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Selective filtering of spectral and angular optical transmission has recently attracted a great deal of interest.
While optical passband and stop-band spectral filters are already widely used, angle-selective transmission
and reflection filtering represents a less than fully explored alternative. Nonetheless, this approach can be
promising for several applications, including stray radiation minimization and background emission
exclusion. In this work, a concept for angle-selective reflection filtering using guided-mode resonance
coupling is proposed. Although guided-mode resonance structures are already used for spectral filtering, in
this work, a variation of angle-selective reflection filtering using guided-mode resonance coupling is
proposed. We investigate angle-dependent properties of such structures for potential use as angle-selective
reflective filters. We utilize interference between diffraction modes to provide tunable selectivity with a
sufficient angular width. Combining these structures with thermal emitters can exclude selected emission
angles for spatially selective thermal emissivity reduction toward sensitive targets, as well as directionally
selective emissivity exclusion for suppression of solar heating. We show a very large selective reduction of
heat exchange by 99.77% between an engineered emitter and a distant receiver using just a single-groove
grating and an emitting substrate in the emitter’s side. Also, we show a selective reduction of heat exchange
by approximately 77% between an emitter covered by engineered sets of angle-selective reflective filters and
a nearby sensitive target. The suggested angle-selective structure may have applications in excluding
background thermal radiation, in particular, thermal emission reduction for daytime radiative cooling,

sensitive IR telescope detectors, and high-fidelity thermoluminescent spectroscopy.
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I. INTRODUCTION

Controlling the angular selectivity of optical transmis-
sion is a recently emerging branch of photonics, which has
recently attracted a great deal of interest [1-5]. With recent
advances in nanophotonics, broadband angular selectivity
has recently been achieved in the laboratory. Some exam-
ples include microscale compound parabolic concentrators
to limit the emission angle for solar cells [1,6], nonresonant
Brewster modes in metallic gratings for angle-selective
broadband absorption and selective thermal emission
[7], and 1D photonic crystal heterostructures [8,9]. This
approach can also allow for significant reduction of
unwanted optical noise over a wide frequency range [4].

These examples show that selective angular transmission
is well established. However, a tunable angle-selective
reflection peak has not been demonstrated yet. In fact,
Babinet’s principle indicates that it should generally be
possible to achieve such a goal through processes such as
inversion [10]. Such an approach can be useful for
elimination of unwanted optical components from a certain
direction, for example, to mitigate optical noise effects
from a known source. However, achieving this goal
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requires a methodology to fully control directional angular
reflection peaks or transmission nulls, exactly like a notch
filter in the spatial angular domain.

In this work, we present a methodology to design
arbitrary control of angular selectivity using reflection
resonances. We propose guided-mode resonance (GMR)
filters [11] to provide this functionality, using high-contrast
dielectric gratings (HCGs) [12] or, more generally, pho-
tonic crystal slabs [13,14]. The resonant selective behavior
of GMR filters results from interference of resonances in
the high-index decorated slab with the background trans-
mission and manifests itself as a Fano-resonance line shape
[13]. It has been shown that GMR modes strongly depend
on the incident angle on the slab and polarization [15].
Thus, they can provide tunability over incident angles and
wavelengths. Also, the angular properties of wideband
GMR reflectors has been theoretically and experimentally
demonstrated recently [16]. Since GMR modes experience
both index guiding and photonic band-gap confinement,
their associated quality factors are usually high [11,15]. Itis
also possible to modify their behavior by controlling
coupling to multiple diffraction modes. The physics can
be understood through the framework of the coupled-mode
theory [17], where a resonant mode can have different
decay channels according to the associated loss mecha-
nisms. For example, if the GMR filter is suspended in air,
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there will be two decay channels in the forms of reflection
and transmission at the two surfaces of the slab. When the
number of decay channels increases due to the presence of
multiple diffraction orders, the quality factor decreases.
Hence, it is possible to control the angular width, as well as
the resonance frequency quality factor based on this argu-
ment. Moreover, these loss rates control the resonant-mode
amplitude [18]. Controlling the coupling parameters and
loss rates can be achieved mainly by controlling the
geometry of the GMR filter, primarily the lateral period
of the structure and the thickness of the slab.

We show simple structures based on GMR filters that
exhibit the selective reflection angular property over a
given frequency range. The simplest example is a single-
groove HCG for a given incident light polarization. In our
previous work [19], we show that this HCG can be
designed to exhibit reflection angular selectivity around
the normal direction. The mechanism depends on destruc-
tive interference at the exit of the slab, despite the presence
of the resonant mode. In this paper, we propose double-
groove HCG for larger tunability of guided-mode reso-
nances over incident angles. We also place a low-loss
absorber as a substrate and use GMR filters to control
absorptivity and emissivity as implied by Kirchhoff’s law
of thermal radiation [20]. Consequently, GMR filters can be
used for spatial control of thermal emission nulls, where a
specific region on a receiver admits reduced emissivity. The
chosen design of the double-groove grating allows for a
lower quality factor and wider angular widths of the
emission nulls and, hence, provides flexibility for design-
ing thermal emitters and receivers.

One of the applications that may benefit from reflection
angular selectivity is daytime radiative cooling [21,22], a
passive process in which the cooling power increases
rapidly with the temperature. To avoid counterproductive
heating by sunlight that cancels out this beneficial cooling
effect, a solar-blind thermal emitter is needed. Also, angle-
selective reflective filters can be useful to reduce or
eliminate noise from nearby thermal emitters in sensitive
optical detectors. One example is stray thermal emission
in IR telescopes that limits the signal-to-noise ratio (SNR)
due to unavoidable emission from the telescope structure
itself [23]. In certain cases, optical filters and traditional
cooling approaches can help [24,25], but there are limits to
the performance that can be achieved with this approach.
Higher SNRs can be achieved by engineering angle-
selective reduction of thermal emissivity to suppress
unwanted thermal emission at the detector, while maintain-
ing sufficient thermal emission elsewhere to keep important
components at acceptable temperatures.

Another example where stray thermal emission limits the
detection of optical signals is thermoluminescent spectros-
copy (TLS) [26-28] for dosimetry and aging. In TLS
systems, when a luminophor is heated, it is provided with
sufficient thermal energy to release a metastable state that

emits electromagnetic radiation. If the emitted optical
signal is weak or is near red wavelengths, it may be very
difficult to detect amidst blackbody radiation from heaters
[28-30]. Several methods to reduce blackbody radiation
noise from heaters include using lock-in amplifiers [31],
photon counting [32], differential measurements to subtract
blackbody contribution [27], and minimizing the exposed
heater area [29], as well as employing low-emissivity
selective heater structures [30]. These result in significant
improvements in the detection of certain luminophors, but
the detection of weaker TL emission and/or in the presence
of stronger background signals (e.g., at high temperatures
or longer wavelengths) can benefit from less noisy detec-
tion. Therefore, angle-selective thermal emission reduction
can also be employed in conjunction with spectrally
selective approaches to minimize thermal emission towards
optical components from exposed heater surfaces.

While there has already been a great deal of work to
design spectrally and directionally selective thermal emitters
within a narrow range of wavelengths and angles [33-35],
there is still an opportunity to investigate the complementary
design, i.e., directionally selective emission nulls. However,
previous concepts for altering angular reflectivity require
anisotropic dependence of the permittivity to enhance
reflection in one direction [36]. Unfortunately, anisotropic
permittivity is not available naturally. Alternatively, reso-
nant reflection filters can provide angular selectivity with
simple structures and simultaneously include spectral selec-
tivity around the resonance frequency.

First, the physics of GMR filters is discussed to show its
eligibility for angle-selective reflection control. Then we
utilize the concept of GMR filters to reduce thermal
emission or absorption towards a distant target. The pro-
posed thermal emitter reduces energy exchange with the far
target in a specific frequency range by designing a direc-
tional emission or absorption null in the normal direction.
This approach can be useful for daytime radiative cooling
through the rejection of heat absorption from the normal
direction where the direct component of sunlight is received.

More generally, for nearby emitting sources, for exam-
ple, the structural support of an IR telescope, we present an
engineered design of a thermal emitter that spatially
excludes the emitted power towards a vulnerable target
on the receiver, e.g., the IR detector, for a given range of
emitted wavelengths. In this study, we assume a quasi-2D
problem, in which an emitter surface has infinite length in
one direction and a finite length [/, in the other direction.
The receiver is also infinite in one direction and is of the
same length as the emitter /; =/, in the same direction.
The emitter and receiver planes are separated by a distance
D. As shown in Fig. 1, the region of length /, is placed in
the middle of the receiver’s plane, where the sensitive
component is located. Whether the emitter is distant or
close to the receiver is defined by whether or not D > [,. If
it is not distant, the emitter is segmented in N sections, each
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FIG. 1. Angular thermal emission exclusion. Emitter and
receiver of equal widths /; = [, and infinite extension in the
perpendicular direction are separated by a distance D. To reduce
the power received at the target (center area of the receiver), a set
of directionally selective segments is placed over the emitter’s
surface so that each segment excludes the emission from its center
towards the target’s center. The exclusion angular width should
be reduced as the distance between the segment and the target
increases.

of which has a null emission towards the target at an angle
0,, where n is the segment’s index that changes from zero at
the center to a maximum value determined based on the
emitter’s length /; and the separation distance D. The
angular width A@, decreases gradually from the center to
the sides of the emitter. In this way, radiation is prohibited
towards and around the center and allowed elsewhere.

II. METHODS

The emissivity function depends on the wavelength,
angle, and polarization. To compute the emissivity func-
tion, we use Kirchhoff’s law of thermal radiation [20],
which states that the absorptivity equals the emissivity for a
given wavelength, angle, and polarization in thermal
equilibrium. Hence, it is possible to compute the emissivity
dependence with the wavelength, angle, and polarization
through a reflection and transmission analysis. Hence,
based on Kirchhoff’s law, we can think that a directional
null of the emissivity means a directional null in the
absorptivity, or if the structure does not allow transmission
of incident waves, then a directional null of absorptivity
means a directional maximum of reflectivity. This method
simplifies the requirements of this study, since the problem
is now reduced to the angular modification of reflectivity.
Therefore, a filter with the desired angular dependence can
be used on top of a low-loss thick absorber or emitter. In the
remainder of this section, we summarize our approach to
precisely calculate the band structure, absorptivity, and
view factor for specific structures.

A. Band-structure computation

The p-polarization guided-mode resonances are radiative
modes guided in the grating structure. To compute the
locations of these modes, harmonic inversion of time signals
[37] as implemented in MEEP, a freely available finite-
difference time-domain code [38], is used to extract

resonance frequencies and their associated quality factors.
The computational cell consists of a unit cell of the GMR on
a semi-infinite substrate of permittivity 2.1. This simulation
1s two dimensional, since the structure has infinite extent in
one direction. The boundary conditions of the computa-
tional cell are periodic Bloch boundary conditions on the
sides of the unit cell, with a varying parallel k vector to span
values of k, from 0 to 0.5(27/a). Perfectly matching layers
are also placed on the top and the bottom of the computa-
tional cell as boundary conditions of the semi-infinite layers.
A Gaussian magnetic current source oriented in the y
direction, as shown below in Fig. 2(a), is placed in the air
above the grating to excite p-polarized resonant modes.

B. Absorptivity computation

Rigorous coupled-wave analysis (RCWA) combined
with the S-matrix algorithm implemented in the Stanford
Stratified Structure Simulator (S4) [39] is used to perform
the absorptivity calculation. The unit cell of the absorbing
or emitting structure consists of five layers: the semi-
infinite air, Si grating, low-loss thick absorber, an ideal
metallic back reflector with permittivity of —50, and a
semi-infinite air bottom layer. To obtain reliable results, the
number of in-plane Fourier modes [39] is set to 30, which
gives acceptable accuracy of the results and does not show
a big difference when the number increases. For each
incident angle, the reflectivity R is computed for the
designated range of frequencies, then the absorptivity A
is 1 — R. Figure 2(c) is obtained with a constant permittivity
value set to 2.1 4+ 0.005i, while the results in Fig. 3 are
obtained using a permittivity value with real part of 2.1 and
imaginary part adapted from the absorption coefficient in
Ref. [40] for Yb-doped glass optical dispersion data. The
assumption is valid as long as the absorption coefficient is
low enough not to violate the Kramers-Kronig relation.

C. View factor calculation

The view factor F{_, allows us to quantify the strength
of the thermal exchange and is defined as the probability
that a thermal photon emitted by one surface A; is received
by another surface A,. It is generally given by [41]

1 9 2]
Fis =A—1/dA1/dAzw, (1)

r

where the angles 6, and 6, are the angles between the
surface normal to infinitesimal areas dA; and dA,, respec-
tively, and the line connecting them whose length is r.

Symbolic integration of a related expression [19] with
respect to y yields a closed-form expression, which can be
generalized to incorporate wavelength- and angle-dependent
emissivities. The resulting wavelength-dependent view
factor F|_,(1) is then given by
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FIG. 2. (a) Angular exclusion emitter segment. The segment consists of a low-loss absorbing or emitting substrate and a metallic
back reflector. A selective GMR filter or a HCG is placed on top. The value of the period a is chosen to select a specific angular
exclusion band for a given wavelength. (b) Band structure of a Si double-groove grating with a lossless transparent substrate
computed using MEEP HARMINV. The detected modes are reflection or transmission resonance peaks. (¢c) The computed absorption for
different incident angles and frequencies. Normalized units are used to compare the transmission with the band structure. The band
structure is plotted in magenta to compare the computed bands in (b) with the absorption spectra. In (b) and (c), the dashed lines are
—Ist-order transmission and reflection modes, respectively. w; and w, are assumed to be 0.335a and 0.22354, respectively, separated
by a distance of 0.4022a. The grating thickness #, is 1.15a. (d) Field profiles at three different points on (c): (1) Resonant coupling to
zeroth-order reflection and zeroth- and —1st-order transmission, (2) resonant coupling to zeroth- and —1st transmission, and (3)
resonant coupling to zeroth-order reflection. (e) Absorption spectra of s-polarized modes showing that polarization dependence is

crucial for 1D grating structures.

Fy ()

f;:/:zle/z dx, f;g/izz/z dxy{e(A. x1, %) f (D, x1, %)}

f)f:/:z—ll/z dxy [ dxa{e(d, x1.%2) f(D,x1.%2) } ’
(2)

where f(D,x;,x,) = 0.5D*/(D? + x;> — 2x,x, + x,%)%/2,
and [y, [, and D are the emitter’s length, the receiver’s
length, and the separation distance between their centers,
respectively. Note that the receiver’s length can be the
target’s length [, only or the length of the receiver excluding
the target, depending on which view factor we seek. In the
latter case, the integration in the numerator is broken into a
summation of two integrals spanning x, = —I,/2 to —1,/2,
and x, = [,/2 to [,/2. To transform all the computations to
Cartesian coordinates x; and x,, the emissivity function
€(4,x1,x,) is extracted from the wavelength- and angle-
dependent emissivity &(4, 0) obtained from S4 simulations

and transformed via tanf=(x;—x,)/D where the
origins x; =0 and x, =0 are placed in the middle of
the emitter and the middle of the receiver, respectively.
The view factor computed using the above expression is
validated against standard closed-form values in
Ref. [41] for different test cases of an ideal blackbody
emitter and receiver at different separation distances.
Photon-recycling effects are neglected.

III. RESULTS AND DISCUSSION

A. Photonic design for angular exclusion

To demonstrate angular exclusion, we seek angular
reflection filters that couple all incident light into reflection
modes at a given wavelength, with a sufficient angular
width to cover a target location. Accordingly, we propose a
design based on Si HCGs, assuming that Si is thermally
transparent in the wavelength range of interest. As shown in
Fig. 2(a), it is a double-groove grating with a refractive
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FIG. 3. Two examples of emissivity contour plots for an emitter

with a Yb-doped substrate as a frequency-selective substrate. (a)
Emissivity plot of the thermal emitter in Fig. 2(a), with period
a = 440 nm. Changing a steers the null angle, specifically at
982.5 nm (dashed blue line). (b) Emissivity plot of a structure
similar to Fig. 2(a) but with a single-groove grating (as described
in Ref. [19]). The grating thickness is 0.6a, and the Si filling
factor is 0.68a, where a = 454.3 nm. An emitter segment with
emissivity spectra in (b) is used for the middle segment [number 6
in Fig. 5(a)].

index n, with period a, and thickness 7,, with two ridges of
widths w; and w, separated by distance d. We utilize the
design parameters employed in Ref. [42] scaled for our
target angles and wavelengths. In previous work, a single-
groove grating was used for emission prohibition in the
normal direction [19]. Here, a double-groove HCG filter is
chosen because it shows a wide range of tunability of
angular exclusion and asymmetry at key wavelengths. For
the purpose of tailoring thermal emission, we put the GMR
filter on a low-loss absorbing substrate, which can be a
piece of transparent ceramic or glass with low absorption
coefficient. The substrate also can be doped with rare-earth
dopants as a method to provide frequency selectivity
[43,44]. Also, a metallic back reflector is placed on the
bottom of the substrate to ensure full absorption within
a single reflection. Multiple reflections, however, may
cause different behavior, since the design depends on full
transmission, and eventually full absorption occurs in the
low-loss thick ceramic substrate.

To assess the dispersion properties of the double-groove
HCQG, resonant-mode analysis is carried out as described in
Sec. II using harmonic inversion [37] (HARMINV) available
through MEEP [38]. The computed p-polarization band
structure for a HCG with n, = 3.49 and a lossless semi-
infinite substrate with refractive index n, = 1.45 is shown in
Fig. 2(b). The HCG thickness is setto 7, = 1.15a with ridge
dimensions of 0.2235a and 0.335a, respectively, separated
by a distance d = 0.4022q. It is important to mention that
all the detected modes are radiation modes, and they will be
resonating inside the HCG and radiating energy to the
surrounding media. In the dispersion characteristics, the
onset of subsequent propagating diffraction modes is clearly
evident. These are marked by the black dashed lines in
Fig. 2(b). The first line marks the onset of the —1st grating
transmission mode defined by k, = k,, — kg, where k, is
the wave vector in air, k. is the maximum propagating wave
vector in the transparent substrate, and kg is an integer
multiple of momentum added by the grating lattice primitive
vector (2z/a). The second line marks the onset of the —1st
reflection mode defined by k, = ko — kg, where kg is the
maximum propagating wave vector in air. The detected
resonance peaks are either reflection or transmission modes
based on the phase difference between the resonant mode
and the background reflection or transmission of the sub-
strate. In terms of the coupled-mode theory, the detected
resonant modes are a result of intermode coupling between
the involved diffraction modes. Since the substrate is
lossless in this modal analysis, the loss mechanisms are
purely radiative. The diffraction channels involved are the
zeroth-order reflection and transmission and the —1Ist trans-
mission below the first dashed line, above which the —1st
reflection appears.

To compute the response of the HCG filter on an
absorbing substrate, we use the structure shown in
Fig. 2(a) with an absorbing substrate of sufficiently large
thickness ¢, with n; = 1.45 4+ 0.0017: to represent silica
glass with impurities. The p-polarized absorptivity is
computed at different incident angles and frequencies using
RCWA and the S-matrix algorithm implemented in S4 [39]
as explained in Sec. II. A contour plot of the computed
absorptivity is shown in Fig. 2(c). The diffraction-mode
edges are also evident in Fig. 2(c), and a match between the
resonant absorption dips and the band structure in Fig. 2(b)
occurs where the resonance is primarily reflective. We also
notice an asymmetric response above the —1st reflection
line for positive and negative incident angles. This asym-
metry indicates the difference of the phase profile of the
surface implied by the nonsymmetric geometry of the
double-groove HCG [42]. It is worth mentioning that this
asymmetric absorption does not appear before the onset of
the —Ist reflection mode. The reason is that only the zeroth-
order reflection is present, and regardless of the asymmetry
of the coupling to the available diffraction modes in the
substrate, the accumulated phases at the exit of the grating
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to air will be the same. Accordingly, the sum of the
diffracted waves in the substrate is similar if a wave is
incident from the right or the left sides. Efficient coupling
to the —1st reflection from this HCG and the asymmetric
behavior is discussed in detail in Ref. [42]. Although the
direction of the scattered fields does not affect emissivity,
the scattering direction makes a great deal of difference
when designing an angle-selective reflective filter, since the
flow of the scattered transmission may be important to
deliver power to subsequent layers. Careful grating design
is needed to prevent power splitting between diffraction
modes.

To better understand the interference between different
diffraction modes, we present the parallel magnetic field
profile H, at different points on the absorptivity plot in
Fig. 2(c). We choose three points with considerably differ-
ent field profiles and plot them in Fig. 2(d).

(a) The first case shows a mode that couples incident
radiation to both the transmitted and reflected
modes [incident angle = 31° at k, = 0.295(2x/a)
and f =0.5728¢/a]. The field pattern in air
shows interference between the incident wave and
the zeroth-order reflection, since the —1st reflection is
not yet supported. The transmitted field pattern in the
low-loss dielectric shows interference between the
zeroth-order transmission and the —I1st-order trans-
mission modes.

(b) The second case shows a mode that couples the incident
mode to transmission modes (incident angle = 52° at
k, = 0.3833(2z/a) and f = 0.486¢/a]. The transmit-
ted field pattern in the low-loss dielectric shows
interference between the zeroth-order transmission
and —1Ist-order transmission modes.

(c) The third case shows a mode that couples all incident
radiation to reflection modes (incident angle = 31° at
k, = 0.2505(2z/a) and f = 0.486¢/a]. The field
pattern in air shows interference between the incident
wave and the zeroth-order reflection, since the —1st
reflection is not yet supported.

Finally, the proposed design is effective only with the
p-polarized component of stray thermal radiation. To show
the significant dependence on the polarization state, we plot
the absorptivity spectra for s-polarized incident plane
waves in Fig. 2(e). It shows that the resonant modes are
significantly different from the p-polarized resonant
modes. However, it is still possible to use a polarization
filter at the target to screen out the s-polarized incident
radiation. Another possible solution is to consider polari-
zation-independent GMR filters, for example, by using 2D
structures [45,46] or by engineering the GMR filter such
that the s- and p-polarized resonant modes match at a
single frequency [47]. It is also important to emphasize that
the GMR filter material selection is arbitrary as long as the
reflection directional resonances can be tuned for the
different emitter segments.

B. Frequency selectivity and segments design

For the design depicted in Fig. 1, each emitter segment
should have a spatially dependent emission null; thus, it is
necessary to modify the angular dependence of the emis-
sivity function for each segment. The contour plot of
Fig. 2(c) is the basis of the design of the individual emitter’s
segments. One can choose an arbitrary null angle and
select the corresponding normalized frequency from which
a value of the period a can be selected. To constrain the
spectral response, we choose a frequency-selective doped
transparent substrate. We assume a Yb-doped glass as a
frequency-selective emitting substrate, with a peak absorp-
tion coefficient around 950 nm. The frequency-selective
absorption coefficient “masks” the contour plot in Fig. 2(c)
and selects only a band of frequencies with some angular
dispersion. An example is plotted in Fig. 3(a) with the value
of a = 440.26 nm. In designing the segments, the period is
chosen such that the selective frequency band is in the range
of normalized frequencies between 0.4 and 0.5¢/a, to
exclude emission in a single direction while avoiding
unnecessary elimination of emission in other directions,
at a given wavelength. Another advantage of choosing the
absorption nulls in this normalized frequency range is that
the angular width of the null direction decreases for larger
angles, which fulfills the original requirement of the emitter
design as described in Fig. 1.

To assemble the emitting setup described in Fig. 1, the
emitter is first divided into N = 11 segments, with the
minimum and maximum null angles 6, = —48° and
6,, = 48°. We then pick a specific wavelength for which
the received power should be reduced. In this example, we
choose 982.5 nm [marked by the blue dashed lines in
Figs. 3(a) and 3(b)]. We prepare five sets of simulations to
gradually change the angle from approximately 48° to 10°,
for segments 1 through 5 and for segments 11 through 7, as
shown in Fig. 5(a). For the middle segment (number 6), we
utilize the emitter design described in our previous work
[19], in which a similar design to Fig. 2(a) was introduced
but with using a single-groove Si HCG instead with grating
thickness of 0.6a and ridge width of 0.68a, where
a = 454.3 nm. The emissivity spectra of this middle seg-
ment at different incident angles with a Yb-doped substrate
are shown in the contour plot of Fig. 3(b).

C. View factor reduction

In this section, we present two cases of view factor
reduction. We first study the view factor reduction due to
using GMR filters for a distant receiver situation. Second, we
study the view factor reduction due to a spatially dependent
angle selective thermal emitter close to the receiver.

1. A distant emitter and receiver

We start with the simpler case where the receiver is far
away. For this purpose, it is required to reduce the heat
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exchange in the normal direction only. Thus, the emitter is
covered with a single-grating structure whose emissivity
spectrum is shown in Fig. 4(a). The obtained spectrum
ignores the substrate’s dispersion and absorption. We
consider two scenarios to model this situation. The
first scenario assumes that the emitter is radiating directly
in the normal direction, similar to the emission received
from the direct component of sunlight. The receiver is a
thick, transparent, nonselective, low-loss absorbing sub-
strate covered with a single-groove GMR of period
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FIG. 4. (a) Emissivity contour plot of an emitter composed of a
transparent low-absorbing substrate and a single-groove grating
GMR filter. (b) The view factor reduction (99.77%) expected
between a directional emitter separated by a distance D = 0.5/
from a receiver with emissivity spectra plotted in (a). The design
setup depicted in the inset mimics heat exchange with the direct
component of the Sun. (c) The computed reduction of the view
factor between a distant target receiver of length 0.5/ at a distance
D from an emitter of length /; (inset). The whole emitter’s surface
is covered with a single-groove GMR filter with spectra plotted in
Fig. 3(b), where a frequency-selective absorptive substrate is
used. Yellow beams in the inset depict the range of excluded
angles. The normalized view factor is plotted for separation
distances of [, 21, 31, 4l;, and 5/,. For D > [,, the reduction is
99.77% at 977.5 nm.

a = 872.64 nm. We assume that the emitter and the receiver
have the same width / and are separated by a distance
D = 0.51]. This scenario mimics a daytime radiative cooling
setting, where heat exchange is prevented from the normal
direction and allowed otherwise. To calculate the reduction
of the received power at the target, we compute the view
factor with the proposed design and compare it to the view
factor obtained for a blackbody at the same temperature
and with the same dimensions and separation distance. The
normalized view factor plotted in Fig. 4(b) is the ratio
between the former and the latter view factors. A large
reduction in the normalized view factor over a wide range of
wavelengths (1500 to 2200 nm) that reaches more than 99%
around 1530 and 2130 nm is evident in Fig. 4(b).

In the second scenario, we consider an emitter with
a frequency-selective substrate with emissivity spectra
shown in Fig. 3(b). The receiver is assumed to have no
angular dependence. We study the effect of changing the
separation distance D. The separation distance should be
large enough so that the angular width dispersion eliminates
radiation received from different locations on the emitter.
The minimum separation distance may be estimated as
Din = 1,/[2tan(A8/2)], where [, is the target’s length, and
A@ is the angular spread around the normal direction as
described in Fig. 4(a). Increasing the separation distance
above D,;, will further reduce the received power at the
target compared to a blackbody emitter at the same wave-
length. The normalized view factor is plotted in Fig. 4(c),
assuming an emitter of length /; = [ and a target of length
[; = 0.5, while the separation distance D is varied from [/, to
5/,. In Fig. 4(c), we notice that the expected view factor
reduction becomes more pronounced at larger separation
distances. The reduction of thermal power reaching the
target is at least 99% for A = 977.5 nm when D > D_;,.

2. A nearby receiver

In the second case where the emitter is close to the
receiver, the design in Fig. 1 can be useful, given a proper
design. To realize this concept, one can think of the emitter
as a set of individual point sources radiating thermal power
with tailored angular emission patterns, such that a null is
available at the target’s direction. In this way, we can
arrange adjacent emitter segments so that each segment
will act as an emitter point source with a null radiation
towards the target, while the emission lobes deliver power
to the rest of the receiver’s surface. In the ideal situation,
the null directions and the angular widths of the null points
change adiabatically between segments, according to the
separation distance between the specific segment and
the receiver and the dimensions of the protected target.
If the segment is not small enough, then nonconforming
emission nulls will contribute substantially more emission
at the target.

For that purpose, we consider an example for the emitter
design as shown in Fig. 5(a), where arbitrary emitting
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FIG.5. (a)Achieving angular exclusion with 11 emitter segments.
The emission pattern of each segment is plotted at 982.5 nm. Yellow
beams depict the range of excluded angles to reduce the view factor at
the target. (b) The computed normalized view factor at the target (red)
and over the receiver’s surface (blue). The computed view factor is
normalized by the original view factor for each surface without
exclusion. Sampling more emitting sources over each segment
increases the received power at the target because of the increased
overlap between different emitting sources over each segment.

segments can be arranged to give emission nulls at the
target as we discussed earlier. The emission pattern of each
segment is plotted, and the shaded yellow areas show the
null direction and their angular extension over the target.
As shown in Fig. 5(a), the target length is / and the emitter
and the receiver are of the same length [; = [, = 1.61/,
while the separation distance D is 5.75[. Note that the
segment’s length should be large enough to include a
sufficient number of periods of the HCG to avoid reduction
of the resonant peaks’ amplitudes, as well as spectral
broadening [48]. The view factor is computed as described
in Ref. [41] but for a surface with infinite extension in one
direction (see Sec. II). The obtained view factor is plotted in
Fig. 5(b) but normalized to the value of the view factor in
the absence of any angular shaping emitters. Ideally, we
expect to see a dip to zero of the normalized view factor
around the design wavelength of 982.5 nm. Although the
normalized view factor does not go to zero at 982.5, it still
shows a dip at this particular wavelength, with a reduction
of almost 80%, compared to a plane blackbody emitter.
This nonzero received power at the target is mainly caused

by the null angular width being insufficient to cover the
whole target area, as well as the residual emission at each
null. Consequently, further optimization of the designed
segments can provide better overlap of nulls at the target.
We also notice that the normalized view factor is below
70% for wavelengths between 950 and 1010 nm, which is
simply due to the dispersion characteristics of the emission
nulls that still keep the received power at the target
sufficiently low, despite the fact that the nulls are displaced
at these wavelengths.

Another source of extra emission in a real device is the
fact that each line segment over the emitter surface will act
as a line thermal source; thus, it makes sense to sample a
number of points over each segment during the view factor
calculation to mimic a realistic situation. Since these
sampled sources will not have the exact overlap with the
target due to their spatial offset from the center of the
segment, it is expected that these extra sources will
contribute more power at the target. The expected reduction
of the normalized view factor is also plotted in Fig. 5(b),
and it shows that ten samples over each segment are enough
to describe the realistic response for this example, since
similar results are obtained with 100 sampling sources for
each segment. Of course, with these extra sources added,
the normalized view factor decreases reduction to almost
69% at 982.5 nm.

To show that the received power decreases only at the
target, we perform the same calculations of the view factor
over the rest of the receiver’s surface. The computed view
factor plotted also in Fig. 5(b) in red shows a reduction of only
6.6% at 982.5 nm caused mainly by the presence of mirror
symmetric null of each segment at the opposite directions of
the target. Accordingly, the proposed design can selectively
exclude the emission towards a target without a significant
alteration of the power flow to the surrounding areas.

As mentioned earlier, the emission reduction is best
when properties of emitter segments vary adiabatically
across the surface. In the case of a finite number of
fabricated emitter segments with distinct properties, it is
possible to estimate the contribution of each segment to the
received power at the target and then identify the biggest
contributors and replace them by a better matching of
emission patterns. The contour plots in Figs. 6(a) and 6(b)
show the received power from each emitter segment at the
target and over the receiver’s surface excluding the target,
respectively, over the selective range of wavelengths. First,
we note that the values of the received power in Fig. 6(a) are
one order of magnitude less than Fig. 6(b). This behavior is
expected since the target’s area is much less than the
receiver’s area. Second, the received power over the range
of wavelengths from 970 to 1010 nm [Fig. 6(a)] is greatly
reduced if compared to the received power over the shorter
wavelengths. Third, if we plot the received power from
each segment of the emitter at 982.5 nm [inset of Fig. 6(a)],
we notice that there are some locations where the received
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FIG. 6. (a) The received power at the target from each emitter

segment. At the target wavelength, the closest emitter segments to
the receiver show high received power, suggesting an optimiza-
tion for these segments (inset). (b) The received power over the
rest of the receiver’s surface. High values of power are received
keeping the total view factor sufficiently high.

power is large. This suggests replacing these elements,
especially those closer to the center of the emitter,
indexed by 5, 6, and 7 in Fig. 5(a), with emitting elements
showing larger angular spread around the null direction.
Specifically, we replace them with emission patterns
extracted from Fig. 3(b), to give wider coverage over the
target’s surface. Upon replacing elements 5, 6, and 7, we
obtain an increased reduction of the view factor as shown in
Fig. 7(c), with received power plotted in Figs. 7(a) and 7(b).
The inset of Fig. 7(a) shows the reduction of the power
emitted specifically from the middle segments compared to
the inset of Fig. 6(a). Although replacing these elements
contributes to a better view factor reduction (77% in this
case), the replaced segments, however, cause some reduc-
tion of the received power at the surface excluding the
target to 9.9% compared to 6.6% in Fig. 5(b). Fortunately,
the decreased view factor outside the target is not signifi-
cant, since substantial power is still received from other
emitter segments. Although this modification does not
provide a 100% reduction of the view factor at the target,
further numerical optimization of the GMR filters on each
emitter segment can also be utilized to push the angular
emissivity reduction at the target to near 100%. In future
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FIG. 7. (a) and (b) are the same as Fig. 6 but after replacing

three emitter segments. The received power from these segments
reduces compared to Fig. 6 (inset). (c) Improvement of the view
factor after replacing the center segments. The normalized view
factor at the target is reduced to 0.23 (77% reduction) of its
original value; however, the total view factor over the rest of the
surface is reduced to 0.91 (<10% reduction) of its original value.

work, one may consider steering nulls into a targeted
solid angle through a 2D periodic surface array of emitter
elements.

IV. CONCLUSION

We propose a photonic structure based on guided-mode
resonance filters on thick low-loss emitters for narrowband
directional thermal emission exclusion to reduce thermal
exchange between a distant receiver and an emitter or a
nearby emitter and a sensitive target. For a distant emitter, a
reduction of 99.77% is shown using a single-groove HCG
grating eliminating emission in the normal direction,
which can operate over either a narrow or broad range
of wavelengths. For a nearby thermal emitter, the reflection
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resonances of the GMR filters are tuned almost adiabati-
cally over the emitter’s surface to yield a radiation null at
the target. Frequency selectivity can be achieved using
a frequency-selective emitter substrate, such as a rare-
earth-doped glass. Careful tailoring of emitter segments
shows a view factor reduction at the target of approximately
77% compared to a relatively minor (<10%) view factor
reduction over other areas around the target. While this
design focuses on a single wavelength, it may be extended
to a broader band. Finally, this approach may find
applications in daytime radiative cooling, stray radiation
reduction in IR telescopes, and thermoluminescence
spectroscopy.
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