opt. Express 23(23), 29434 (2015).

185. J. T. Robinson, C. Manolatou, L. Chen, and M. Lipson, “Ultrasmall Mode Volumes in Dielectric Optical
Microcavities,” Phys. Rev. Lett. 95(14), 143901 (2005).

186. X. Liang and S. G. Johnson, “Formulation for scalable optimization of microcavities via the frequency-averaged
local density of states,” Opt. Express 21(25), 30812-30841 (2013).

187. S. Hu and S. M. Weiss, “Design of Photonic Crystal Cavities for Extreme Light Concentration,” ACS Photonics
3(9), 1647-1653 (2016).

188. H. Choi, M. Heuck, and D. Englund, “Self-Similar Nanocavity Design with Ultrasmall Mode Volume for
Single-Photon Nonlinearities,” Phys. Rev. Lett. 118(22), 223605 (2017).

189. A. Yariv, Quantum Electronics (John Wiley & Sons, 1989), 3rd ed.

190. L. Novotny and B. Hecht, Principles of Nano-Optics (Cambridge University Press, 2012), 2nd ed.

191. A. Oskooi and S. G. Johnson, “Electromagnetic wave source conditions,” in Adv. FDTD Comput. Electrodyn.
Photonics Nanotechnol., A. Taflove, A. Oskooi, and S. G. Johnson, eds. (Artech, 2013), chap. 4, pp. 65-100.

192. K. Joulain, R. Carminati, J.-P. Mulet, and J.-J. Greffet, “Definition and measurement of the local density of
electromagnetic states close to an interface,” Phys. Rev. B 68(24), 245405 (2003).

193. E. M. Purcell, “Spontaneous emission probabilities at radio frequencies,” in Confined Electrons and Photons,
(Springer, 1995), p. 839.

194. M. Agio and D. M. Cano, “The Purcell factor of nanoresonators,” Nat. Photonics 7(9), 674-675 (2013).

195. C. Sauvan, J. P. Hugonin, I. S. Maksymov, and P. Lalanne, “Theory of the Spontaneous Optical Emission of
Nanosize Photonic and Plasmon Resonators,” Phys. Rev. Lett. 110(23), 237401 (2013).

196. E. Yablonovitch, “Photonic band-gap structures,” J. Opt. Soc. Am. B 10(2), 283 (1993).

197. J. S. Foresi, P. R. Villeneuve, J. Ferrera, E. R. Thoen, G. Steinmeyer, S. Fan, J. D. Joannopoulos, L. C. Kimerling,
H. I. Smith, and E. P. Ippen, “Photonic-bandgap microcavities in optical waveguides,” Nature 390(6656), 143—145
(1997).

198. M. Boroditsky, R. Coccioli, E. Yablonovitch, Y. Rahmat-Samii, and K. Kim, “Smallest possible electromagnetic
mode volume in a dielectric cavity,” IEE Proc.: Optoelectron. 145(6), 391-397 (1998).

>


https://doi.org/10.1007/s11468-012-9403-z
https://doi.org/10.1021/nl062901x
https://doi.org/10.1021/nl062901x
https://doi.org/10.1038/nmat2629
https://doi.org/10.1038/nmat3921
https://doi.org/10.1038/nmat3921
https://doi.org/10.1109/JSTQE.2012.2197179
https://doi.org/10.1103/PhysRevLett.104.026802
https://doi.org/10.1038/nature11615
https://doi.org/10.1021/nl3046602
https://doi.org/10.1021/nl501976f
https://doi.org/10.1021/acsphotonics.5b00424
https://doi.org/10.1021/nn100348d
https://doi.org/10.1063/1.4903219
https://doi.org/10.1021/jp807345h
https://doi.org/10.1126/science.1224823
https://doi.org/10.1038/ncomms4809
https://doi.org/10.1088/0953-8984/27/18/183204
https://doi.org/10.1103/PhysRevB.86.205429
https://doi.org/10.1364/OE.23.029434
https://doi.org/10.1103/PhysRevLett.95.143901
https://doi.org/10.1364/OE.21.030812
https://doi.org/10.1021/acsphotonics.6b00219
https://doi.org/10.1103/PhysRevLett.118.223605
https://doi.org/10.1103/PhysRevB.68.245405
https://doi.org/10.1038/nphoton.2013.219
https://doi.org/10.1103/PhysRevLett.110.237401
https://doi.org/10.1364/JOSAB.10.000283
https://doi.org/10.1038/36514
https://doi.org/10.1049/ip-opt:19982468

Vol. 10, No. 7/1 July 2020/ Optical Materials Express 1583

—
f -

NAISSEXPRESS

199. C. Enkrich, M. Wegener, S. Linden, S. Burger, L. Zschiedrich, F. Schmidt, J. F. Zhou, T. Koschny, and C. M.
Soukoulis, “Magnetic Metamaterials at Telecommunication and Visible Frequencies,” Phys. Rev. Lett. 95(20), 203901
(2005).

200. C. M. Soukoulis, T. Koschny, J. Zhou, M. Kafesaki, and E. N. Economou, “Magnetic response of split ring resonators
at terahertz frequencies,” phys. stat. sol. (b) 244, 1181-1187 (2007).

201. Q. Zhao, J. Zhou, F. Zhang, and D. Lippens, “Mie resonance-based dielectric metamaterials,” Mater. Today 12(12),
60-69 (2009).

202. A. I. Kuznetsov, A. E. Miroshnichenko, Y. H. Fu, J. Zhang, and B. Luk’yanchuk, “Magnetic light,” Sci. Rep. 2(1),
492 (2012).

203. A. B. Evlyukhin, S. M. Novikov, U. Zywietz, R. L. Eriksen, C. Reinhardt, S. I. Bozhevolnyi, and B. N. Chichkov,
“Demonstration of Magnetic Dipole Resonances of Dielectric Nanospheres in the Visible Region,” Nano Lett. 12(7),
3749-3755 (2012).

204. D. G. Baranov, D. A. Zuey, S. I. Lepeshov, O. V. Kotov, A. E. Krasnok, A. B. Evlyukhin, and B. N. Chichkov,
“All-dielectric nanophotonics: the quest for better materials and fabrication techniques,” Optica 4(7), 814 (2017).

205. I. Staude, A. E. Miroshnichenko, M. Decker, N. T. Fofang, S. Liu, E. Gonzales, J. Dominguez, T. S. Luk, D. N.
Neshev, I. Brener, and Y. Kivshar, “Tailoring Directional Scattering through Magnetic and Electric Resonances in
Subwavelength Silicon Nanodisks,” ACS Nano 7(9), 7824-7832 (2013).

206. C. Wu, N. Arju, G. Kelp, J. A. Fan, J. Dominguez, E. Gonzales, E. Tutuc, I. Brener, and G. Shvets, “Spectrally
selective chiral silicon metasurfaces based on infrared Fano resonances,” Nat. Commun. 5(1), 3892 (2014).

207. Y. Yang, L. I. Kravchenko, D. P. Briggs, and J. Valentine, “All-dielectric metasurface analogue of electromagnetically
induced transparency,” Nat. Commun. 5(1), 5753 (2014).

208. S. Jahani and Z. Jacob, “All-dielectric metamaterials,” Nat. Nanotechnol. 11(1), 23-36 (2016).

209. J. A. Schuller, R. Zia, T. Taubner, and M. L. Brongersma, ‘“Dielectric Metamaterials Based on Electric and Magnetic
Resonances of Silicon Carbide Particles,” Phys. Rev. Lett. 99(10), 107401 (2007).

210. J. C. Ginn, L. Brener, D. W. Peters, J. R. Wendt, J. O. Stevens, P. F. Hines, L. I. Basilio, L. K. Warne, J. F. Ihlefeld, P.
G. Clem, and M. B. Sinclair, “Realizing Optical Magnetism from Dielectric Metamaterials,” Phys. Rev. Lett. 108(9),
097402 (2012).

211. J. Geflrin, B. Garcia-Cdmara, R. Gémez-Medina, P. Albella, L. Froufe-Pérez, C. Eyraud, A. Litman, R. Vaillon,
F. Gonzilez, M. Nieto-Vesperinas, J. Sdenz, and F. Moreno, “Magnetic and electric coherence in forward- and
back-scattered electromagnetic waves by a single dielectric subwavelength sphere,” Nat. Commun. 3(1), 1171 (2012).

212. S. Person, M. Jain, Z. Lapin, J. J. Sdenz, G. Wicks, and L. Novotny, “Demonstration of Zero Optical Backscattering
from Single Nanoparticles,” Nano Lett. 13(4), 1806-1809 (2013).

213. R. M. Bakker, D. Permyakov, Y. F. Yu, D. Markovich, R. Paniagua-Dominguez, L. Gonzaga, A. Samuseyv, Y. Kivshar,
B. Luk’yanchuk, and A. I. Kuznetsov, “Magnetic and Electric Hotspots with Silicon Nanodimers,” Nano Lett. 15(3),
2137-2142 (2015).

214. A. Vaskin, J. Bohn, K. E. Chong, T. Bucher, M. Zilk, D.-Y. Choi, D. N. Neshev, Y. S. Kivshar, T. Pertsch, and I.
Staude, “Directional and Spectral Shaping of Light Emission with Mie-Resonant Silicon Nanoantenna Arrays,” ACS
Photonics 5(4), 1359-1364 (2018).

215. A. Komar, R. Paniagua-Dominguez, A. Miroshnichenko, Y. F. Yu, Y. S. Kivshar, A. I. Kuznetsov, and D. Neshev,
“Dynamic Beam Switching by Liquid Crystal Tunable Dielectric Metasurfaces,” ACS Photonics 5(5), 1742-1748
(2018).

216. M. Decker, I. Staude, M. Falkner, J. Dominguez, D. N. Neshev, 1. Brener, T. Pertsch, and Y. S. Kivshar,
“High-Efficiency Dielectric Huygens’ Surfaces,” Adv. Opt. Mater. 3, 813-820 (2015).

217. M. Liu and D.-Y. Choi, “Extreme Huygens’ Metasurfaces Based on Quasi-Bound States in the Continuum,” Nano
Lett. 18(12), 8062—-8069 (2018).

218. P. Moitra, B. A. Slovick, Z. Gang Yu, S. Krishnamurthy, and J. Valentine, “Experimental demonstration of a
broadband all-dielectric metamaterial perfect reflector,” Appl. Phys. Lett. 104(17), 171102 (2014).

219. P. Moitra, B. A. Slovick, W. Li, I. I. Kravchencko, D. P. Briggs, S. Krishnamurthy, and J. Valentine, “Large-Scale
All-Dielectric Metamaterial Perfect Reflectors,” ACS Photonics 2(6), 692—-698 (2015).

220. S. Liu, M. B. Sinclair, T. S. Mahony, Y. C. Jun, S. Campione, J. Ginn, D. A. Bender, J. R. Wendt, J. F. Ihlefeld, P. G.
Clem, J. B. Wright, and I. Brener, “Optical magnetic mirrors without metals,” Optica 1(4), 250 (2014).

221. M. Esfandyarpour, E. C. Garnett, Y. Cui, M. D. McGehee, and M. L. Brongersma, “Metamaterial mirrors in
optoelectronic devices,” Nat. Nanotechnol. 9(7), 542-547 (2014).

222. E. Yablonovitch, “Statistical ray optics,” J. Opt. Soc. Am. 72(7), 899 (1982).

223. A. Goetzberger, “Optical confinement in thin Si-solar cells by diffuse back reflectors,” in 15th Photovoltaic
Specialists Conference, (1981), pp. 867-870.

224. E. Garnett and P. Yang, “Light Trapping in Silicon Nanowire Solar Cells,” Nano Lett. 10(3), 1082—-1087 (2010).

225.7Z. Yu, A. Raman, and S. Fan, “Fundamental limit of nanophotonic light trapping in solar cells,” Proc. Natl. Acad.
Sci. U. S. A. 107(41), 17491-17496 (2010).

226. S. E. Han and G. Chen, “Toward the Lambertian Limit of Light Trapping in Thin Nanostructured Silicon Solar
Cells,” Nano Lett. 10(11), 46924696 (2010).

227. K. X. Wang, Z. Yu, V. Liu, Y. Cui, and S. Fan, “Absorption Enhancement in Ultrathin Crystalline Silicon Solar
Cells with Antireflection and Light-Trapping Nanocone Gratings,” Nano Lett. 12(3), 1616-1619 (2012).


https://doi.org/10.1103/PhysRevLett.95.203901
https://doi.org/10.1002/pssb.200674503
https://doi.org/10.1016/S1369-7021(09)70318-9
https://doi.org/10.1038/srep00492
https://doi.org/10.1021/nl301594s
https://doi.org/10.1364/OPTICA.4.000814
https://doi.org/10.1021/nn402736f
https://doi.org/10.1038/ncomms4892
https://doi.org/10.1038/ncomms6753
https://doi.org/10.1038/nnano.2015.304
https://doi.org/10.1103/PhysRevLett.99.107401
https://doi.org/10.1103/PhysRevLett.108.097402
https://doi.org/10.1038/ncomms2167
https://doi.org/10.1021/nl4005018
https://doi.org/10.1021/acs.nanolett.5b00128
https://doi.org/10.1021/acsphotonics.7b01375
https://doi.org/10.1021/acsphotonics.7b01375
https://doi.org/10.1021/acsphotonics.7b01343
https://doi.org/10.1002/adom.201400584
https://doi.org/10.1021/acs.nanolett.8b04774
https://doi.org/10.1021/acs.nanolett.8b04774
https://doi.org/10.1063/1.4873521
https://doi.org/10.1021/acsphotonics.5b00148
https://doi.org/10.1364/OPTICA.1.000250
https://doi.org/10.1038/nnano.2014.117
https://doi.org/10.1364/JOSA.72.000899
https://doi.org/10.1021/nl100161z
https://doi.org/10.1073/pnas.1008296107
https://doi.org/10.1073/pnas.1008296107
https://doi.org/10.1021/nl1029804
https://doi.org/10.1021/nl204550q

Vol. 10, No. 7/1 July 2020/ Optical Materials Express 1584

s TN
1als EXPRESS =
_—

228. E. R. Martins, J. Li, Y. Liu, V. Depauw, Z. Chen, J. Zhou, and T. F. Krauss, “Deterministic quasi-random
nanostructures for photon control,” Nat. Commun. 4(1), 2665 (2013).

229. A. Ingenito, O. Isabella, and M. Zeman, “Experimental Demonstration of 4n? Classical Absorption Limit in
Nanotextured Ultrathin Solar Cells with Dielectric Omnidirectional Back Reflector,” ACS Photonics 1(3), 270-278
(2014).

230. V. Ganapati, O. D. Miller, and E. Yablonovitch, “Light trapping textures designed by electromagnetic optimization
for subwavelength thick solar cells,” IEEE J. Photovoltaics 4(1), 175-182 (2014).

231. M. L. Brongersma, Y. Cui, and S. Fan, “Light management for photovoltaics using high-index nanostructures,” Nat.
Mater. 13(5), 451-460 (2014).

232. M. J. Dodge, “Refractive properties of magnesium fluoride,” Appl. Opt. 23(12), 1980 (1984).

233. 1. H. Malitson, “Interspecimen Comparison of the Refractive Index of Fused Silica,” J. Opt. Soc. Am. 55(10), 1205
(1965).

234, C. Tan, “Determination of refractive index of silica glass for infrared wavelengths by IR spectroscopy,” J. Non-Cryst.
Solids 223(1-2), 158-163 (1998).

235. M. J. Dodge, “Refractive Index in Handbook of Laser Science and Technology, Volume IV,” Opt. Materials 2, 30
(1986).

236. K. Luke, Y. Okawachi, M. R. E. Lamont, A. L. Gaeta, and M. Lipson, “Broadband mid-infrared frequency comb
generation in a SizN4 microresonator,” Opt. Lett. 40(21), 4823 (2015).

237. D. L. Wood and K. Nassau, “Refractive index of cubic zirconia stabilized with yttria,” Appl. Opt. 21(16), 2978
(1982).

238. D. E. Zelmon, D. L. Small, and D. Jundt, “Infrared corrected Sellmeier coefficients for congruently grown lithium
niobate and 5 mol.% magnesium oxide—doped lithium niobate,” J. Opt. Soc. Am. B 14(12), 3319 (1997).

239. A. S. Barker and M. Ilegems, “Infrared Lattice Vibrations and Free-Electron Dispersion in GaN,” Phys. Rev. B 7(2),
743-750 (1973).

240. M. Debenham, “Refractive indices of zinc sulfide in the 0.405-13-um wavelength range,” Appl. Opt. 23(14), 2238
(1984).

241. C. A. Klein, “Room-temperature dispersion equations for cubic zinc sulfide,” Appl. Opt. 25(12), 1873 (1986).

242.J. R. DeVore, “Refractive Indices of Rutile and Sphalerite,” J. Opt. Soc. Am. 41(6), 416 (1951).

243. D. T. E. Marple, “Refractive Index of ZnSe, ZnTe, and CdTe,” J. Appl. Phys. 35(3), 539-542 (1964).

244. D. Chandler-Horowitz and P. M. Amirtharaj, “High-accuracy, midinfrared (450cm™! < w < 4000cm™!) refractive
index values of silicon,” J. Appl. Phys. 97(12), 123526 (2005).

245. H. H. Li, “Refractive Index of ZnS, ZnSe, and ZnTe and Its Wavelength and Temperature Derivatives,” J. Phys.
Chem. Ref. Data 13(1), 103-150 (1984).

246. T. Skauli, P. S. Kuo, K. L. Vodopyanov, T. J. Pinguet, O. Levi, L. A. Eyres, J. S. Harris, M. M. Fejer, B. Gerard, L.
Becouarn, and E. Lallier, “Improved dispersion relations for GaAs and applications to nonlinear optics,” J. Appl.
Phys. 94(10), 6447-6455 (2003).

247.J. H. Burnett, S. G. Kaplan, E. Stover, and A. Phenis, “Refractive index measurements of Ge,” in Infrared Sensors,
Devices, and Applications VI, vol. 9974 (International Society for Optics and Photonics, 2016), p.99740X.

248. G. D. Pettit and W. J. Turner, “Refractive Index of InP,”” J. Appl. Phys. 36(6), 2081 (1965).

249. A. N. Pikhtin and A. D. Yas’kov, “Dispersion of Light Refractive Index in Semiconductors with Diamond and Zinc
Blende Structures,” Fizika i Tekhnika Poluprovodnikov 12, 1047-1053 (1978).

250. M. Bass, Handbook of Optics, Volume IV: Optical Properties of Materials, Nonlinear Optics, Quantum Optics
(McGraw-Hill, 2010).

251. O. G. Lorimor and W. G. Spitzer, “Infrared Refractive Index and Absorption of InAs and CdTe,” J. Appl. Phys.
36(6), 1841-1844 (1965).

252.J.N. Zemel, J. D. Jensen, and R. B. Schoolar, “Electrical and Optical Properties of Epitaxial Films of PbS, PbSe,
PbTe, and SnTe,” Phys. Rev. 140(1A), A330-A342 (1965).

253. G. C. Bhar, “Refractive index interpolation in phase-matching,” Appl. Opt. 15(2), 305 (1976).

254. F. Weiting and Y. Yixun, “Temperature effects on the refractive index of lead telluride and zinc selenide,” Infrared
Phys. 30(4), 371-373 (1990).

255. T. S. Moss, “Relations between the Refractive Index and Energy Gap of Semiconductors,” Phys. Stat. Sol. (b) 131,
415-427 (1985).

256. P. Hervé and L. Vandamme, “General relation between refractive index and energy gap in semiconductors,” Infrared
Phys. Technol. 35(4), 609-615 (1994).

257. N. Ravindra, P. Ganapathy, and J. Choi, “Energy gap-refractive index relations in semiconductors — An overview,”
Infrared Phys. Technol. 50(1), 21-29 (2007).

258. S. Tripathy, “Refractive indices of semiconductors from energy gaps,” Opt. Mater. 46, 240-246 (2015).

259. N. Yu and F. Capasso, “Flat optics with designer metasurfaces,” Nat. Mater. 13(2), 139-150 (2014).

260. F. Aieta, M. A. Kats, P. Genevet, and F. Capasso, “Multiwavelength achromatic metasurfaces by dispersive phase
compensation,” Science 347(6228), 1342-1345 (2015).

261. M. Khorasaninejad, F. Aieta, P. Kanhaiya, M. A. Kats, P. Genevet, D. Rousso, and F. Capasso, “Achromatic
metasurface lens at telecommunication wavelengths,” Nano Lett. 15(8), 5358-5362 (2015).


https://doi.org/10.1038/ncomms3665
https://doi.org/10.1021/ph4001586
https://doi.org/10.1109/JPHOTOV.2013.2280340
https://doi.org/10.1038/nmat3921
https://doi.org/10.1038/nmat3921
https://doi.org/10.1364/AO.23.001980
https://doi.org/10.1364/JOSA.55.001205
https://doi.org/10.1016/S0022-3093(97)00438-9
https://doi.org/10.1016/S0022-3093(97)00438-9
https://doi.org/10.1364/OL.40.004823
https://doi.org/10.1364/AO.21.002978
https://doi.org/10.1364/JOSAB.14.003319
https://doi.org/10.1103/PhysRevB.7.743
https://doi.org/10.1364/AO.23.002238
https://doi.org/10.1364/AO.25.001873
https://doi.org/10.1364/JOSA.41.000416
https://doi.org/10.1063/1.1713411
https://doi.org/10.1063/1.1923612
https://doi.org/10.1063/1.555705
https://doi.org/10.1063/1.555705
https://doi.org/10.1063/1.1621740
https://doi.org/10.1063/1.1621740
https://doi.org/10.1063/1.1714410
https://doi.org/10.1063/1.1714362
https://doi.org/10.1103/PhysRev.140.A330
https://doi.org/10.1364/AO.15.0305{_}1
https://doi.org/10.1016/0020-0891(90)90055-Z
https://doi.org/10.1016/0020-0891(90)90055-Z
https://doi.org/10.1002/pssb.2221310202
https://doi.org/10.1016/1350-4495(94)90026-4
https://doi.org/10.1016/1350-4495(94)90026-4
https://doi.org/10.1016/j.infrared.2006.04.001
https://doi.org/10.1016/j.optmat.2015.04.026
https://doi.org/10.1038/nmat3839
https://doi.org/10.1126/science.aaa2494
https://doi.org/10.1021/acs.nanolett.5b01727

Vol. 10, No. 7/1 July 2020/ Optical Materials Express 1585

jalS EXPRESS b

262. M. Khorasaninejad, A. Y. Zhu, C. Roques-Carmes, W. T. Chen, J. Oh, I. Mishra, R. C. Devlin, and F. Capasso,
“Polarization-insensitive metalenses at visible wavelengths,” Nano Lett. 16(11), 7229-7234 (2016).

263. E. Arbabi, A. Arbabi, S. M. Kamali, Y. Horie, and A. Faraon, “Multiwavelength metasurfaces through spatial
multiplexing,” Sci. Rep. 6(1), 32803 (2016).

264. S. M. Kamali, E. Arbabi, A. Arbabi, and A. Faraon, “A review of dielectric optical metasurfaces for wavefront
control,” Nanophotonics 7(6), 1041-1068 (2018).

265. T. Phan, D. Sell, E. W. Wang, S. Doshay, K. Edee, J. Yang, and J. A. Fan, “High-efficiency, large-area, topology-
optimized metasurfaces,” Light: Sci. Appl. 8(1), 48 (2019).

266. Z. Lin, V. Liu, R. Pestourie, and S. G. Johnson, “Topology optimization of freeform large-area metasurfaces,” Opt.
Express 27(11), 15765-15775 (2019).

267. H. Shim, H. Chung, and O. D. Miller, “Maximal Free-Space Concentration of Light,” arXiv preprint
arXiv:1905.10500 (2019).

268. H. Chung and O. D. Miller, “Tunable metasurface inverse design for 80% switching efficiencies and 144" angular
steering,” arXiv preprint arXiv:1910.03132 (2019).

269. H. Chung and O. D. Miller, “High-NA achromatic metalenses by inverse design,” Opt. Express 28(5), 6945 (2020).

270. L. D. Landau and E. M. Lifshitz, Electrodynamics of Continuous Media (Pergamon Press, 1960).

271. W. Kuhn, “Uber die Gesamtstirke der von einem Zustande ausgehenden Absorptionslinien,” Z. Physik 33(1),
408-412 (1925).

272. W. Thomas, “Uber die Zahl der Dispersionselektronen, die einem stationiren Zustande zugeordnet sind. (Vorldufige
Mitteilung),” Naturwissenschaften 13(28), 627 (1925).

273.J. S. Levinger, M. L. Rustgi, and K. Okamoto, “Relativistic Corrections to the Dipole Sum Rule,” Phys. Rev. 106(6),
1191-1194 (1957).

274. C. Baxter, “The Thomas-Reiche-Kuhn sum rule for an atom of N equally spaced energy levels,” J. Phys. B: At., Mol.
Opt. Phys. 25(23), L589-L591 (1992).

275. S. Wang, “Generalization of the Thomas-Reiche-Kuhn and the Bethe sum rules,” Phys. Rev. A 60(1), 262-266
(1999).

276. H. Hashemi, C.-W. Qiu, A. P. McCauley, J. D. Joannopoulos, and S. G. Johnson, “Diameter-bandwidth product
limitation of isolated-object cloaking,” Phys. Rev. A 86(1), 013804 (2012).

277. T. Kato, Perturbation Theory for Linear Operators, vol. 132 (Springer Science & Business Media, 2013).

278. W. D. Heiss, “Exceptional points of non-Hermitian operators,” J. Phys. A: Math. Gen. 37(6), 2455-2464 (2004).

279. Y. Shen, D. Ye, I. Celanovic, S. G. Johnson, J. D. Joannopoulos, and M. Soljaci¢, “Optical Broadband Angular
Selectivity,” Science 343(6178), 1499-1501 (2014).

280. L. D. Tzuang, K. Fang, P. Nussenzveig, S. Fan, and M. Lipson, “Non-reciprocal phase shift induced by an effective
magnetic flux for light,” Nat. Photonics 8(9), 701-705 (2014).

281. Y. Yu, Y. Chen, H. Hu, W. Xue, K. Yvind, and J. Mork, “Nonreciprocal transmission in a nonlinear photonic-crystal
Fano structure with broken symmetry,” Laser Photonics Rev. 9(2), 241-247 (2015).

282. Y. Shi, Z. Yu, and S. Fan, “Limitations of nonlinear optical isolators due to dynamic reciprocity,” Nat. Photonics
9(6), 388-392 (2015).


https://doi.org/10.1021/acs.nanolett.6b03626
https://doi.org/10.1038/srep32803
https://doi.org/10.1515/nanoph-2017-0129
https://doi.org/10.1038/s41377-019-0159-5
https://doi.org/10.1364/OE.27.015765
https://doi.org/10.1364/OE.27.015765
https://doi.org/10.1364/OE.385440
https://doi.org/10.1007/BF01328322
https://doi.org/10.1007/BF01558908
https://doi.org/10.1103/PhysRev.106.1191
https://doi.org/10.1088/0953-4075/25/23/001
https://doi.org/10.1088/0953-4075/25/23/001
https://doi.org/10.1103/PhysRevA.60.262
https://doi.org/10.1103/PhysRevA.86.013804
https://doi.org/10.1088/0305-4470/37/6/034
https://doi.org/10.1126/science.1249799
https://doi.org/10.1038/nphoton.2014.177
https://doi.org/10.1002/lpor.201400207
https://doi.org/10.1038/nphoton.2015.79

