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Metasurfaces have been enabling the miniaturization and integration of complex optical functionalities
within an ultrathin platform by engineering the scattering features of localized modes. However, these
efforts have mostly been limited to the manipulation of externally produced coherent light, e.g., from a
laser. In parallel, the past two decades have seen the development of structured surfaces that emit partially
coherent radiation via thermally populated, spatially extended (nonlocal) modes. However, the control over
thermally emitted light is severely limited compared to optical metasurfaces, and even basic functionalities
such as unidirectional emission to an arbitrary angle and polarization remain elusive. Here, we derive the
necessary conditions to achieve full control over thermally emitted light, pointing to the need for
simultaneously tailoring local and nonlocal scattering features across the structure. Based on these findings,
we introduce a platform for thermal metasurfaces based on quasibound states in the continuum that satisfies
these requirements and completes the program of compactification of optical systems by enabling a full
degree of control of partially coherent light emission from structured thin films, including unidirectional
emission of circularly polarized light, focusing, and control of spatial and temporal coherence, as well as
wave-front control with designer spin and angular orbital momenta.
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I. INTRODUCTION

Thermal emission is arguably the most established
technique for producing light at optical frequencies, and
its use remains ubiquitous today. From the time of Newton,
manipulation of light emitted by a blackbody proceeds by
placing a series of optical elements in the optical pathway
to control its spectrum, coherence properties, polarization
state, and spatial profile (wave-front shape). While bulky,
such setups are capable of a large degree of control over
light produced by a heated element. For instance, Fig. 1(a)
schematically depicts such a “bulk optics” setup aimed at
producing narrow-band light with designer spin angular
momentum (SAM) and orbital angular momentum (OAM),
wherein emission from a blackbody is spatially filtered by a
pinhole, collimated by a lens, filtered by a monochromator,
polarized by a linear polarizer, converted to circular

polarization by a quarter wave plate, and finally passed
through a phase plate imparting the desired OAM profile.
In this framework, a basic requirement is the production

of wave fronts with sufficient coherence such that light may
be collimated with the desired spatial and polarization
properties imparted to it. Spatial coherence naturally
increases upon propagation [1–3] or through spatial filter-
ing, implying that an incoherent source can acquire
coherence at the cost of large volumes and inefficiencies.
A lens is then able to collimate this spatially coherent wave
into a narrow momentum range. Likewise, a monochro-
mator can spectrally filter the signal in order to produce a
wave with the desired narrow range of frequencies. Since
the temporal coherence is inversely related to the band-
width [2,4,5], these first steps of the bulk optics approach
convert incoherent light into partially coherent light at the
cost of rejecting much of the optical energy.
In the past decade, substantial progress has been made in

the context of compactifying the latter stages of the system
shown in Fig. 1(a) by the use of structured optical materials,
or metamaterials. Particularly, there has been significant
focus in metamaterials and structured thin films (metasur-
faces) aimed at manipulating externally produced coherent
light (e.g., light from a laser) or light with a large degree of
coherence (e.g., light that is prepared as in the beginning
stages of the bulk optics setup). These metasurfaces have
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been establishing an ultrathin platform wherein designer
polarization and spatial profiles are imparted to light within
a subwavelength structured film [6,7]. Recent demonstra-
tions [8] show complete control over phase and polarization
with subwavelength spatial resolution [9,10], amplitude,
and phase [11,12] and even simultaneous control of
amplitude, phase, and polarization at a single wavelength
[13,14]. Essentially, these devices act on the incoming
wave front by locally manipulating the impinging wave
front through their subwavelength units; nearest-neighbor
interactions among these elements are often ignored so
that reference to a library of precomputed optical responses
may guide the configuration of a device geometry with
the desired functionality. Because they operate based on
independent scatterers arrayed across the surface, they are
referred to as spatially “local” metasurfaces.
While this progress has enabled exciting opportunities

for compact manipulation of external, coherent sources,
incorporating all stages of the system in Fig. 1(a) into a
single compact structure is still an outstanding challenge
despite the enticing benefits regarding the size, weight, and
power of custom optical sources. The difficulties involved
in constructing such a structure, which we call a “thermal
metasurface” [Fig. 1(b)], are a direct result of the inherent
incoherence involved with the fluctuations responsible for
thermal emission, which is incompatible with the large
spatial and temporal coherence required for conventional
metasurfaces. In other words, conventional metasurfaces
excited by a coherent source work well because each
element is driven with a well-defined phase, enabling
effective control over the transmitted or reflected wave
front. In thermal metasurfaces, on the other hand, light
emanates from the metasurface elements themselves

through spontaneous processes, and no coherence exists
between the processes in different elements. As a result,
combining all steps in Fig. 1(a) into one, i.e., manipulating
the incoherent thermal processes to generate a partially
coherent, complex wave front, is significantly more chal-
lenging than designing an externally and coherently driven
metasurface with complex functionalities.
Despite these challenges, the past two decades have seen

some progress in this context [15]. In 2002, Greffet et al.
seminally demonstrated that a patterned silicon carbide
surface can be designed to emit thermal light with enhanced
coherence compared to an unpatterned interface [16]. This
surprising phenomenon, wherein random thermal fluctua-
tions produce correlated electromagnetic fields in the far
field, is made possible by the near-field details: Thermally
populated surface waves propagate laterally before scatter-
ing to the far field, correlating the emission across distances
greater than the wavelength of light. Since then, the
capabilities rooted in this nonlocal phenomenon have been
extended, developing a platform for compactification of a
few of the first stages in Fig. 1(a). For example, some
degree of control over the emission spectrum of a given
material is demonstrated through the use of extended
modes supported by waveguides [17] and photonic crystals
[18–22], surface phonon polaritons [23–25], and with
arrays of resonant elements tailored in space [26–28].
Generally speaking, in these approaches, spatial coherence
is provided to the emitted beam by using gratings to couple
to surface waves or other nonlocal modes (modes supported
by many adjacent structural elements) [16,29–31] or with
multilayer structures [32,33], while tailoring the bandwidth
of emission (which is relatively narrow in these structures)
controls the temporal coherence of thermal radiation
[16,34]. These structures can also provide selectivity for
a desired polarization: For example, surface waves are
typically transverse magnetic (TM) polarized, and, there-
fore, these devices preferentially emit TM-polarized ther-
mal radiation. In this way, the first three steps of the bulk
optics device in Fig. 1(a) may be collapsed into a thin
device to a certain extent, with great potential for sub-
stantially reducing the size, weight, power, and complexity
of the entire optical system.
Given the recent expansion of scope of the term metasur-

face to capture a broad class of optically thin structured
materials composed of subwavelength features, it may be
argued that these results from the past two decades may fall
under the broad class of thermal metasurfaces. Yet, meta-
surfaces are more accurately associated with an advanced
degree of control over the wave front of light enabled by the
careful patterning of spatially localized modes across the
surface—such control is notably lacking in the control over
thermal light. In other words, despite this progress, control
over the polarization state and directionality of thermally
emitted light remains so far limited. For example, thermal
generation of circularly polarized light with 28% efficiency

State Profile
Bulk optics Thermal metasurfaces

StateProfile

(a) (b)

FIG. 1. Comparison of conventional optics and thermal meta-
surfaces producing light with desired SAM and OAM. (a) In the
bulk optics approach, the emission from a blackbody is spatially
filtered, collimated, spectrally filtered, polarized, retarded, and
shaped by separate components, leading to large inefficiencies
and bulky setups. (b) With a thermal metasurface, thermal
emission is shaped at the source by a subwavelength film.
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is demonstrated by integrating the bulk optics stack into a
multilayer structure separated by spacers, where different
layers impart specific operations to the emitted beam [35].
In terms of single, compact elements manipulating thermal
emission, there have recently been a few demonstrations of
more elaborate functionalities, such as circularly polarized
(CP) [36–40] or unidirectional emission [41] and even
partial focusing [42]. Notably, mesoscopic structures with
carefully engineered coupling have been recently demon-
strated to enable focused and holographic emission [43].
However, a comprehensive framework in the mold of
optical metasurfaces (i.e., based on rational design of
subwavelength structures patterning the overall wave front)
enabling thermal emission of arbitrary polarization states
into any specific direction, and, more generally, control
over the degree of spatial and temporal coherence and over
the spatial wave front, has not yet been developed. For
instance, even a thermal emitter exhibiting a combination
of the previously demonstrated achievements simultane-
ously (i.e., unidirectional asymmetric emission of CP light)
has not been demonstrated, let alone arbitrary wave-front
generation. This endeavor has enormous appeal beyond the
previously stated footprint advantages: For example, a
thermal emitter that emits power only at a desired fre-
quency, into the desired optical mode, is inherently much
more efficient than a system where undesired modes and
frequencies must be filtered out [for instance, the pinhole,
polarizer, and spectral filter in Fig. 1(a) all reduce the
overall efficiency].
Relatedly, there exist similar long-standing challenges in

efficiently extracting and collimating emission from light-
emitting diodes (LEDs) [44,45]. Since luminescence is
similar to thermal emission, but with a nonzero chemical
potential [46], a comprehensive framework for efficiently
generating complex wave fronts from incoherent oscilla-
tions in thin planarized structures is also applicable to
luminescence. Similar to the case of thermal radiation,
luminescence of circularly polarized light has been dem-
onstrated using chiral structures [47]. Unidirectional emis-
sion from a luminescent structure has also recently been
demonstrated [48], but complete control over the direction,
polarization state, and wave front of luminescence emanat-
ing from a metasurface remains equally elusive. For
instance, chiral emission remains limited to bidirectional
emission (wherein the directional emission of one spin is
balanced by emission of the opposite spin in the opposite
direction), as seen in Ref. [49]. However, by using a
spatially localized source that couples energy to a unidirec-
tionally traveling surface mode, the bidirectional symmetry
may be broken and complex wave fronts may emerge.
Vector vortex beams have been demonstrated by focused
optical excitation of luminescence materials at the center
of a spiral plasmonic device [50,51], albeit only for TM
polarization. Unfortunately, such approaches achieve their
functionality by making the spatial incoherence of the

luminescence irrelevant via the tight focusing, intrinsically
coming at the cost of limiting the efficiency, throughput,
and scalability, akin to the advantages and drawbacks of the
pinhole in Fig. 1(a). Finally, in the context of enhancing
luminescence, devices based on quasibound states in the
continuum (QBICs) demonstrate substantially narrowed
emission spectra via long-lived states controlled by a
symmetry-lowering perturbation, implying maximized effi-
ciency of emission into a quasimonochromatic beam with
the desired wavelength [52].
In this paper, we introduce a general framework for

thermal metasurfaces that enables ultrathin thermal sources
to directly emit custom wave fronts [Fig. 1(b)]. Our
framework demonstrates that, to do so, lessons must be
learned from both “local” metasurfaces [6–14], wherein
each metasurface element affects only the local phase
and amplitude of the impinging wave front, and “nonlocal”
metasurfaces [53–57], which function via spatially
extended optical modes such as surface waves, in-plane
guided waves, or QBICs [58]. The recent insights provided
by nonlocal metasurfaces naturally connect to thermal
metasurfaces, because in both cases engineering of long-
range interactions (i.e., correlations across many adjacent
elements) is required. However, in the following, we show
that, while nonlocality is necessary for adding coherence to
the thermal emission within the desired flat form factor, it is
not sufficient for arbitrary control in reciprocal systems
satisfying time-reversal symmetry: Simultaneous control of
both the local and nonlocal properties is required. Such a
feat requires resolution of an inherent tension between local
and nonlocal phenomena: Locality entails rapidly and
widely varying subwavelength structures that shape the
wave front, while nonlocality entails slowly varying fea-
tures that support extended modes with well-controlled
properties. We solve this challenge by exploiting the
symmetry protection offered by nonlocal QBIC modes.
We design structures wherein the nonlocal mode is intro-
duced upon application of small geometric perturbations to
the local pattern. By the judicious use of selection rules
governing QBICs [54], we selectively break only sym-
metries that are otherwise preserved by the local pattern,
thereby offering a rational design framework wherein local
and nonlocal effects are separable by symmetry. Within this
hybrid local-nonlocal metasurface platform, all stages in
Fig. 1(a) are integrated into a single ultrathin device,
maximizing conversion efficiency of heat (in the case of
thermal radiation) or chemical potential (in the case of
luminescence) into light with the desired polarization state
and direction and largely minimizing the overall footprint
of the optical system. With no external optics necessary,
thermal metasurfaces represent a completion of the pro-
gram of compactification of bulk optics long pursued by the
metasurface community.
The paper is structured as follows. First, in Sec. II, we

identify the key parameters of the optical wave front that a
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thermal metasurface must control. We then introduce in
Sec. III a dual perturbative framework for controlling the
emissivity and temporal coherence of light by utilizing the
band-edge mode associated with quasibound states in the
continuum controlled by suitably perturbed dielectric
structures. We show that the band structure and Q factor
together can control to a large extent the spatial coherence
of emitted light. Up to this point, our results offer a
generalized platform for the first half of the compactifica-
tion program pursued by nonlocal metasurfaces, enabling
control of emissivity and temporal and spatial coherence of
quasimonochromatic light. To incorporate the remaining
functionalities required for a complete compactification,
Sec. IVoutlines basic constraints that thermal metasurfaces
are bound to, on the basis of time-reversal invariance and
reciprocity. We find that a thermal metasurface may not
shape light by purely controlling the nonlocal response, i.e.,
by only engineering the QBIC, but instead it requires
simultaneous control over its local and nonlocal responses.
Based on this result, Sec. V demonstrates thermal meta-
surfaces composed of two-layer planarized structures made
of doped silicon placed above a mirror plane, enabling
arbitrary control over the emitted polarization state, ampli-
tude, and bandwidth. By spatially grading a geometric
phase inherited from the degeneracy of the longitude of the
poles of the Poincaré sphere, we also demonstrate unidi-
rectional thermal emission with selected optical spin and
next extend this demonstration to aperiodic wave-front
shaping by showing focused thermal emission. Finally, we
demonstrate that azimuthally wrapping the introduced
geometric phase enables the design of thermal metasurfaces
generating quasimonochromatic wave fronts with designer
spin and orbital angular momenta. Overall, our results
provide a framework for planarized ultrathin thermal

emitters with arbitrary control over amplitude, polarization,
local phase, and coherence of the generated quasimono-
chromatic light.

II. BACKGROUND: PARTIALLY COHERENT
WAVEFRONT PARAMETERIZATION

To shape our discussion and clarify what a thermal
metasurface can, in principle, be capable of, we first define
the parameters characterizing its generated wave front. For
this purpose, we compare the coherent wave fronts engi-
neered by conventional metasurfaces to the partially coher-
ent wave fronts generated by thermal metasurfaces. As
depicted in Fig. 2(a), conventional metasurfaces are excited
by an external coherent source (e.g., from a laser), locally
scattering the impinging light at the metasurface plane
(z ¼ 0) in order to control the optical wave front at a
parallel plane of interest (z ¼ d). Guided by the Huygens-
Fresnel principle, a coherent metasurface locally tailors the
amplitude A, phase Φ, and polarization response, charac-
terized by the ellipticity parameters ψ and χ. This tailoring
is typically achieved using a precomputed library of unit
cell geometries, where nearest-neighbor interactions are
ignored, implying a strictly local response. For a scalar
wave front, i.e., ψ and χ fixed across the device, the field
along the metasurface Eðρ; z ¼ 0Þ produces a field
Eðρ; z ¼ dÞ at a parallel plane according to [1]

Eðρ;z¼ dÞ¼
Z

dρ0Eðρ0;z¼ 0Þexpðik0jρ−ρ0jÞ=jρ−ρ0j;

ð1Þ
where we leave the frequency dependence implicit and we
use the spatial coordinates r ¼ ðρ; zÞ with ρ ¼ ðx; yÞ.

(a) (b)

FIG. 2. Comparison of coherent and thermal metasurfaces. (a) A coherent metasurface transforms an incident waveform (blue) into the
desired waveform (red) by spatially varying the scattering along the surface, visualized as Huygens’ wavelets (black). Each wavelet is
characterized by a combination of amplitude, phase, and polarization state, which in concert produce the desired far-field profile. The
coherence of the system implies that the mapping from metasurface to far field is invertible. (b) A thermal metasurface composed of a
patterned structure over a ground plane supporting a thermally populated global mode (blue) whose out-of-plane scattering is locally
tailored to produce a partially coherent wave form of choice.
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Ignoring the nonradiative (near-field) field components,
the relationship between Eðρ; z ¼ 0Þ and Eðρ; z ¼ dÞ is
invertible as

Eðρ;z¼ 0Þ¼
Z

dρ0Eðρ0;z¼ dÞexpð−ik0jρ−ρ0jÞ=jρ−ρ0j;

ð2Þ

implying that we may specify the output field of the
metasurface required to generate the desired field in the
far field. This mapping of electric fields is schematically
sketched in Fig. 2(a) by the side arrows and denoted with
FE for the forward mapping and with F−1

E for the inverted
mapping, consistent with the foundations of holographic
techniques [59]. For these local metasurfaces, the field
exiting the metasurface is simply given by

Eðρ; z ¼ 0Þ ¼ τðρÞEinðρ; z ¼ 0Þ; ð3Þ

which, together with Eq. (2), specifies the required local
amplitude and phase response of the metasurface τðρÞ. This
description can be straightforwardly extended to a vectorial
form, enabling complete point-by-point control of the
outgoing values of A, Φ, ψ , and χ.
In contrast, a thermal metasurface produces a partially

coherent wave front parameterized by more degrees of
freedom than a coherent one. The wave front is generated
indirectly, mediated by a thermally populated QBIC that
correlates optical energy across the surface before scatter-
ing to the far field [Fig. 2(b)]. In general, the wave front
emanating from the metasurface is characterized not only
by A, Φ, ψ , and χ, but also by its temporal coherence τc,
spatial coherence length Lc, and degree of polarization p.
Notably, the phase is only locally physical: Partially
coherent wave fronts are statistically described by ensem-
ble averages that destroy the phase information over
sufficiently large time periods and distances. Within the
coherence volume of the wave, however, the phase is
necessary to describe the optical wave front; e.g., the local
phase front still describes the direction of the optical energy
flow. In particular, for scalar wave fronts, a partially
coherent wave is described by the cross-spectral density [2]

Wðρ1; ρ2; zÞ ¼ hE�ðρ1; zÞEðρ2; zÞi; ð4Þ

where the angle brackets denote an appropriate time average
or ensemble average, which is characterized by the coher-
ence properties of thewave front. The cross-spectral density
at the metasurface plane Wðρ1; ρ2; z ¼ 0Þ produces a field
Wðρ1; ρ2; z ¼ dÞ at a parallel plane according to

Wðρ1;ρ2;dÞ

¼
ZZ

dρ01dρ
0
2G

�ðρ1−ρ01;dÞGðρ2−ρ02;dÞWðρ01;ρ01;0Þ; ð5Þ

where

Gðρ−ρ0;dÞ¼ exp

�
i
ω

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jρ−ρ0j2þd2

q �� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jρ−ρ0j2þd2

q
:

ð6Þ

Again ignoring the near-field components, the relation-
ship between Wðρ1; ρ2; 0Þ and Wðρ1; ρ2; dÞ is invertible to

Wðρ1; ρ2; 0Þ ¼
ZZ

dρ01dρ02Gðρ1 − ρ01; dÞ

×G�ðρ2 − ρ02; dÞWðρ01; ρ02; dÞ; ð7Þ

meaning that one may compute the required output cross-
spectral density of the thermal metasurface in order to
generate a desired far field. This mapping is denoted FW

and the inverted mapping F−1
W in Fig. 2(b), and it may be

seen as the extension of holography to partially coher-
ent waves.
A key property of the cross-spectral density is the

information that it contains about the field coherence. In
the space-frequency domain, this information is encapsu-
lated within the spectral degree of coherence

μðr1; r2;ωÞ ¼
Wðr1; r2;ωÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Wðr1; r1;ωÞ
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Wðr2; r2;ωÞ
p ; ð8Þ

which is a complex quantity whose magnitude varies
between 0 (completely incoherent) and (completely coher-
ent). Note that here we explicitly add the frequency
dependence to emphasize that this quantity is defined in
the space-frequency domain. Finally, for vector fields, the
cross-spectral density is replaced by the electric cross-
spectral density

W ¼
�
Wxx Wxy

Wyx Wyy

�
; ð9Þ

where

Wijðρ1; ρ2;ωÞ ¼ hE�
i ðρ1;ωÞEjðρ2;ωÞi; ð10Þ

which contains the information about the degree of polari-
zation [2,3],

pðr;ωÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4Det½Wðr; r;ωÞ�

fTr½Wðr; r;ωÞ�g2
s

: ð11Þ

In the following, we develop a general framework for
thermal metasurfaces aimed at controlling all parameters
defining the electric cross-spectral density, A, Φ, ψ , χ, τc,
Lc, and p, and we demonstrate key functionalities of this
platform with concrete examples. In Sec. III A, we show
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that a perturbative framework can govern both the radiative
and nonradiative lifetimes of the metasurface at the
operating frequency, controlling both the linewidth and
peak emissivity simultaneously. In Sec. III B we show that,
since the linewidth is related to the lifetime of the mode,
this control amounts to complete command of A and τc. We
further show that the metasurface nonlocality determines
the spatial coherence of the emitted wave front Lc, and it
can be tailored by band structure engineering. Then, in
Sec. IV, we elucidate fundamental constraints that govern
the spatial control of emission from thermal metasurfaces,
clarifying that a combination of local and nonlocal
responses is required to achieve complete spatial control.
In Sec. VA, we show an example implementation of a
thermal metasurface that emits light to any arbitrary
elliptical polarization state while inheriting the control
shown in Sec. III, realizing a platform that controls A,
ψ , χ, τc, and Lc simultaneously. Then, Sec. V B shows that,
when circular polarization is chosen, the geometric phase
enables control of Φ in place of ψ , enabling directional

emission of light, emission of focused light, and emission
of light with designer SAM and OAM. For simplicity, we
constrain ourselves to circular polarization, which affords a
convenient method to control the phase through the geo-
metric phase. We stress, however, that the introduced
platform is capable of controlling the phase and polariza-
tion of emitted light even more generally by suitably
tailoring the propagation phase of the local response, as
discussed in the Appendix A.

III. COHERENT THERMAL EMISSION
WITH QBICS

In order to gain control over thermal emission from a
structured material mediated by a long lifetime mode, we
need command of both its radiative and nonradiative
lifetimes. Here, we propose a dual perturbative approach
for this purpose: Beginning with a high-symmetry photonic
crystal slab in a lossless materials system [Fig. 3(a)], we
alter it with both a geometric and a material perturbation

(a) (c) (e)

(b) (d) (f)

FIG. 3. Perturbative framework for thermally emissive QBICs. (a) An unperturbed high-symmetry lattice of a lossless material
with index n is perturbed (b) both geometrically (with asymmetry parameter δ) and in index (adding a small extinction coefficient κ).
(c) The radiativeQ factor (for fixed k) varies asQr ∝ 1=δ2, and (d) the nonradiativeQ factor (for fixed δ) varies asQl ∝ 1=κ. Dots in (c,d)
are calculated by full-wave simulations, while the red lines show linear fits to these data. (e) Absorption spectrum of the QBIC near the
resonant frequency for normal incidence and x-polarized light. (f) Absorption spectra for a range of incidence angles, showing perfect
absorption following a parabolic angular dispersion. The band-edge mode (dashed white line) emits to a narrow range of angles near the
normal (inset). Note: The three-dimensional structure used to calculate (c)–(f) is shown in Figs. 6(a)–6(c) with the values θ ¼ α ¼ 0.
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[Fig. 3(b)]. The geometric perturbation, quantified by δ,
controls the radiative lifetime of a QBIC supported by the
structure, while the material perturbation, quantified by κ,
introduces an imaginary part of the refractive index con-
trolling the nonradiative lifetime. Then, by operating at the
band-edge frequency, we ensure that light emits into a small
solid angle near normal incidence, with angular spread Δk.
In this way, we can simultaneously tune the lifetime and
peak emissivity of a QBIC supported by the thermal
metasurface. In the following, we show that, while the
lifetime directly controls temporal coherence of the emitted
light, the angular spread Δk determines and controls its
spatial coherence. Numerical results are produced by full-
wave simulations using the finite difference time domain
method (Lumerical Solutions). The absorption properties of
the devices are studied under various illumination con-
ditions, and the emission features are then retrieved due to
the relations between absorptivity and emissivity [60].

A. Controlling coherent emission with thermally
populated QBICs

While the approach presented in the following is quite
general, for concreteness, we envision the perturbations
imparted to our otherwise symmetric structure to be a
dimerization of a square lattice of doped silicon nanopillars
(refractive index n ¼ 3.45 when undoped) in air. As shown
in Fig. 3(b), the circular pillars are distorted into two
ellipses oriented 90° from one another with major and
minor diameters differing by δ, and silicon is altered by the
introduction of dopants, perturbing the refractive index of
the silicon by a value Δnþ iκ. For generality and sim-
plicity, throughout this work, we take these material
parameters to be dispersionless, but we note that the
monochromaticity may be improved by selecting a dopant
with a narrow-band absorption profile, such as erbium
dopant atoms implanted into silicon for near-infrared
wavelength operation [61]. The dimerization creates and
governs the radiative properties of the QBIC [58,62], while
the imaginary part of the refractive index allows thermal
population of the QBIC in the near field. In particular, the
QBIC has a radiative Q factor following Qr ¼ ω0=2γr ∝
1=δ2 [Fig. 3(c)] and a nonradiativeQ factor followingQl ¼
ω0=2γi ∝ 1=κ [Fig. 3(d)], where ω0 is the resonant fre-
quency, γr is the radiative decay rate of the mode, and γi is
the nonradiative decay rate. The dependence of the radi-
ative Q factor on δ is well established for QBICs [58], and
the expression of the nonradiative Q factor as a function of
κ may be derived based on a perturbative analysis (see
Appendix B).
When δ and κ are properly tuned to achieve critical

coupling [63,64], x-polarized light at normal incidence is
perfectly absorbed at the resonant frequency, which pro-
duces a Fano line shape [Fig. 3(e)] corresponding to a sharp
thermal emission feature. Off normal incidence, similar
absorption and emission spectra can be observed, but with a

resonant frequency shift following the angular dispersion of
the QBIC, shown in Fig. 3(f). Because of reciprocity, this
band diagram is necessarily symmetric, implying that at all
frequencies are absorbed symmetrically for opposite inci-
dence angles. In other words, for every eigenfrequency
ωiðkÞ, we find a second eigenfrequency ωið−kÞ ¼ ωiðkÞ.
This symmetry in the modal structure appears to suggest
that unidirectional emission to an arbitrary angle, without
emitting to the reciprocal one, is impossible. However, as
we establish in Sec. IV, by tailoring the far-field coupling at
ωiðkÞ and ωið−kÞ, it is possible to realize unidirectional
emission at an arbitrary angle in completely reciprocal
systems. For now, we notice that at the band edge these two
angles converge to a single one at normal incidence, in
which case thermal emission occurs unidirectionally along
the surface normal [inset in Fig. 3(f)].
Taken as a whole, the results in Fig. 3 imply that our

double perturbation allows independent control over radi-
ative and nonradiative lifetimes, enabling the construction
of a library of perturbations as we independently vary δ and
κ at the basis of the design of thermal metasurfaces. Such a
library, along with possible implementations and alterna-
tives, is discussed further in Appendix C, where Qr varies
according to the geometric perturbation and Ql according
to the dopant concentration. We emphasize that, based on
temporal coupled mode theory (TCMT) [64–66], a Fano
resonance with radiative Q factor Qr and nonradiative Q
factor Ql has an overall Q factor

Q0 ¼
QrQl

Qr þQl
: ð12Þ

Meanwhile, the absorption A at resonance follows [63]

A ¼ ε ¼ 4QrQl

ðQr þQlÞ2
; ð13Þ

where, by Kirchhoff’s law of thermal radiation, we equate it
to the thermal emissivity ε. Hence, a thermal metasurface
with simultaneously controllable radiative and nonradiative
lifetimes has command over its linewidth and peak emis-
sivity. The control shown in Fig. 3, therefore, represents the
first step to constructing a metasurface that thermally emits
light in a spatially tailorable manner.

B. Temporal and spatial coherence of a thermally
populated QBIC

We are now ready to relate the optical lifetime and
angular dispersion near the band edge to the temporal and
spatial coherence of light emitted by a thermally populated
QBIC. The temporal coherence is determined by its optical
lifetime, i.e., its linewidth. The spatial coherence depends
on the near field of the thermal source [67–69], in our case
corresponding to a characteristic distance over which the
QBIC energy propagates laterally in plane before scattering
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out to the far field; it, therefore, also depends on the optical
lifetime of the mode. Nevertheless, we find that it addi-
tionally depends on the shape of the band structure, and so
it may be independently controlled by band structure
engineering. In the following, we derive an analytical
expression for the spectral degree of coherence based on
TCMT, yielding a simple route to control the spatial
coherence of a QBIC-based thermal metasurface.
We assume that our metasurface supports a spectral

response analogous to Fig. 3(d) for x-polarized light.
Following the derivation detailed in Appendix A for a
more general scenario, it can be shown that the reflection
coefficient for such a linearly polarized QBIC satisfying
γr ¼ γi is

rðk;ωÞ ¼ rcðωÞ þ
i

½ω − ωresðkÞ�=γr − i
; ð14Þ

where rcðωÞ is a local background scattering coefficient, i.e.,
due to a Fabry-Perot resonance, slowly varying compared
to the resonance features, and ωresðkÞ is the angularly
dispersive resonant frequency. Within the frequency range
of interest, the local background may be simply approxi-
mated by a sinusoidally varying function of ω:

rcðωÞ ¼ r0 − ð1 − r0Þ cos
�
2π

Pω
ðω − ω1Þ

�
; ð15Þ

where r0 is a real-valued, near-unity coefficient, Pω deter-
mines the spectral period of the thin film resonances, andω1

is a frequency with peak local absorption. The dispersion
may be approximated by a Taylor expansion about k ¼ 0:

ωresðkÞ ≈ ω0 þ
b
2
k2; ð16Þ

where the coefficient b is a quantitative measure of the band
curvature near the band-edge mode. Finally, the absorption
is simply Aðk;ωÞ ¼ 1 − jrðk;ωÞj2. By Kirchhoff’s law of
thermal radiation, the TCMT model for absorption directly
provides an analytical form for the thermal emissivity in
momentum-frequency space εðk;ωÞ ¼ 1 − Rðk;ωÞ, where
the reflectance Rðk;ωÞ ¼ jrðk;ωÞj2. To validate this model,
Figs. 4(a) and 4(b) show excellent agreement between the
spectra calculated by FDTD and this model with appropri-
ately fit values [Fig. 4(a) reproduces Fig. 3(d) for compari-
son]. Figure 4(c) shows the agreement between FDTD and
TCMT spectra for light emitted at θx ¼ 0, and Fig. 4(d)
shows the angular profile for light emitted at the band-edge
mode. Because of theWiener-Khinchin theorem [2,4,5], the
linewidth of emission, shown in Fig. 4(c), related to the
lifetime of the mode τ, directly determines the temporal
coherence of the emitted light, namely,

τc ¼ τ ¼ 1=γr: ð17Þ

We emphasize, in particular, the fit value r0 ¼ 0.9935
stemming from our calculations, which suggests that,
despite the homogeneous material loss in silicon consid-
ered in our simulations but neglected in our TCMT model,
the broadband, local material loss has negligible effects
on this operation. The QBIC-enhanced optical lifetime
dominates the spectral features: The QBIC is critically
coupled when a very low value of loss is present
(κ ¼ 10−2.84), which introduces little absorption for non-
resonant light. Hence, just as in the case of luminescence
[52], the emitted spectrum may be significantly narrowed
and the background (unpatterned) emission correspond-
ingly suppressed. This feature improves as the Q factor
increases, at the expense of higher sensitivity to design or
fabrication errors.
Analogously to the relationship between spectral width

and temporal coherence, the angular width of emission,
shown in Fig. 4(d), determines the spatial coherence
[68,69]. For simplicity in highlighting the physics of the
nonlocal component of the scattering, we assume that the
local scattering is lossless, i.e., r0 ¼ 1, giving the relation

εðk;ωÞ ¼ 1

1þ τ2ðω − ω0 − b
2
k2Þ2 : ð18Þ

With an analytical form of the optical response in hand,
we may derive a closed form expression for the spatial
coherence length Lc. As detailed in Appendix D (see also
Refs. [2,67–69]), we arrive at the relation

μðx;ωÞ ¼ 1

Im½ξðωÞ� Im
�
ξðωÞ exp

�
− jxj
ξðωÞ

��
; ð19Þ

where

ξðωÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

bτ=2
i − ðω − ω0Þτ

s
ð20Þ

is a complex quantity with units of length that characterizes
the spatial nonlocality of the response at each frequency. In
particular, at the band edge, we have ξðω0Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
bτ=2i

p
, and

the form of μðx;ωÞ is shown in Fig. 4(e) for this scenario.
The magnitude of Eq. (19) is half of its maximum at a
displacement of approximately x ≈

ffiffiffiffiffi
bτ

p
(more precisely,

its value at x ¼ ffiffiffiffiffi
bτ

p
is ½ cosð1Þ þ sinð1Þ�=e ≈ 0.508). The

coherence length of such a thermal metasurface at the band-
edge frequency is, therefore,

Lc ≈
ffiffiffiffiffi
bτ

p
: ð21Þ

It follows that the spatial coherence of the band-edge
mode is determined both by the band curvature and by the
linewidth of the resonance. Appendix E arrives at the same
expression for the coherence length for a parabolic band
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structure by starting from the electric field expression rather
than from a CMT description.
Lastly, Fig. 4(f) visualizes μðx;ωÞ in the space-frequency

domain, showing little spatial coherence below the band
edge and larger spatial coherence at and above the band
edge. Note that this example has a remarkably flat
band structure (b is small), meaning that light at the band
edge remains substantially localized due to Bragg reflec-
tion, and the spatial coherence is modest. Above the band
edge, and for bands with significantly larger values of b, the
spatial coherence may be much larger. Therefore, the
results here suggest that band structure engineering can
control to a large extent the degree of lateral localization for
a given optical lifetime, while the optical lifetime itself
determines the temporal coherence. As explored in Sec. V,
the in-plane localization afforded by such a flat band
structure enables computationally tractable full-wave sim-
ulations of compact aperiodic 3D structures at the expense
of spatial coherence; applications requiring higher degrees
of spatial coherence should use a QBIC with sharper bands,

i.e., a larger value of b, than the one investigated in Fig. 4.
While we do not pursue advanced dispersion engineering
here (beyond finding a sufficiently low value of b), we note
that elaborate control over the band structure using periodic
perturbations is demonstrated in Ref. [70], and basic
control over the band curvature by tuning the duty cycle
and height of a photonic crystal slab is demonstrated in
Refs. [54,62] explicitly within the QBIC framework.
Beyond QBIC systems, we also note that Ref. [25] recently
demonstrated control of the spatial dispersion of thermal
emission via polariton-phonon coupling.

IV. CONSTRAINTS ON SPATIAL TAILORING OF
THERMAL WAVE FRONTS

While the dual perturbation introduced in the previous
section can tailor the spatial and temporal coherence of
thermal emission with simultaneous control of A, τc,
and Lc, a thermal metasurface must be able to simulta-
neously control also the local phase and polarization state

(a) (b)

(c) (d)

(e) (f)

FIG. 4. Temporal and spatial coherence of a QBIC thermal metasurface. (a),(b) Reflectance for x-polarized light near a critically
coupled QBIC calculated based on FDTD [(a), reproduced from Fig. 3(d)] and TCMT (b). (c) Emissivity at normal incidence, with the
linewidth inversely related to the temporal coherence. (d) Emissivity profile at the band-edge frequency, with the angular width given by
the spatial coherence. (e) Spectral degree of coherence at the band-edge frequency, with the linewidth characterizing the spatial
coherence of the emission. (f) Magnitude of the spectral degree of coherence mapped in the space-frequency domain.
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parameters of the emitted light,Φ, χ, ψ , and p, in a spatially
varying manner. Such command over thermal emission
would enable locally shaped wave fronts with arbitrary
polarization. In this section, we outline fundamental con-
straints on such a spatially varying thermal metasurface
stemming from time-reversal symmetry and reciprocity. In
particular, we study the constraints on thermal metasurfaces
placed over a ground plane, a configuration that enables
maximum unidirectional emissivity without complex and
sensitive overlap of more than one narrow-band resonance
[71,72]. Our key finding is that a thermalmetasurface placed
over a mirror and employing a single QBIC must simulta-
neously control both local and nonlocal properties of the
scattering process, requiring a hybrid approach combining
conventional (local) metasurface designs with judicious use
of the selection rules governing nonlocal responses.

A. Constraints within temporal coupled mode theory

To assess the constraints on the scattering of a thermally
populated QBIC, we employ TCMT [64–66] to describe
the interference between the background (local) scattering
process with scattering matrix C and a (nonlocal) QBIC
coupled to an external incident state with Jones vector

jsþi ¼
�
sx
sy

�
; ð22Þ

where sx;y may generally be complex and are normalized
such that the inner product hsþjsþi is the incident intensity.
The incident radiation excites a QBIC with resonant
frequency ω0 and radiative and nonradiative decay rates
γr and γi according to the equation of motion

da
dt

¼ ðiω0 − γr − γiÞaþ hk�jsþi; ð23Þ

where a is the complex amplitude of the QBIC resonance,
normalized so that jaj2 is the stored energy per unit area.
The coupling vector jki indicates how the resonance
couples to incident radiation. The reflected wave js−i is
given by

js−i ¼ Cjsþi þ jdia; ð24Þ

where jdi is the coupling vector governing how the
resonance decays into the output port. The coefficients
in Eqs. (23) and (24) are subject to a number of constraints.
For example, reciprocity requires that

jki ¼ jdi; ð25Þ

from conservation of energy we must have

hdjdi ¼ 2

τ
; ð26Þ

and combined with Eq. (25) time-reversal invariance
dictates that

Cjd�i ¼ −jdi: ð27Þ

Using these constraints, the relation C ¼ CT dictated by
reciprocity, and Eqs. (23) and (24), the scattering matrix
js−i ¼ Sjsþi can be written as

S ¼ Cþ jdihd�j
iðω − ω0Þ þ γr þ γi

: ð28Þ

The scattering matrix as a whole also satisfies the
reciprocity condition

S ¼ ST: ð29Þ

At the resonant frequency, absorption is unity (and,
hence, thermal emission maximized) only when the system
satisfies the critical coupling condition γr ¼ γi. Detuning
from this condition enables control over the emitted
amplitude, as seen in Appendix C. Indeed, the radiative
and nonradiative Q factors described in Sec. III A are
related according to Qr ¼ ω0=2γr and Ql ¼ ω0=2γi, and,
therefore, these phenomenological parameters within the
TCMT are described by parameters that a thermal metasur-
face may directly control. As shown in the following
sections, a thermal metasurface can indeed directly control
every phenomenological parameter present in Eq. (28).
The time-reversal constraint in Eq. (27) shows that the

scattering of a QBIC to the far field (generally a nonlocal
phenomenon) is not independent from the local scattering.
Indeed, both the polarization state as well as the phase of
the emitted state are constrained by the local scattering C.
For instance, taking the local scattering to be the one of a
perfect mirror

C ¼ expðiΦCÞ
�−1 0

0 −1
�
; ð30Þ

where ΦC is a reference phase, we see upon applying
Eq. (27) that the emitted state must satisfy

expðiΦCÞd�x;y ¼ dx;y; ð31Þ

i.e., the emitted state is real valued but for the
factor ΦC. Or, more generally, the emitted phase
Φ ¼ ∠dx;y is

Φ ¼ ΦC=2: ð32Þ

This result has several consequences: First, it implies
that, for the emitted state to have an arbitrary polarization
state, the local scattering must be birefringent to break the
condition ∠dx ¼ ∠dy. We generally desire minimal local
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absorption, since we aim for thermal emission across
narrow bandwidths around the Fano resonance, meaning
that the local scattering may not have any dichroism; the
local birefringence is the only parameter that may lift the
polarization state from the equator of the Poincaré sphere,
where ∠dx ¼ ∠dy. For instance, to achieve pure circularly
polarized emitted light, the direct scattering matrix must
behave as a half wave plate:

C ¼ expðiΦCÞ
�−1 0

0 1

�
; ð33Þ

and so, by Eq. (27), the emitted state must follow

expðiΦCÞd�x ¼ dx;

expðiΦCÞd�y ¼ −dy; ð34Þ

allowing ∠dx ¼ ΦC=2 and ∠dy ¼ ðΦC � πÞ=2, corre-
sponding to a circularly polarized state at a pole of the
Poincaré sphere, where ∠dx − ∠dy ¼∓ π=2.
The second consequence of Eq. (32) is that the phase of

the emitted state is directly controlled by the local scatter-
ing phase; i.e., the emitted phase is half the phase that
would be imparted by the local component of the metasur-
face if the QBIC were absent. Overall, this time-reversal
constraint shows that a thermal metasurface based on a
QBIC must vary the local scattering properties; for com-
plete control of the thermally emitted light, it is not
sufficient to vary the perturbation according to the selection
rules as done in recent nonlocal metasurfaces showing
spatial control of Fano resonances [53,54] and even wave-
front-selective Fano resonance [57].

B. Visualization of the constraints with schematic
scattering matrices

Finally, we illustrate how these concepts, as well as the
reciprocity constraint in Eq. (29), apply to the goal of
unidirectional emission with a single specified spin.
Figure 5 sketches the energy exchange between two
blackbodies at the same temperature, mediated by four
distinct metasurface mirrors that support QBICs at the
operating wavelength and angles of incidence enabling
exchange of energy between A and B. Figure 5(a) provides
the definitions and conventions used for the schematic
depictions of idealized scattering matrices [the example
of a perfect mirror is given in Fig. 5(b)], and Fig. 5(c)
summarizes the behavior of the four metasurfaces studied
in Figs. 5(d)–5(k). The scattering matrices apply to electric
fields in a circular polarization basis across a continuous
range of momenta:

EðkÞ ¼
�
ELðkÞ
ERðkÞ

�
: ð35Þ

The first metasurface [Figs. 5(d) and 5(e)] is a device that
supports an absorptive QBIC born of interference with a
local response that has no phase gradient or birefringence,
equivalent to a specular mirror. In the absence of a QBIC,
its scattering matrix is given by Eq. (30) and is shown in
Fig. 5(b). This schematic represents the sparse matrix of
scattering magnitudes due to the device, where the gray
background refers to scattering events forbidden by con-
servation of linear momentum, and, hence, of magnitude 0,
and orange lines refer to scattering events satisfying
conservation of linear momentum (kout ¼ kin þmkG,
where kout is the horizontal output momentum, kin is the
horizontal input momentum, kG ¼ 2π=P is the quasimo-
mentum associated with a period P, and m is the
diffraction order). The solid orange lines refer to scattering
efficiencies of unity (here, kout ¼ kin such that the reflected
spin is inverted), while the dashed orange lines refer to
scattering efficiencies of zero (kout ¼ kin such that the
reflected spin is preserved). Reciprocity [Eq. (29)] requires
that these schematics have a mirror symmetry across the
black dashed line.
The first metasurface differs from a specular mirror by

the addition of a QBIC with a nonlocal phase gradient. This
addition is represented by a purple dot, whose magnitude
may represent any number between 0 (perfect absorption)
and 1 (perfect reflection). Using the approach demonstrated
in Ref. [56], a nonlocal phase gradient may be used to shift
the band-edge mode in k space and, therefore, the angle at
which the thermal metasurface emits. Per Eqs. (27) and
(28), such a nonlocal phase gradient is not independent of
the local response. In particular, since the absorption due to
a QBIC is born of interference with the local (background)
matrix, in the schematic in Fig. 5(e), it may be placed only
along the orange dashed line. In the absence of the nonlocal
phase gradient, it would be located at ðkout; kinÞ ¼ ð0; 0Þ,
but here we consider the QBIC having been shifted to
ðkout; kinÞ ¼ ðknl; knlÞ, where knl is the momentum added by
the nonlocal phase gradient.
Despite this shift in k space, it is readily apparent that

reciprocity forbids unidirectional emission, consistent with
the discussion in Sec. III A. For instance, for a device
aiming to absorb RCP light with knl < 0 [marked by an
encircled 1 in Fig. 5(e)], a reciprocal event (marked by an
encircled 1�) exists corresponding to absorption of LCP
with knl > 0. In the schematic, the absorption is understood
by finding the angle at which the QBIC exists along the θin
direction, and the polarization state being absorbed is
understood by the second letter labeling the quadrant
(the one labeled with the *, denoting a state traveling in
the downward direction). For instance, located in the LR�
quadrant in Fig. 5(e), the encircled 1 corresponds to
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absorption of jR�i at an angle θin < 0, while the reciprocal
event corresponds to absorption of jL�i at an angle θin > 0.
Upon time reversal, these absorption events correspond to
emission events satisfying time-reversal symmetry [60]:

EðkÞ ¼ E�ð−kÞ: ð36Þ

In the schematic, the emission may be understood by
looking at the location along the θout axis and the first letter

(h) (j)

(d) (f)

(e) (g)

(a)

(b)

FIG. 5. Reciprocity and spin-selective unidirectionality. (a) Definitions and conventions for the continuous scattering matrices as in
(b), which depicts the behavior of a specular mirror (which conserves linear momentum and flips the spin upon reflection). (c) Summary
of the behavior of the four devices studied in (d)–(k). (d) Schematic showing two blackbodies, A and B, exchanging energy through a
locally specular mirror with a nonlocal QBIC, depicted in (e) as a purple dot placeable anywhere along the specular response (solid
orange line) via a nonlocal phase gradient. Reciprocity (symmetry about the black dashed line) forbids the existence of unidirectional
emission. Similarly, (f) and (g) show the case of a local phase gradient but no nonlocal phase gradient, enabling unidirectional emission
but not spin selectivity. To achieve spin selectivity, birefringence must be added, shown in (h) and (i) for the case of a birefringence local
response with only a nonlocal phase gradient. However, reciprocity forbids unidirectionality except at normal incidence in this case.
Finally, (j) and (k) show the case with a local phase gradient, nonlocal phase gradient, and birefringence, enabling spin-selective
unidirectional thermal emission.
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marking the quadrant (without the label *, corresponding to
upward-traveling states). For instance, the encircled 1
under time reversal denotes the emission of jLi to an
angle θout < 0, while the encircled 1� under time reversal
denotes the emission of jRi to an angle θout > 0. That is,
as depicted in Fig. 5(d), the emission and absorption
events (purple) are completely described by the process 1
and its reciprocal copy, 1�. Because of the existence of this
distinct reciprocal copy, this device cannot unidirection-
ally emit light even if it treats LCP and RCP differently.
The emission of this device resembles the results of
Ref. [38], for example.
The second metasurface [Figs. 5(f) and 5(g)] has a local

phase gradient but no birefringence, and a QBIC is applied
with a nonlocal phase gradient. In this case, many dif-
fraction orders m are supported, but the idealized case in
Fig. 5(g) supports only a single diffraction order with unity
reflectance. Without birefringence, the usual spin inversion
occurs upon reflection, but, due to the local phase gradient,
the outgoing angle satisfies kout ¼ kin − kG. As before, a
QBIC may be placed along this diffraction order. In this
case, it exists at the position ðkout; kinÞ ¼ ðkG=2; kG=2Þ,
corresponding to local retroreflection. It is apparent that
the process 1 and its reciprocal copy 1� represent emission
of light to the same outgoing angle θout but to polarization
states of jLi and jRi, respectively. The introduction of a
local phase gradient does interestingly enable unidirec-
tionality, but without birefringence this cannot be
achieved in a spin-selective manner (the result here is
unidirectional thermal emission with a linear polariza-
tion). Note that using a different nonlocal phase gradient
would move the QBIC off the retroflection condition and
destroy the unidirectionality.
The third metasurface [Fig. 5(h)] adds birefringence to

the case in Fig. 5(d), providing a nonlocal phase gradient
but no local phase gradient, as described by the local
scattering matrix in Eq. (33). In this case, the local response
preserves the spin upon reflection, moving the solid orange
line to the appropriate quadrants compared to a specular
mirror. Here, using a chiral QBIC, it is possible to achieve
spin selectivity. That is, the process 1 and its reciprocal
copy 1� both represent emission of light to the state jLi,
which are, therefore, independent of the RCP response due
to the birefringence. However, as in the previous cases, the
presence of the reciprocal copy means that unidirectionality
is forbidden: Light is emitted to a state jLi to two equal and
opposite angles. Notably, however, if the nonlocal phase
gradient is removed (or set to 0), the processes 1 and 1�
merge. In other words, process 1 is then its own reciprocal
copy, because it exists at the intersection of the orange solid
line and the black dashed line. Consequently, spin-selective
unidirectional emission may be achieved in such a system
but only to normal incidence.
Finally, to generalize this achievement to any emission

angle, our fourth metasurface [Figs. 5(j) and 5(k)] includes

a local phase gradient metasurface along with birefringence
(e.g., a Pancharatnam-Berry or geometric phase metasur-
face [9,12]) and then places the QBIC at the retroreflection
condition using a nonlocal phase gradient. This configu-
ration inherits the unidirectionality to an arbitrary angle
stemming from the local phase gradient, as seen in the
second device [Figs. 5(f) and 5(g)], as well as the spin
selectivity afforded by the birefringence, as seen in the third
device [Figs. 5(h) and 5(i)]. As depicted in Fig. 6(j), this
behavior is consistent with the second law of thermo-
dynamics concerning exchange of energy between bodies
A and B: since RCP light coming from B is retroreflected
back to B (marked by an encircled 4) and LCP light coming
from A is completely absorbed (marked by an encircled 1),
these two channels do not exchange energy between A and
B and, therefore, are independent. Meanwhile, the remain-
ing processes (encircled 2 and 3) represent reciprocal
channels of energy exchange between A and B.
To summarize the fundamental results of this section,

time-reversal symmetry generally requires that a thermal
metasurface can achieve spin-selective unidirectional emis-
sion to an arbitrary angle of choice only through a suitable
combination of a birefringent local phase gradient and a
nonlocal phase gradient. The birefringence makes the LCP
and RCP channels independent in the far field, enabling a
chiral structure to absorb a single spin without violating
reciprocity. This structure enables spin-selective unidirec-
tional emission at normal incidence in the absence of local
and nonlocal phase gradients, because the absorption
process is its own reciprocal (retroreflection). Extending
this property to any off-normal emission angle requires a
local phase gradient to shift the retroreflection angle to the
desired angle and a nonlocal phase gradient to place the
QBIC precisely at the retroreflection condition.
Last, to further clarify this general result, we compare it to

thebehaviorof themetasurface inFig.3. InSec. III A,wenote
that the band diagram of the device is fundamentally con-
strained by reciprocity to be symmetric about normal
incidence, with eigenfrequencies coming in pairs
ωiðkÞ ¼ ωið−kÞ. Notably, this pairing of eigenfrequencies
is true in any reciprocal system, including both Fig. 3 and all
the devices in Fig. 5. However, quite interestingly, this
property translates onto a symmetric emission pattern in
Fig. 3(d) but not in Fig. 5(j). While the underlying band
structure of any reciprocal system satisfiesωiðkÞ ¼ ωið−kÞ,
the far-field coupling of these modes must simply satisfy
Eq. (29), which we may write in the basis of Eq. (35) as

Sijðk1; k2Þ ¼ Sjið−k2;−k1Þ: ð37Þ

Here, the indices refer to the polarization state, the first
argument is the incoming wave number, and the second
argument is the outgoing wave number. As argued sche-
matically above on the basis of Fig. 5, it is apparent
from Eq. (37) that any modal absorption (say, at an angle
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kin ¼ k1 and polarization i) necessarily comes with a
reciprocal partner at (kin ¼ −k2 and polarization j).
Unidirectional absorption is, therefore, possible only when
a single absorption event occurs such that k1 ¼ −k2 and
i ¼ j, which is the retroreflection condition in the appro-
priate polarization basis (Fig. 5 specifically refers to circular
polarization). Note that, when there are several modes
contributing to absorption, the total absorption need not
be the same at k1 and k2—here, we focus on a single mode.
SinceQBICs are born of interferencewith the background

scattering of the surface, in periodic structures, they may
emerge only at k2 ¼ k1 þmkG, where kG is the phase
gradient of the device and m is the diffraction order.
Considering that for unidirectional absorption k1 ¼ −k2,
conservation of momentum thereby requires that
2k2 ¼ mkG. When m ¼ 0 (e.g., specular reflection), there-
fore, unidirectionality may occur only at normal incidence,
where k1 ¼ −k2 ¼ 0, consistent with the device in Fig. 3.
Yet, for any other diffraction order, unidirectional thermal
emission can occur at the arbitrary angle provided that the
supported QBIC emerges at the retroflection condition
k2 ¼ −k1 ¼ mkG=2. Hence, quite interestingly, we can
generally state that a critically coupled QBIC unidirection-
ally emits with outgoing momentum half of the one
contributed by the local phase gradient.

V. THERMAL METASURFACE DESIGNS

Guided by the general findings of the previous section, we
can now construct a library of unit cells for the demon-
stration of various functionalities enabled by thermal meta-
surfaces. In the following, after developing this general
library, we use it to show that an arbitrary elliptical state may
be emitted to normal incidence by suitably engineering the
geometrical parameters governing the local and nonlocal
responses. Then,we numerically demonstrate unidirectional
emission with desired spin by locally varying the geometric
phase while adjusting the nonlocal scattering accordingly.
By spatially varying the emission angle, we then demon-
strate thermal metasurfaces producing quasimonochromatic
light focused to a desired point in the far field. Finally, by
varying orientation of the off-normal emission azimuthally,
we demonstrate thermal metasurfaces with control of both
spin and orbital angular momentum of emitted light.

A. Metaunit library for thermal metasurfaces

We begin with a discussion of the ideal features of a
metaunit library for thermal metasurfaces: First, the device
must have a local element controlling both the local
scattering phase and the relative phase between x and y
polarizations, i.e., the degree of birefringence. Second, the
device should support a symmetry-protected BIC as unaf-
fected as possible by the geometric perturbations that
govern the local scattering. At minimum, the Q factor
should remain infinite regardless of the chosen phase and

degree of birefringence; there should be nonzero scattering
only in the presence of additional perturbations. This
constraint generally excludes QBICs supported by mon-
atomic lattices and suggests instead the use of QBICs folded
into the continuum by a period-altering perturbation [62].
Ideally, the resonant frequency should be invariant to, for
instance, the in-plane orientation of the structural birefrin-
gence, but at minimum the resonant frequency should be
adjustable by both the local response and perturbation such
that a constant resonant frequency may be achieved for any
local response. Third, in order to access circular polar-
izations, the device must be optically chiral. This constraint
suggests (though, due to the mirror plane, does not require)
placing the symmetry-breaking perturbation at a distinct
plane from the local response. Fourth, the symmetry-
protected BIC should be controlled by a perturbation with
control over both the eigenpolarization and Q factor; this
process may be guided by selection rules to choose an
appropriate perturbation for the chosen mode [54].
Based on these considerations, we now demonstrate an

implementation of a metaunit library for thermal meta-
surfaces. These guidelines suggest starting with a mon-
atomic lattice of elliptical dielectric pillars with complete
control over the phase and polarization of locally scattered
light, as, e.g., demonstrated in Ref. [9], and then adding a
dimerizing perturbation at a different plane. Such an
unperturbed lattice satisfies the first requirement above;
the addition of the dimerizing perturbation satisfies the
second requirement by accessing a QBIC folded into the
continuum by the period doubling; and placing the per-
turbation at a separate plane satisfies the third requirement
regarding chirality. The fourth requirement may be satisfied
by using a perturbation with a p2 space group, allowing
simultaneous control over the scattering rate and polariza-
tion angle scattered at the interface where the perturbation
is placed [53,54].
As seen in Fig. 6(a), the example device is a monatomic

array of doped silicon elliptical pillars sitting on a perturbed
doped silicon slab within a p2 space group. This structure
sits atop a perfect electric conducting (PEC) ground plane,
and a low-index lossless dielectric fills the volume between
the PEC and the silicon structure [Fig. 6(b)]. The mon-
atomic array controls the local scattering (phase and
polarization), and so we refer to it as the local element
or the monomer, with height H, length L, and width W
having subscripts m. Since, in general, the in-plane
orientation angle of the dielectric pillars θ is varied, we
target a symmetry-protected BIC whose field profile over-
laps so as to be minimally affected by such rotation. A
mode with this property is the transverse-magnetic mode
(characterized primarily by an electric field pointing out of
plane) that has its electric field concentrated within the
high-index pillars [Fig. 6(c)]. We next refer to the selection
rules [54] to determine the appropriate p2 perturbation that
accesses this mode. The perturbation is a set of thin
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elliptical pillars centered between the local pillars and
oriented at angles α and αþ 90° (forming a dimer). These
features control the symmetry-breaking response governing
the nonlocal QBIC, and so we refer to it as the nonlocal
element or the dimer (with heightH, length L, and widthW
having subscripts d).
As shown in Sec. III A, the QBIC may be critically

coupled by adjusting both the magnitude of the perturba-
tion (Hd; Ld;Wd) to match the local amount of loss
introduced by doping (κ). As usual for nondegenerate
Fano resonances, this absorption is dichroic: The device
perfectly absorbs one polarization state but not the orthogo-
nal state. By choosing the monomer’s birefringence to be
the one of a half wave plate, i.e., described by Eq. (33), we
show that the absorbed polarization state may be any
arbitrary elliptical state. Figures 6(d) and 6(e) show, as a
function of the orientation angles of the monomer θ and
dimer α, the latitude 2χ and longitude 2ψ on the Poincaré
sphere describing the absorbed, and, hence, thermally
emitted, state. It is clear that by simultaneously varying
θ and α any emitted polarization state is possible. This
behavior may be roughly understood as follows: The dimer
scatters the QBIC near the PEC interface to a linear
polarization oriented at an angle ϕ ≈ 2α, which then travels
through the local element adjusted by the Jones matrix

J ¼ expðiΦC=2Þ
�
cosðθÞ − sinðθÞ
sinðθÞ cosðθÞ

��
i 0

0 1

�

×

�
cosðθÞ sinðθÞ
− sinðθÞ cosðθÞ

�
; ð38Þ

representing the single-pass behavior of the local element
as a quarter wave plate layer oriented at an angle θ. The
emitted state has the form

jdi ¼ J

�
cosð2αÞ
sinð2αÞ

�

¼ expðiΦc=2Þ
1þ i
2

�
cosðϕÞ þ i cosð2θ − ϕÞ
sinðϕÞ þ i sinð2θ − ϕÞ

�
: ð39Þ

More rigorously, we can describe this system with
TCMT. The background scattering matrix in this case is

C ¼ expðiΦCÞ
�
cosð2θÞ sinð2θÞ
sinð2θÞ − cosð2θÞ

�
: ð40Þ

We then look for solutions for jdi satisfying Eqs. (26)
and (27). Guided by the form expected by Eq. (39), we find
the solution

(a) (b) (c)

(d) (e) (f)

FIG. 6. Metaunit library of a thermal metasurface. (a) Perspective view of a structured silicon film sitting atop a PEC with a dielectric
filler in between. The top silicon elliptical pillars are monomers, and the bottom are dimers. (b) Top and side views of the unit cell in (a),
defining the geometric and material parameters. (c) Cross sections of an example quasi-BIC supported by this structure and controlled
by the dimer. (d),(e) The latitude and longitude on the Poincaré sphere of the quasi-BIC in (c) of the absorbed polarization state as the
geometric parameters θ and α are varied. (f) Circularly dichroic absorption spectra for the geometry depicted in (c).
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jdi ¼
ffiffiffiffiffiffiffi
2γr

p 1þ i
2

�
cosðϕÞ þ i cosð2θ − ϕÞ
sinðϕÞ þ i sinð2θ − ϕÞ

�
eiΦc=2; ð41Þ

where ϕ ≈ 2α is the linear polarization scattered by the
dimer. Since for our initial demonstrations of thermal
metasurfaces we focus on geometric phase engineering

for circularly polarized emitted light, the value of Φc is an
arbitrary constant; we set it to 0 for now. Appendix A shows
that, by including it (by varying the propagation phase), we
can generalize the present results to any arbitrary polari-
zation state. The resulting scattering matrix when ω ¼ ω0

and γi ¼ γr is then

S ¼ i
2

"
½sinðΔÞ − i sinðϕÞ�2 1

2
½sinð2ΔÞ þ sinð2ϕÞ − 2i sinð2θÞ�

1
2
½sinð2ΔÞ þ sinð2ϕÞ − 2i sinð2θÞ� ½cosðΔÞ þ i cosðϕÞ�2

#
; ð42Þ

where Δ ¼ ϕ − 2θ. Appendix A provides the full general
form of the scattering matrix. This matrix is symmetric and
singular, meaning it must have a zero eigenvalue. The
eigenvector associated with the zero eigenvalue is

jei ¼
�
cosðϕÞ − i cosðϕ − 2θÞ
sinðϕÞ þ i sinðϕ − 2θÞ

�
; ð43Þ

implying that the emitted state is [60]

je�i ¼
�
cosðϕÞ þ i cosð2θ − ϕÞ
sinðϕÞ þ i sinð2θ − ϕÞ

�
: ð44Þ

This state may be written in the more suggestive form

je�i ¼
�
cosðψÞ − sinðψÞ
sinðψÞ cosðψÞ

��
cosðχÞ
i sinðχÞ

�
; ð45Þ

which is a parameterization of an elliptical polarization
with ψ ¼ θ and χ ¼ θ − ϕ ≈ θ − 2α. The TCMT model
agrees well with the full-wave simulations in Figs. 6(d)
and 6(e).
Notably, χ is roughly constant for contours following

2α ≈ θ þ β, where β is some constant angle. In particular,
for β ¼ 45°, the device emits RCP light [Fig. 6(f)]. But for
β slightly off from this condition, it absorbs a state nearly
fully circularly polarized (χ ≈ π=4) but with ψ ¼ θ, i.e.,

je�i≈ 1ffiffiffi
2

p
�
cosðθÞ −sinðθÞ
sinðθÞ cosðθÞ

��
1

i

�
¼ 1ffiffiffi

2
p e−iθ

�
1

i

�
; ð46Þ

meaning that there is a geometric phase associated with
coupling to this QBIC, Φgeo ¼ −θ, and, therefore, a device
composed of the structures in Fig. 6 may emit narrow-band
circularly polarized light at any locally defined phase. For
any other polarization, such as linear, we again note thatΦC
in Eq. (38) may be adjusted by judicious control of Lm and
Wm (see Appendix A). Restricting ourselves to the con-
venient sublibrary targeting circularly polarized light con-
trolled by a geometric phase allows us to keep Lm and
Wm fixed.

B. Example thermal metasurfaces

As a first demonstration, Fig. 7 shows two devices
with unidirectional spin-selective emission obtained by
implementing a phase gradient based on geometric
phase engineering. In the first device [Fig. 7(a)], the phase
gradient is applied in the x direction, which is orthogonal
to the dimerization direction. In the second example
[Fig. 7(b)], the phase gradient is applied in the y direction,
i.e., in the same direction as the dimerization. The geo-
metrical parameters for these devices are given in
Appendix F. Connecting to the general discussion around
Fig. 7, we notice that the nonlocal parameter α varies at half
the pace of the local parameter θ; i.e., the dimer pattern
(dark gray) has twice the period of the monomer pattern
(light gray) in Figs. 7(a) and 7(b), implying that the
resulting metasurfaces support twice as many diffraction
orders as expected from the purely local response. This
result implies that for the geometries in Figs. 7(a) and 7(b)
the diagrams in Fig. 5 sketch only the diffraction orders
associated with the local response or, equivalently, depict
only the even diffractive orders.
The spectral emissivity along the θx direction for the first

device is shown in Fig. 7(c) for RCP and Fig. 7(d) for LCP.
These plots are produced by recording the absorption of
circularly polarized plane waves incident to the device at
each angle θx (calculated using the finite difference time
domain method using a commercial software by Lumerical
Solutions) and then invoking Kirchhoff’s law. A band-edge
mode with near-unity emissivity arises near λ ¼ 1.4 μm
and θx ¼ 18° for RCP, but it is absent for the symmetric
band at θx ¼ −18° for LCP. The angular emission profile at
the band-edge frequency is shown in Fig. 7(e), showing a
stark contrast for LCP and RCP and confirming the largely
spin-selective and directional features of the thermal
emission. The unwanted sidelobes are due to other modes
supported by the structure, but they (i) are not near unity in
emissivity and (ii) do not show a marked discrepancy
between LCP and RCP. Indeed, they show the conventional
behavior of geometric phase metasurfaces: For every LCP
peak, there is an RCP peak at an equal and opposite angle.
Further work is needed to reduce the prevalence of these
side peaks if the desired application calls for it. In general,
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we find that, since they are not specifically engineered by
the thermal metasurface geometrical parameters, they tend
to be washed out when considering thermal metasurfaces
with aperiodic wave fronts, as considered in the following
examples.
Next, we show that focused thermal emission with

selected spin is possible by varying the emission angle
across the device. Shown in Fig. 8(a), the orientation of the
monomer and dimer in the array is varied to match the
hyperbolic phase function required by a cylindrical meta-
surface lens focusing along the x direction. The thermal
behavior of the device is then studied with full-wave
simulations by recording the absorption of energy emanat-
ing from circularly polarized point sources placed at

arbitrary locations in the x, z plane. By the fourth modal
radiation law [60], the resulting map of absorption is
equivalent to the intensity pattern of emitted light near
the designed focal spot of the device. Figures 8(b) and 8(c)
map the spectral emissivity along the optical axis and
across the focal plane, respectively, showing that light
emitted at the band-edge frequency is indeed focused.
Figures 8(d) and 8(e) depict the cross sections marked in
Figs. 8(b) and 8(c) for the band-edge frequency and a
nonresonant frequency, respectively, showing focused ther-
mally emitted RCP light at the band-edge frequency and
negligible emission for the other frequency. We note that,
despite the presence of the side peaks in Fig. 7, their impact
is washed out here due to (i) their comparably sharper

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

FIG. 7. Selective and directional emission from a thermal metasurface. (a) The superperiod of a thermal metasurface designed to emit
RCP light at non-normal incidence, with low spatial coherence. (b) A superperiod designed to emit LCP light at non-normal incidence,
with high spatial coherence. (c),(d) RCP and LCP emission maps for the device in (a) as a function of the wavelength and altitude in the x
direction, θx. (e) Emission patterns for the device in (a) at the wavelength of the quasi-BIC’s band edge [dashed contours in (c) and (d)].
The band is flat near the band edge, meaning the spatial coherence is low and the emitted lobe is broad. (f),(g) RCP and LCP emission
maps for the device in (b) as a function of wavelength and altitude in the y direction, θy. (h) Emission patterns for the device in (b) at the
wavelength of the quasi-BIC’s band edge [dashed contours in (f) and (g)]. The band is not flat near the band edge, meaning the spatial
coherence is high and the emitted lobe is narrow.
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angular dispersion and (ii) only contributing at a given
frequency for a portion of the area of the device. In
comparison, the targeted QBIC is resonant across the entire
device, at a single frequency [57].
Finally, we demonstrate that thermal metasurfaces are

capable of preferentially emitting quasimonochromatic
light with arbitrary SAM and OAM. Schematically
envisioned in Fig. 9(a), such a thermal metasurface is
designed to preferentially absorb an azimuthally varying
phase profile. Figures 9(b) and 9(c) map the required in-
plane orientation angles of the local and nonlocal
elements of the device aimed at producing the OAM
beam mapped in Figs. 9(d) and 9(e). Note that an
alternate device geometry is used for this demonstration
due to its improved performance; the details of the
geometry of this device are given in Appendix F along
with a brief discussion of other possible thermal metasur-
face implementations following the basic requirements
outlined above. To study the emitted light of such a
device, we record the absorption due to excitation by
normally incident OAM beams of varying OAM integer
l. That is, we calculated the absorption due to excitation
by waves

Eðx; yÞ ¼ A0ðx2 þ y2Þjlj=2 exp½−ðx2 þ y2Þ=w2
0�

× exp½i2latan2ðy; xÞ�; ð47Þ

where w0 is the beam waist and A0 determines the field
strength. Since the OAM basis is complete, a simulation
for all values of l exhaustively characterizes the emission
of the device at normal incidence. However, a completely
exhaustive demonstration would require an infinite num-
ber of simulations spanning both all values of l and all
incident angles. We limit the demonstration to normal
incidence and test values of l near the designed value.
Shown in Fig. 9(f), we see that, at the band-edge
frequency, the designed OAM is strongly absorbed,
but for other values of l a weaker and spectrally shifted
absorption is observed. Consequently, at the band-edge
frequency, light with net OAM is emitted, with efficien-
cies to each order l depicted in Fig. 9(g).
We note that the pattern in Fig. 9(f) strongly resembles

the band structure of the underlying QBIC, seen in Fig. 7,
for instance. Since l determines the integer number of 2π
that the incoming phase is azimuthally wrapped, it tracks
the direction and magnitude of the incoming angle at a

(a)

(b)

(c)

(d) (e)

FIG. 8. Thermal metasurface focusing narrow-band RCP light emission. (a) Angular parameters of the thermal metasurface producing
focused thermal emission. (b) RCP emission map as a function of the wavelength and position z along the optical axis (x ¼ 0). (c) RCP
emission map as a function of the wavelength and position x at the focal plane (z ¼ 40 μm). (d),(e) Profile of emitted light near the focal
spot of the device for the band-edge wavelength (d) and nonresonant wavelength (e).
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given point across the device. A correspondence between
the linear and azimuthal phase gradients is, therefore,
expected: Just as a thermal metasurface with a linear phase
gradient shifts the band structure so that the band-edge
mode emits to a nonzero angle, a thermal metasurface with
an azimuthal phase gradient shifts the preferred emissivity
to a nonzero l. The exhaustive demonstration of this
equivalent physics for linear momentum shifts in Fig. 7,
therefore, supplies strong evidence that the limited set of
simulations in Fig. 9 is indeed representative of the
emission of the device.
Finally, we note that the purity of the generated OAM

in Fig. 9 is limited primarily by practical considerations,
not fundamental ones. As discussed before and demon-
strated in Fig. 7, the angular range of emission for a
thermal metasurface is related to theQ factor and the band
curvature. Increasing the Q factor and sharpness of the
band increases the distance the QBIC travels in plane
before scattering, and, therefore, it increases the spatial

coherence and effective aperture size, which narrows the
angular range of emission. For an azimuthally wrapped
phase gradient, narrowing the angular range emitted at
each location along the device increases the OAM purity.
However, the energy contained in the QBIC must be
localized within the bounds of the device, or it simply
escapes in plane and does not contribute to the emission.
Therefore, a compact device requires a flat band and low
Q factor, which limits the OAM purity. Since a compact
device is a practical requirement for the numerical
demonstration by full-wave simulations, the result has
somewhat limited purity. However, an experimental plat-
form aiming at high-purity OAM may largely improve on
this result by increasing the size of the device, increasing
the Q factor, and employing a QBIC with a sharper band.
A QBIC with an isotropic angular dispersion is also
desirable. Despite these limitations, net OAM and pure
SAM are generated by our thermal metasurface platform
constructed out of purely rational design principles.

(a) (b)

(c)

(d)

(e)

(f)

(g)

FIG. 9. Thermal metasurface generating quasimonochromatic SAM or OAM light. (a) Schematic of a thermal metasurface with an
azimuthally varying directivity. (b),(c) Angular parameters defining a 30 × 30 μm thermal metasurface generating RCP light with an
OAM of l ¼ 1 at λ ¼ 1.5 μm. (d),(e) Example electric field profile of LCP light launched in full-wave simulations to study the
absorption of normally incident OAM light. (f) Absorption spectra for various OAM beams such as that depicted in (d) and (e).
(g) Emissivity into the OAM channels at the peak wavelength, λ ¼ 1.499 μm, showing preferential emission to the designed OAM order
and emission with overall net OAM.

TABLE I. Complete control of thermal emission.

Property TCMT parameters Control mechanism Metasurface parameters

A
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − jrj2

p
; γi Critical coupling Wd; Ld; κ

Φ Φc Local scattering Wm;Lm; θ
χ β ¼ θ − ϕ Chiral perturbationþ local birefringence Wm; Lm; θ; α
ψ θ Chiral perturbationþ local birefringence Wm; Lm; θ; α
τc τ ¼ 1=γr Perturbation Wd; Ld
Lc

ffiffiffiffiffi
bτ

p
Perturbationþ band curvature Wd; Ld; b

p Not applicable Multiplexing Not applicable
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Computational approaches, such as inverse design [73],
may be employed to further optimize the performance of
this as well as the previous designs. We, therefore,
consider thermal metasurfaces to be a uniquely promising
platform for ultracompact thermal light generation with
arbitrary SAM and OAM.

VI. CONCLUSION

In this work, we have introduced a general platform for
thermal metasurfaces building off the recent and rapid
development of nonlocal metasurfaces (see Appendix G).
In our view, the thermal metasurfaces introduced in this
work represent the completion of the program of compac-
tification to construct designer quasimonochromatic
electromagnetic waves introduced by optical metasurfaces
(Fig. 1). In contrast to conventional coherent metasurfaces,
thermal metasurfaces produce partially coherent wave
fronts described by the electric cross-spectral density,
characterized by the parameters A, Φ, χ, ψ , τc, Lc, and
p (Fig. 2). Table I summarizes how each parameter may be
controlled by the geometry and symmetries in our thermal
metasurface. To this end, we introduced a dual perturbative
framework that enables the simultaneous control of the
radiative and nonradiative lifetimes of a QBIC via geometric
and material perturbation, respectively (Fig. 3). Together,
these degrees of freedom enable control over both the
temporal coherence τc and the amplitude of emitted light,
A (Appendix C and Fig. 10). We showed further that the
radiative lifetime alongwith the band curvature of theQBIC,
characterized by the Taylor coefficient b, determines the
coherence length Lc ¼

ffiffiffiffiffi
bτ

p
(Fig. 4), tunable separately

from the temporal coherence by band structure engineering
(see also Appendixes D and E).
Next, we developed a temporal coupled mode theory

providing a framework to study the fundamental limitations
in controlling the polarization state and directionality
of thermal emission, constrained, in particular, by
time-reversal symmetry and reciprocity. The key lesson
of this general theory is that a thermal metasurface over a
mirror plane must engineer both local and nonlocal
responses simultaneously (Fig. 5). Guided by this result,
we proposed an example geometry composed of a struc-
tured slab of doped silicon that controls the local response
via a monatomic array of elliptical pillars while simulta-
neously supporting a symmetry-protected BIC that is
perturbed into a QBIC by a dimer array placed at a distinct
plane. This geometry is capable of emitting any polariza-
tion state to normal incidence (Fig. 6). For the special case
of circular polarization, the geometric phase allows a
particularly convenient method of varying the local phase
with little change of the resonant wavelength of the QBIC.
Leveraging this tool, we demonstrated thermal metasurfa-
ces with unidirectional emission of a single chosen spin
(Fig. 7), metasurfaces focusing thermal emission to a
desired far-field position (Fig. 8), and metasurfaces capable

of producing designer spin and orbital angular momentum
(Fig. 9). These capabilities are extendable to any desired
polarization state, or, indeed, vectoral wave fronts whose
polarization state varies spatially, by varying the propaga-
tion phase while adjusting the resonant frequency of the
QBIC accordingly (Appendix A). Lastly, while in most
applications polarized light is generally preferable, we note
that the degree of polarization p may be also controlled if
desired by multiplexing this approach: By suitably arraying
patches of mixed polarization, the net polarization in the far
field may be partially unpolarized.
In conclusion, we emphasize that the framework devel-

oped here leverages simultaneously the recent advances in
local and nonlocal metasurface physics in order to expand
our command of light directly at the point of origin.
Thermal metasurfaces offer a miniaturized designer optical
source fabricable by mature micro- and nanofabrication
technologies and well-established design principles. The
resulting devices are capable of direct thermal generation of
structured light without the optical losses conventionally
required by successive filters. These principles may apply
also to manipulating LED emission and photolumines-
cence, and future work may incorporate narrow-band
dopants for additional control over the resulting spectrum.
Last, we note that the control over local and nonlocal
scattering phenomena enabled by this platform may be
incorporated into systems with nonlinearity and/or optical
gain for novel control and generation of coherent light. We,
therefore, view this platform as the next step of a program
enabling hybrid local-nonlocal metasurfaces with unprec-
edented multifunctionality, offering an attractive approach
for compact and high-performance next-generational
classical and quantum optics.
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APPENDIX A: GENERAL COUPLED
MODE THEORY

We provide the general coupled mode theory solution for
the device class described in Fig. 7, whose local response is
a half wave plate but with arbitrary propagation phase (as
demonstrated, for instance, in Ref. [9]). This result shows
that the numerical demonstrations using circularly polar-
ized light in the main text may be generalized to any
polarization state.
We begin with the local background scattering matrix

[Eq. (40)]:
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C ¼ expðiΦCÞ
�
cosð2θÞ sinð2θÞ
sinð2θÞ − cosð2θÞ

�
: ðA1Þ

As described in the main text, we find a solution to this
nonlocal scattering problem in the form

jdi ¼
ffiffiffi
2

τ

r
1þ i
2

�
cosðϕÞ þ i cosð2θ − ϕÞ
sinðϕÞ þ i sinð2θ − ϕÞ

�
eiΦc=2; ðA2Þ

which may be verified to satisfy Eqs. (26) and (27). The
resulting scattering matrix is

S ¼ eiΦc

�
C0 þ

1

Ωτ − i
D0

�
; ðA3Þ

where

C0 ¼
�
cosð2θÞ sinð2θÞ
sinð2θÞ − cosð2θÞ

�
; ðA4Þ

D0 ¼
� ½cosðθ þ βÞ þ i cosðθ − βÞ�2 cosð2θÞ sinð2βÞ þ i sinð2θÞ
cosð2θÞ sinð2βÞ þ i sinð2θÞ ½sinðθ þ βÞ þ i sinðθ − βÞ�2

�
; ðA5Þ

Ω ¼ ω − ω0 − iγi; ðA6Þ

and β ¼ θ − ϕ.
We are interested, in particular, when this symmetric

scattering matrix is singular, in which case it has at least one
eigenvalue of 0, indicating perfect absorption of the
corresponding eigenvector. The determinant of S is

Det½S� ¼ −ei2Φc
Ωτ þ i
Ωτ − i

; ðA7Þ

which vanishes only if

Ωτ ¼ −i: ðA8Þ

SinceΩ is the difference of the excitation frequency and the
complex QBIC frequency, this condition constrains both
the real and imaginary parts and means that perfect
absorption happens only at the critically coupled condition:

ω ¼ ω0; ðA9Þ

γiτ ¼ 1: ðA10Þ

In this case, we may find the eigenvector of S with the
zero eigenvalue:

je�i ¼
�
cosðθÞ − sinðθÞ
sinðθÞ cosðθÞ

��
cosðβÞ
i sinðβÞ

�
; ðA11Þ

which is the characteristic polarization state emitted or
absorbed by the device. With this form, we may now detune
from the critically coupled condition and write the reflec-
tion coefficient

reeðωÞ ¼ hejSje�i ¼ eiΦc
Ωτ þ i
Ωτ − i

; ðA12Þ

which we may write in the more suggestive form

reeðωÞ ¼ eiΦc

�
1þ 2i

ðω − ω0 − iγÞτ − i

�
; ðA13Þ

wherein the factor of unity is due to the local response
(reflection of je�i to the state jei) and the remaining factor
the nonlocal response (the Fano resonant absorption). We
may then model the resonant frequency as a function of
momentum with the replacement

ω0 − iγi → ωresðkÞ: ðA14Þ

For QBICs folded into the continuum by a period-
altering perturbation, the dipole moment of the perturbative
scattering dominates, meaning that the radiative loss rate γ
is approximately independent of k [62]. The real part
follows the band structure of the mode, which we may
Taylor expand about k ¼ 0, yielding

ωresðkÞ ≈ ω0 þ
b
2
k2 − iγi: ðA15Þ

We then write the Fresnel coefficient in frequency
momentum coordinates as

reeðk;ωÞ ¼ eiΦc

�
1þ 2i

ðω − ω0 − b
2
k2 − iγiÞτ − i

�
: ðA16Þ

This result shows that we may extend control over the
band-edge mode shown in the main text for circular
polarization to any polarization state.

APPENDIX B: DERIVATION OF THE
DEPENDENCE OF THE NONRADIATIVE Q

FACTOR ON κ

We briefly present a derivation that the nonradiative Q
factor should followQl ∝ 1=κ as demonstrated numerically
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in Fig. 3 of the main text. For a cavity with known electric
field profile EðrÞ and permittivity profile ϵðrÞ, and assum-
ing equal energy is stored in the magnetic and electric
fields, the nonradiative Q factor has the form [74]

Ql ≈
RRR

dr3ϵ0ðrÞjEðrÞj2RRR
dr3ϵ00ðrÞjEðrÞj2 ; ðB1Þ

where the perturbed permittivity profile is ϵðrÞ ¼ ϵ0ðrÞ þ
iϵ00ðrÞ. We may evaluate Eq. (B1) in terms of the fraction of
stored energy in air, silicon, and the filler material, which,
for our example here, have refractive indices ϵair ¼ 1,
ϵsi ¼ ðnþ iκÞ2 ¼ ð3.45þ iκÞ2, and ϵf ¼ 1.42, respec-
tively. The fraction of stored energy in silicon is called
f1, and the fraction in the filler material is called f2,
making the fraction in air 1 − f1 − f2. In this case, Eq. (B1)
becomes

Ql ≈
f1ðn2 − κ2Þ þ f2ϵf þ ð1 − f1 − f2Þϵair

2nf1

1

κ
; ðB2Þ

where we use

ϵ00 ¼ 2nκ: ðB3Þ

Or, since κ ≪ n,

Ql ≈
f1n2 þ f2ϵf þ ð1 − f1 − f2Þϵair

2nf1

1

κ
: ðB4Þ

Equation (B4) agrees with the form Ql ¼ κ0=κ observed
in Fig. 3(d) and gives the constant of proportionality to be

κ0 ¼
f1n2 þ f2ϵf þ ð1 − fÞϵair

2nf
: ðB5Þ

Retrieving f1 ¼ 0.2649 and f2 ¼ 0.2626 from the full-
wave simulations in the case that κ ¼ 10−2.84, we calculate

the value κ0 ¼ 2.27 from Eq. (B5), in reasonable agreement
with the value κ0 ¼ 2.22 fitting the data in Fig. 3(d).

APPENDIX C: CONTROL OF EMISSIVITY
AND LIFETIME

Here, we discuss implementations of a metasurface
library enabling large control over the emissivity and life-
time. Figure 10(a) shows an implementation based on Fig. 3
with perturbations controlling the radiative and nonradiative
lifetimes, where Qr varies according to the geometric
perturbation and Ql according to the dopant concentration.
Equations (12) and (13) are visualized in this parameter
space in Figs. 10(b) and 10(c), respectively, highlighting
how the dual perturbation offers arbitrary control over
linewidth and peak emissivity of the band-edge mode.
Given the maturity of micro- and nanofabrication platforms,
these values may be spatially varied across the surface of a
device by spatially varying the geometric perturbation and
dopant concentration as desired. This variation may be
achieved via successive masking and implantation steps or
potentially gray-scale lithography to yield spatially varying
concentration and diffusion depth of the dopants.
Alternatively, we note that a lossless material such as

intrinsic silicon may be used to create the metaunits, while a
thin layer of a second, lossy material may be deposited,
anywhere in the near field of the device (e.g., indium tin oxide
for itswidely tunable properties in the infrared [75]). Spatially
patterning this second material would introduce a spatially
varying loss. If the material is thin, the change to the resonant
frequency of the mode is small; if required, this loss may be
adjusted by changing the geometry of the lossless material.
Finally, we briefly address the effects due to intrinsic

carriers in ostensibly lossless materials such as silicon.
For increased signal strength, it is desirable to operate a
thermal metasurface at elevated temperatures T. In any
semiconductor, the intrinsic carrier concentration increases
exponentially with temperature, according to [76]

(a) (b) (c)

FIG. 10. Controlling spectral linewidth and peak emissivity with a doped photonic crystal slab. (a) Library of metaunits varying the
dopant concentration (extinction coefficient κ) to control the nonradiativeQ factorQl ∝ 1=κ and perturbation magnitude δ to control the
radiative Q factor Qr ∝ 1=δ2 for x-polarized light. (b) Fano resonance Q factor Q0 as a function of Ql and Qr. (c) Peak emissivity of
the quasimonochromatic thermal source, as a function of Ql and Qr.
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niðTÞ ¼ nRT exp

�
− Eg

2kB

�
1

T
− 1

TRT

��
; ðC1Þ

where nRT ¼ 9.65 × 109 cm−3 is the intrinsic carrier con-
centration of silicon at room temperature, TRT ¼ 300 K,
Eg ¼ 1.12 eV is the band gap of silicon, and kB is
Boltzmann’s constant. According to Ref. [77], the values
of loss in the main text (κ ≈ 10−3) are achieved at λ0 ¼
1.55 μm near carrier concentrations on the order of
1018 cm−3, which means at room temperature the effect
of intrinsic carriers is completely negligible. However, the
intrinsic carrier concentration becomes comparable to
1018 cm−3 for silicon at around T ≈ 1100 K [76]. In this
regard, in place of doping, the intrinsic carriers at high
temperatures may be considered as controllable optical loss,
albeit in a uniform manner across the device. Alternatively,
in devices with design dopant profiles, they must operate
below a certain temperature (here, roughly T ¼ 1100 K).

APPENDIX D: DERIVATION OF EQ. (19)

Here, we carry out the derivation of the spectral degree
of coherence of the QBIC metasurface. We assume that
our thermal metasurface may be modeled using (i) the
Schell model and (ii) quasihomogenous planar secondary
sources [2]. The first assumption implies that the spectral
degree of coherence is shift invariant, having the form
μðρ2 − ρ1;ωÞ, while the second assumption means that the
spectral intensity spatially varies slowly compared to
μðρ2 − ρ1;ωÞ. We note that not all imaginable thermal
metasurfaces satisfy these assumptions, since they require
spatially constant temporal coherence and (as we establish
below) band curvature. However, these often-used
assumptions cover many cases of interest (including the
examples herein), and the insights afforded by the sim-
plicity of these assumptions may guide future work where,
for instance, the radiative lifetime and/or in-plane Bragg
scattering varies across the device. Under these basic
assumptions, it can be shown [2] that the radiant intensity
of light emitted to an angle θx in the far field is related to
the spatial Fourier transform of the spectral degree of
coherence at the source plane, namely,

JωðθxÞ ¼ ð2πk0Þ2A0I0ðωÞμðk0sx;ωÞcos2ðθxÞ; ðD1Þ

where A0 is the area of the source emitting with a position-
independent spectral density I0ðωÞ and k0sx ¼ k0 sinðθxÞ
is the spatial frequency associated with the plane wave
emitted toward θx.

Meanwhile, the intensity emitted to angle θx by a body
with emissivity εðθx;ωÞ is

JωðθxÞ ¼ IBBðω; TÞεðθx;ωÞ; ðD2Þ

where IBBðω; TÞ is the blackbody spectral intensity. Hence,
from Eqs. (D1) and (D2), we obtain the spectral degree of
coherence in the space-frequency domain, which has the
form (see Ref. [2])

μðx;ωÞ ¼ Fðx;ωÞ
Fð0;ωÞ ; ðD3Þ

where in our case

Fðx;ωÞ ¼
Z

εðk0sx;ωÞ
1 − s2x

eik0sxxdðk0sxÞ: ðD4Þ

For simplicity, we now constrain our study to near
normal incidence, such that the inclination factor is
1 − s2x ≈ 1, and we assume the local response to be lossless,
i.e., r0 ¼ 1 in Eq. (15). In this case, using the thermal
emissivity expression in Eq. (18), Eq. (D4) yields

μðx;ωÞ ¼ 1

Im½ξðωÞ� Im
�
ξðωÞ exp

�
− jxj
ξðωÞ

��
; ðD5Þ

where

ξðωÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

bτ=2
i − ðω − ω0Þτ

s
: ðD6Þ

APPENDIX E: CORRELATION LENGTH FROM
THE FLUCTUATION-DISSIPATION THEOREM

The cross-spectral density tensor for vector fields is
given by Eq. (9), written as an outer product:

Wðr1; r2;ωÞ ¼ hEðr1;ωÞEðr2;ωÞ†i: ðE1Þ

As the field arises due to thermal sources inside the
medium, we have for the fields

EðrÞ ¼ −iωμ0
ZZZ
V

G
¼
ðr; r0Þ · Jðr0Þd3r0; ðE2Þ

where G
¼
ðr; r0Þ is the Green’s tensor, Jðr0Þ is a thermal

current density, and the integral is over the source volume.
The cross-spectral density tensor, thus, becomes

Wðr1;r2;ωÞ¼ω2μ0

ZZZ
V
d3r0

ZZZ
V
d3r00h½G

¼
ðr1;r0Þ ·Jðr0Þ� · ½G

¼
ðr2;r00Þ ·Jðr00Þ�†i; ðE3Þ

which can conveniently be rewritten as
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Wðr1; r2;ωÞ ¼ ω2μ0

Z Z Z
V
d3r0

Z Z Z
V
d3r00G

¼
ðr1; r0ÞhJðr0Þ · J†ðr00ÞiG

¼ †ðr2; r00Þ: ðE4Þ

For thermal processes, the correlation of the stochastic current densities is known through the fluctuation-dissipation
theorem [78]:

hJkðr0;ω0ÞJ�l ðr00;ω00Þi ¼ ωΘðω; TÞ
π

ImðεÞδklδðr0 − r00Þδðω0 − ω00Þ; ðE5Þ

where Θðω; TÞ ¼ ℏω=½expðℏω=kBTÞ − 1�, ℏ is the reduced Planck’s constant, and kB is Boltzmann’s constant. Using this
correlation, we can write

Wðr1; r2;ωÞ ¼
ω3μ20Θðω; TÞ

π
ImðεÞ

Z Z Z
V
d3r0

Z Z Z
V
d3r00G

¼
ðr1; r0Þ ·G

¼ †ðr2; r00Þδðr0 − r00Þ: ðE6Þ

Finally, evaluating one of the integrals using the delta function:

Wðr1; r2;ωÞ ¼
ω3μ20Θðω; TÞ

π
ImðεÞ

Z Z Z
V
d3r0G

¼
ðr1; r0Þ ·G

¼ †ðr2; r0Þ: ðE7Þ

Evaluating this integral further requires knowledge of the
Green’s tensor of the structure under consideration. In this
work, we focus on metasurfaces where the response is
dominated by a single resonant mode. Assuming that the
quality factors are high, we may therefore approximate the
Green’s tensor as [79]

G
¼
ðr;r0Þ ¼ 1

2iωμ0

X∞
n¼1

enðrÞ⊗ eTnðr0Þ

≈
1

2iωμ0
e1ðrÞ⊗ eT1 ðr0Þ; ðE8Þ

valid for r ≠ r0 and where we take e1 to be the field profile
of the resonant mode, which from here on we simply refer

to as e. Using the identity G
¼
ðr0; r00Þ ¼ G

¼Tðr00; r0Þ, we can
thus write the volume integral over the Green’s functions in
Eq. (E7) as

Z Z Z
V
d3r0G

¼
ðr1; r0Þ ·G

¼ †ðr2; r0Þ

¼
Z Z Z

V
d3r0G

¼
ðr1; r0Þ ·G

¼�ðr0; r2Þ

¼ − eðr1Þ ⊗ e†ðr2Þ
4ω2μ20

Z Z Z
V
d3r0eTðr0Þ · e�ðr0Þ: ðE9Þ

Given that the system is lossy, the integral of the field
profile norm over the source volume converges to a finite
number, which we refer to as ζ in the following.
Inserting Eq. (E9) into the expression for the cross-

spectral density tensor, we find

Wðr1;r2;ωÞ¼−ωΘðω;TÞImðεÞζ
4π

eðr1Þ⊗ e†ðr2Þ: ðE10Þ

Given that themetasurface consists of a periodicmedium,
the field profile is given by eðr;kÞ¼uðr;kÞeik·x, where
uðr;kÞ is a periodic function that is multiplied by the phase
propagator to obtain the field profile anywhere. Focusing on
the cross-spectral density along the x̂ direction with x2 > x1
(without loss of generality), we obtain

Wðr1;r2;ωÞ

¼−ωΘðω;TÞImðεÞζ
4π

(uðr1;kxÞ⊗u†ðr2;kxÞ)eikxðx2−x1Þ:
ðE11Þ

If we write the separation as r ¼ x2 − x1, we obtain for
the magnitude of the cross-spectral density (over distances
significantly longer than the unit cell)

jWðr;ωÞj ∝ e−k00xr; ðE12Þ

where k00x is the imaginary part of the propagation constant
along the x̂ direction.
To demonstrate that this result agrees with the results

derived in the main text, we assume that the dispersion has
the parabolic form (16), but including an imaginary part for
the complex frequency due to material losses:

ωþ iγ ¼ ω0 þ
b
2
k2x: ðE13Þ

For the wave number, this result yields kx ¼
ffiffiffiffiffiffiffiffi
2=b

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðω−ω0Þ− iγ
p

. At the band edge, ω ¼ ω0, we obtain
for the imaginary part of the wave number

k00x ¼
ffiffiffiffiffiffiffiffi
γ=b

p
: ðE14Þ

Inserting this result in Eq. (E12), we find that the decay
length is given by
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jWðr;ωÞj ∝ e−
ffiffiffiffiffiffi
γ=b

p
r: ðE15Þ

Hence, the 1=e correlation length for the cross-spectral
correlation density is Lc ¼

ffiffiffiffiffiffiffiffi
b=γ

p ¼ ffiffiffiffiffi
bτ

p
, in agreement

with the results derived in the main text.

APPENDIX F: EXAMPLE ALTERNATIVE
GEOMETRIES

We provide additional example geometries for potential
use for thermal metasurfaces. We consider two categories
of changes to the device in the main text: (i) a change of
lattice and (ii) a change in out-of-plane positioning of the
local and nonlocal elements. Figures 11(a)–11(c) depict

lattices with p2 space group having rectangular, square,
and hexagonal symmetries, respectively [Fig. 11(a) is the
lattice in the main text for comparison]. Overlaid are
characteristic modes targeted by such a space group.
Such alternatives may have the desirable characteristics
of increasing isotropy of the band curvature.
Meanwhile, Fig. 11(d) shows an alternative configura-

tion out of plane, wherein the local element is vertically
separated from the nonlocal element. That is, a chiral QBIC
structure that controls the nonlocal response (guided by
Ref. [56]) is placed above a conventional local metasurface
mirror (guided by Ref. [9]). If the spacer layer is suffi-
ciently thick (as a rule of thumb, thicker than half the
effective wavelength in the spacer material), the local and

(d) (e)

(f)

(a) (b) (c)

FIG. 11. Additional example geometries. (a)–(c) Three lattices controlling three different modes with both Q factor and polarization
angle control by varying the ellipticity and the in-plane orientation angles of the light-gray ellipses, respectively. The lattices and the
targeted modes depicted are named according to the conventions in Ref. [54]. (d) An alternative configuration in the out-of-plane
direction, having two elements: Element (1) is a dimerized PCS supporting a chiral QBIC, and element (2) is a monomer local
metasurface atop a perfect electric conductor (PEC). (e),(f) RCP and LCP response for the device shown in (d). (g) Angular emissivity
profile at the band-edge frequency, showing unidirectional emission of the designed spin.
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nonlocal elements operate independently, providing a more
robust method of control over the local and nonlocal
responses, at the cost of complexity and a minor increase
in thickness (the entire stack is still on the order of the
wavelength thick). This multilayer system is the one used in
Fig. 9 to demonstrate OAM generation of light, and we note
that devices based on multilayer fabrication have recently
received substantial attention as a powerful method of
increasing the command of light with metasurfaces (see, for
instance, Ref. [80–82]).
We briefly discuss a few changes in the design principles

of the device. In particular, we design the system with the
understanding that the nonlocal element (1) scatters RCP
light upward and downward, as demonstrated in Ref. [56].
Then, the downward scattered RCP state is anomalously
reflected by the local element (2) before ultimately escap-
ing upward. These two components of the scattered light
interfere with each other, meaning that the local element
directly controls the net scattering of the QBIC (consistent
with the description in the main text that the nonlocal
scattering is not independent of the local scattering). For
instance, if the local element is ideally birefringent, the
downward component reflects with preserved handedness
(i.e., also as RCP light, but traveling upward). Its interfer-
ence with the upward component is then constructive or
destructive according to the round-trip phase accumulated
by the downward component. When out of phase, destruc-
tive interference reduces the amplitude of the net RCP light
scattering to free space; this reduction effectively translates
to a reduction in radiative scattering rate (or an increase inQ
factor). Hence, both the thickness of the spacer layer as well
as the geometric phase of the local element (2) impact the
radiativeQ factor of the entire hybrid device. This control is
duplicate to simply modifying the magnitude of the pertur-
bation but must be kept in mind. For our design, we choose
the geometric phase profile such that near-complete con-
structive interference occurs and adjust the loss in silicon to
achieve critical coupling. Figures 11(e) and 11(f) show the
emissivity for RCP and LCP light as a function of the angle
and wavelength for the resulting structure, and Fig. 11(g)
shows the angular profile of this system at the band-
edge mode, showing RCP light emitting with a peak
emissivity of 0.94. The geometrical parameters of this
device are a ¼ 400 nm, Hd ¼ 500 nm, Wd ¼ 80 nm,
Ld¼340nm, Hm¼1000nm, Wm¼180nm, Lm ¼ 360 nm,
and Hs ¼ 600 nm. The ith monomer ellipse is rotated
by θi ¼ ½ði − 1Þ=16�360°, while the bottom set of dimer
ellipses are oriented according to αi ¼ θi=2 and αi þ 90°.
The corresponding dimer ellipses on top differ by
angles Δαi ¼ 56°þ 10° cosð2αi − 30°Þ.
Lastly, we report the geometrical parameters used

for the device in Fig. 8 in the main text (the device in
Fig. 9 is identical but for the phase profile being that of a
lens). The values are a¼300nm, Hd¼250nm, Wd ¼
60 nm, Ld ¼ 240 nm, Hm ¼ 1000 nm, Wm ¼ 100 nm,

Lm¼ 280 nm, Hs¼ 100 nm, Hf ¼ 680 nm, and κ ¼ 0.01.
The ith monomer ellipse is rotated by θi ¼ ½ði − 1Þ=
16�360°, and the ith dimer ellipse is rotated by αi ¼
ðθi − 45°Þ=2 (and its pair by αi þ 90°).

APPENDIX G: RECENT DEVELOPMENTS IN
NONLOCAL METASURFACES

Here, we briefly supply our perspective on how our work
builds upon the ongoing study of nonlocality in metasur-
faces: We view this thermal metasurface platform as a
natural extension of recent and rapid advances in the field
of nonlocal metasurfaces. Studied for many years, the role
of symmetry in photonic crystals [83] was recently revived
after the introduction of QBICs [58], clarifying that the
optical lifetime of nonlocal phenomena in periodic struc-
tures may be robustly controlled within a simple rational
design scheme. The concept of a QBIC was then extended
from a scalar to a vectoral description, wherein the lifetime
and eigenpolarization are governed by selection rules [54]
and spin selectivity may be achieved by introduction of
chiral perturbations [56]. By spatially varying the vectoral
properties (eigenpolarization) but maintaining constant
scalar properties (lifetime and resonant frequency), non-
local metasurfaces shaping a wave front only at resonance
were demonstrated [53,55]. This functionality is enabled by
the excitation of spatially tailored dark modes, which
extend the concept of the optical Fano resonance from
the momentum-frequency domain to the space-frequency
domain [57]. That is, in devices with high Q factors and
sharp bands, Fano resonances with spatially tailored dark
modes are highly selective to the incoming wave front:
Only the designed frequency, polarization, and phase
profile will fully excite the QBIC. In this paper, by adding
optical loss, we generalize this functionality to include
wave-front-selective absorption and, by the fourth modal
radiation law [60], wave-front-selective emission. To
achieve unidirectional and complete absorption, a ground
plane is added to the system, which (due to reciprocity and
time-reversal symmetry) requires the extension of nonlocal
metasurfaces to include simultaneous control over local and
nonlocal responses. Future work will explore this expanded
concept within lossless systems, wherein the broadband
wave front is shaped locally and a narrow-band portion is
independently shaped nonlocally. Furthermore, this system
(i.e., the geometry in Fig. 7), in the absence of the mirror
plane, is “two-faced,” having a distinct eigenpolarization
depending on the direction of excitation; that is, due to the
combination of birefringence and dichroism, the system
here may support nonorthogonal eigenpolarizations.
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