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Abstract: Deliberate control of thermal emission properties using nanophotonics has
improved a number of applications including thermophotovoltaics (TPV), radiative cooling
and infrared spectroscopy. In this work, we study the effect of simultaneous control of
angular and spectral properties of thermal emitters on the efficiencies of TPV systems. While
spectral selectivity reduces sub-bandgap losses, angular selectivity is expected to enhance
view factors at larger separation distances and hence to provide flexibilities in cooling the
photovoltaic converter. We propose a design of an angular and spectral selective thermal
emitter based on waveguide perfect absorption phenomena in epsilon-near-zero thin-films.
Aluminum-doped Zinc-Oxide is used as an epsilon-near-zero material with a cross-over
frequency in the near-infrared. A high contrast grating is designed to restrict the emission in a
range of angles around the normal direction, while an integrated filter ensures spectral
selectivity to reduce sub-bandgap losses. Theoretical analysis shows an expected relative
enhancement of the TPV system efficiency of at least 32% using selective emitters with ideal
angular and spectral selectivity at large separation distances compared to a blackbody. This
enhancement factor, however, reduces to 3.9% with non-ideal selective emitters. This big
reduction of the efficiency is attributed to sub-bandgap losses, off-angular losses and high-
temperature dependence of optical constants.
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1. Introduction

Thermal emitters are usually incoherent sources that lack spectral selectivity and directivity.
There can be considerable benefits to deviating from this state, however. Deliberate control of
thermal emission spectra has enabled a number of applications, including
thermophotovoltaics (TPV) [1], daytime radiative cooling [2] and sensing applications [3].
TPV is a method for directly converting thermal radiation into electricity, where thermal
photons radiated by an emitter heated up to 1500 K are converted to electricity using a low-
bandgap photovoltaic device [4]. Only photons with energies above the TPV bandgap are
converted into electricity. Consequently, spectral matching between the emitted heat and the
TPV diode is necessary to enhance conversion efficiencies [5,6]. On the other hand, the lack
of directivity of the thermal emitter requires placing it close enough to the TPV diode, to
increase the portion of the received photons at the diode. The view factor or the form factor
[7] quantifies this portion. It can be shown that the view factor approaches unity for planar
structures with lateral dimensions much larger than the separation distance [8], as well as for
concentric cylindrical structures [5]. The former case is particularly effective for modular and
compact TPV devices, such as micro-TPV generators [9—11], while the latter is effective for
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larger scale solar-TPV devices such as the structure suggested in [12], or TPV generator
prototypes developed by JX Crystals Inc [13].

In both cases, the TPV diode should be efficiently cooled to temperatures close to room
temperature, to avoid significant losses from heat-induced bandgap shrinking, which
increases its dark current [14]. Furthermore, effective cooling of the diode increases its
lifetime and reliability [15]. However, with the TPV device included in vacuum encapsulation
to minimize convection losses, maintaining the TPV diode at appropriate temperatures is
challenging. Alternatively, controlling the directivity of the thermal emission may offer a
solution to this problem, by collimating the radiated heat towards the diode converter. Hence,
a high view factor can still be maintained between the emitter and a distant receiver. This
design may allow one to remove the TPV diode from the vacuum encapsulation, and thus
provide a greater flexibility in cooling the converter using passive cooling techniques [16].

Based on this discussion, controlling both the spectral and directional selectivities of
thermal emission may offer greater flexibility in the TPV system design. As for spectral
control, several methods have been established to shape the emission spectrum, including
naturally-selective materials such as rare-carth oxides and doped ceramics [17-19], and
engineered photonic and plasmonic structures [1,12,20]. For directional control of thermal
emission, it can be modified using engineered structures like metallic gratings and
metasurfaces [21,22]. Furthermore, combining spectral selectivity and angular selectivity has
been also demonstrated using highly coherent plasmonic bandgap structures [23], or by
coupling spectrally-selective emitters to angular selective surfaces [24-26]. For example, by
coupling quantum dot emission modes to photonic crystals [24], coupling gap plasmon
resonances to periodic metallic gratings [25], or coupling naturally-selective emitters to
guided mode resonant filters [26].

In this work, we propose a distinctive method to simultaneously control the spectral
selectivity and directivity of thermal emission using epsilon-near zero (ENZ) thin-film
structures. In ENZ materials, the permittivity function crosses zero, and the wave can
propagate with no phase advance or delay. ENZ-based structures have recently found many
applications, such as energy squeezing, radiation pattern engineering, controlling spontaneous
emission, and compact optical modulators [27-31]. Furthermore, ultrathin films of ENZ
materials exhibit nearly perfect absorption, following the special dispersion characteristics
near the ENZ regime [32,33]. Materials that exhibit ENZ behavior include metals, with their
zero-crossing wavelengths in the ultraviolet, transparent conducting oxides in the near
infrared [34], and polar dielectrics and doped semiconductors in the mid-infrared [32]. In
general, metamaterials provide flexibility in shifting the ENZ regime to targeted optical
wavelength ranges [35].

Furthermore, utilizing ENZ thin-films in designing thermal emitters provides a method to
actively control thermal radiation through voltage tuning. When the emitter is placed far
enough from the receiver, the system is vulnerable to angular misalignments, which may
result from time-varying input heat causing changes in the emission spectrum, as well as
mechanical effects like vibration, thermal expansion and contraction. Active tuning of
thermal emission provides a method to proactively address such problems, to maintain high
selectivity in both angular and spectral domains across a wide range of conditions. Structures
for room-temperature active control of reflectivity and absorptivity using this class of
materials have already been proposed and experimentally demonstrated [36,37]. Also,
electrical modulation of thermal emission intensity and frequency was demonstrated using
ENZ modes in thin films [38] and alternative methods such as graphene micro-resonators [39]
and quantum well photonic crystal structures [40]. Nonetheless, except for [40], the observed
high-temperature modulation was weak compared to room-temperature measurements,
possibly because of experimental challenges and high-temperature mechanical effects. Hence,
optimized designs of photonic structures using ENZ thin films could yield more pronounced
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modulation of the spectrum, direction and intensity of thermal emissivity, subject to
experimental and design constraints.

Our approach utilizes this perfect absorption phenomena in transparent conducting oxides
to design nearly perfect spectrally selective emitters. Coupling to this mode through a high-
contrast grating [41] also provides angular selectivity. In a previous work [42], we
investigated this design for TPV system efficiency enhancement. Here, we extend our design
to couple to both s- and p-polarized modes. The details of the different absorption
mechanisms present here are explained. We then employ this design as an emitter in a TPV
system, to theoretically investigate the potential efficiency enhancement with angularly- and
spectrally-selective thermal emission. Finally, we compare the performance to an ideal
selective emitter and investigate the effect of sub-bandgap losses and off-angular emission
losses.

2. Theory

As mentioned above, the suggested TPV system consists of a spectrally-selective thermal
emitter of infinite extension in one direction, and a length /; in the other direction. The
selective emitter radiates directive emission towards a TPV cell located at an arbitrary
distance D. The TPV cell array is assumed to have infinite extension in one dimension and a
length /; in the other dimension. We assume that /, = /, = L in our subsequent calculations.
Figure 1 demonstrates the proposed TPV setup.

Electrical
+ output

PV cell

Selective
thermal emitter

Fig. 1. A TPV system with a directional and frequency-selective thermal emitter placed on an
arbitrary distance from the PV converter. The selectivity of the emitter maintains high thermal-
to-electrical energy conversion efficiency at larger separation distances.

The selective emitter structure is depicted in Fig. 2. The core design lies in the bottom
section of the emitter, where a thin ENZ film of thickness #zy; is backed by a metal to support
surface modes excited in the thin film. The top surface is covered by an array of square
patches of dimensions w, = w, = w, made of a high-index material, typically Si. The grating
thickness is t,, and its periodicity is a, = a, = a. This bottom structure by itself supports
selective absorption modes with directivity dictated by the grating. The 2D periodicity of the
grating ensures coupling of both s-polarized and p-polarized incident modes to absorption
modes in the ENZ thin-film. To selectively exclude longer-wavelength modes, an omni-
directional 1D photonic crystal (PhC) filter [43] is placed at a distance #,,, in the order of a
few wavelengths. In the following discussion, a detailed description of the underlying physics
of the selective absorption is presented. These absorption modes are ENZ mode, Ferrell-
Berreman mode, and waveguide perfect absorption mode. Angular selectivity of the grating
coupler and frequency selectivity are also discussed.
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2.1 Absorption modes in ENZ thin-films

A thick metal film supports delocalized surface plasmon polariton (SPP) modes at its
interface with a semi-infinite dielectric medium for p-polarized modes [44]. Inside the
dielectric and the metallic media, the magnetic field profile decays exponentially away from
the interface, with a larger decay factor inside the metal. The dispersion characteristics of this

SPP mode is given by k, = k,\/€,£,/(€, +¢€,) . where k, is the parallel wavevector of the

plasmonic mode, k, is the wavevector in space, and &, and &, are the relative permittivities
of the metal and the dielectric, respectively. This dispersion relation lies entirely below the
light line when the real part of £, is negative, and shows an asymptote near the SPP frequency
satisfying Re{¢,, } = —¢,. Exciting these modes from free space requires couplers like the Otto

and Kretschmann configurations. The characteristics however lies entirely above the light line
when the real part of &, is positive. For metals, the real part of the permittivity crosses zero
at a frequency in the ultraviolet range. For TPV thermal emission applications, we use
transparent conducting oxides with cross-over frequencies in the near-IR regime, as
controlled by the deposition and doping conditions [34].

C om ni—d‘xrecﬁonal filter

n 1D Ph

= ector
ENZ Memlhc'ﬂa':kwﬂ

Fig. 2. The structure of an angular and spectral selective thermal emitter, based on thin-film
doped-oxides. The bottom structure is an ENZ thin film material on a metallic reflector, and a
2D high contrast grating on top for coupling. The top structure is a 1D dielectric stack of
alternating high- and low-index materials 7y and n;.

2.1.1 ENZ mode

By making a thin film, two SPP modes can now be supported at both the top and the bottom
interfaces. When it is thin enough, the decaying SPP modes interact with each other forming
symmetric (even) and anti-symmetric (odd) modes. Thus the SPP branch separates into two
branches, called also the short-range SPP (SRSPP) and the long-range SPP (LRSPP) modes
according to their decay factor [45]. For thinner films, the LRSPP mode shows an asymptote
near the cross-over frequency. This mode is called the ENZ mode [33]. With a metallic
support at the back, the ENZ mode propagates in the thin film and eventually will be totally
absorbed.

2.1.2 Ferrell-Berreman mode

As the permittivity function crosses zero from negative to positive values, the thin film
becomes a low-index dielectric with permittivity values less than unity. Hence, the supported
modes are p-polarized radiative modes, and can be excited from air. The nature of the excited
mode resembles collective volumetric oscillating electrons inside the thin film, known as a
volume-plasmon mode [46]. Historically, this mode was observed in thin metallic films by
Ferrell [47], and in polar dielectrics by Berreman [48]. Thus we denote this mode as Ferrell-
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Berreman mode, following the notation in [49]. A detailed analysis of the full dispersion
characteristics of the ENZ mode and the Berreman mode can be found in [32].

2.1.3 Waveguide perfect absorption (PA) mode

With the presence of a metallic interface at the bottom, e.g. tantalum, it is possible to couple
to a perfect absorption mode (PA), characterized by a resonance below the light line. It is
efficiently coupled from air through a grating or a prism coupler [50], and is associated with a
near-zero positive permittivity function. Directional PA is observed in [50] using a glass
prism coupler. The PA arises at or beyond the critical angle between the high-index medium
(glass) and the ENZ medium [indium-doped tin-oxide (ITO)]. The resonance peaks depend
on the ITO film’s thickness, corresponding to when the mode is completely confined in the
ITO.

2.2 Angle restriction mechanism

From the previous discussion, it appears that both radiative and non-radiative modes can exist
in the structure. A grating coupler can be used to differentiate between them by the light line
of the grating. With careful selection of the grating’s period, one can confine the absorption
cone to a specific angle governed by the grating’s light line. This critical angle is given by
6. =asin(1-A/a), where X is the wavelength, and a is the period. Accordingly, we choose A

to be the cross-over frequency, to approximately control the confinement angle. Since all the
three modes mentioned in section 2.1 exist around the cross-over frequency, we design the
grating to restrict the angle of the highest frequency mode (the PA mode) to ensure directivity
for most frequencies involved above the TPV bandgap.

2.3 Frequency selectivity

Although the proposed design restricts the absorption angle for the PA mode, Ferrell-
Berreman and ENZ modes also still exist at longer wavelengths. These modes are regarded
here as parasitic sub-bandgap emission that reduces the efficiency of the TPV system, which
should be eliminated. In fact, this is the purpose of the top omni-directional filter shown in
Fig. 2. The design of this filter should also maintain an angular-independent narrowband
transmission selectivity for the PA mode for both polarization states. The filter is placed close
to the bottom structure but not directly on top, to avoid altering the optical response of the
bottom structure. Thus, we choose to add an air gap between the top and the bottom
structures, with a thickness on the order of a few wavelengths.

3. Methodology

In this section, we present the computational methods used to calculate selective emissivity
functions and the TPV system efficiency.

3.1 Emissivity computation

We use Kirchhoff’s law of thermal radiation to compute the emissivity [51]. For an arbitrary
body at thermal equilibrium, the emissivity equals absorptivity for a given wavelength,

incident angle and state of polarization £” (4,8) = 4™ (4,8). Since power balance should be
maintained, then 4™ (4,0) =1-R" (1,0)-T" (4,0), where R”” (1,6)and T” (1,6) are the

reflectivity and the transmissivity under the same condition. To compute the reflectivity and
transmissivity functions, we use S* [52], a freely available software, that performs frequency
domain computation, based on the Fourier modal method (FMM) coupled to the S-matrix
approach.

Our emissivity computation assumes an incident wave in the x-z plane, with mixed
polarization. For simplicity, we assume the emitter has infinite extension in the y-direction.
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This assumption requires only computation of the emissivity in the x-z plane (i.e. with the
azimuthal angle fixed at 0). This assumption simplifies the view factor computation and the
TPV efficiency as a result. However, accurate modeling of the dependence of the azimuthal
angle, as well as the view factor computation may be necessary to precisely calculate the solid
angle of emission in a cone around the normal direction.

3.2 TPV efficiency calculation

The TPV system efficiency can be estimated as the portion of the total emitted power that is
converted to electric power:

n=VylcFF/P,, €]

where V., FF, I¢., and P, are the open-circuit voltage, the fill-factor, the short-circuit

current and the total emitted power in the upper hemisphere above the emitter. We use the
standard calculation method presented in [6,42,53], taking the directional properties of the
emitted radiation into consideration. A semi-infinite structure is chosen to provide a
mathematically-tractable system to accurately estimate TPV efficiency. The short-circuit

current in presence of directive emission can be computed in terms of ¢, (A1), the received
normalized power at the TPV diode, which is given by:
DZ

2 2 2 3/2°
Z(D +x° +x, —lexz)

0.()=[" [ de (Ax.x) @

v=h/2 =2
where €” (4,x,,x,) is the emissivity function that depends on the wavelength and the
emitter’s and the receiver’s coordinates x; and x,, respectively. £ (ﬂL,xl ,xz) can be computed
directly from the angular dependent emissivity function &”(4,0) using the
transformation tan @ = (x, —x, )/ D . The right-hand side in (2) integrates the total emitted
power from an emitter stripe of width /; that is intercepted by a stripe of width /, located at a
distance D. The geometric factor D’ / 2(D* +x +x," —2xx, )3/2 is the transformation of the

view factor equation [7] in a single dimension of the Cartesian coordinates. The short-circuit
current can then be computed using the following formula:

2qc ¢, (4)EQE(4)
A" exp(he/AKT,) -1

g
I =4,[da 3)
0

where A is the wavelength, 4, is the bandgap wavelength of the TPV diode, 4, is the diode’s

surface area, g is the electron charge, ¢ is the speed of light, 4 is Planck’s constant, & is
Boltzmann’s constant and 7, is the emitter’s temperature in K. For simplicity, we assume the
external quantum efficiency of the diode EQE( A ), is uniform for wavelengths
below A, .Then, the open-circuit voltage is computed from Shockley diode equation [46], and
the fill-factor is computed from empirical relations [54]. Finally, the emitted power from an
area A,, is the total integrated power in the upper hemisphere, and it also accounts for the
directional properties of the emitter through the function ¢,, (4):

o 2 y)
P :AemIdZth fulh)
A exp(he/AKT,) -1
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4. Results

In this section, the spectral and angular selective emissivity of the structure in Fig. 2 is
presented. First, we study the emissivity of the bottom structure in Fig. 2, excluding the filter.
This analysis will identify the different absorption mechanisms near the cross-over frequency.
Once the PA mode is identified, we then proceed to design the top omni-directional filter, and
finally we compute the expected TPV system efficiency as described in the previous section.

4.1 Emissivity function excluding the filter

The bottom structure of Fig. 2 consists of a thin film of an ENZ material backed by a metal
and topped by a grating coupler. We choose Aluminum-doped Zinc-Oxide (AZO) as the ENZ
material due to its low damping factor. The AZO is modeled using a Drude model with
parameters obtained from [55]. The metal in the back is chosen to be Tantalum because of its
low parasitic losses, and is also modeled using a Lorentz-Drude fit over the range of
wavelengths of interest. All the parameters are normalized to the period of the grating a,
which is selected to be 900 nm. The thickness of the AZO layer is 0.05a, and the thickness of
the grating is 0.1a, with w = 0.534a. The cross-over frequency of the selected AZO model is
located at 1336 nm, or around 0.674(c/a) in normalized frequency units.

1.2 0.8
0.7
1 0.6
e 0.5
L
g 0.8 0.4
* 0.3
(a) PA mode '
0.6 0.2
0.1

0.4

(c)ENZ mode ¢ (degrees)

Fig. 3. Emissivity of the bottom structure in Fig. 2 (without the filter), as a function of the
incident angle and the normalized frequency. Parameters used are a, = a, = a, wy = w, =w =
0.543a, t, = 0.1a, tpyz = 0.05a, and a = 900 nm. The ENZ thin-film is made of AZO, and the
bottom metal is Ta. Perfect absorption modes, Ferrell-Berreman modes, and ENZ modes are

all observed.. The dashed line represents the grating light line § = asin (1-A/a). The fully

transparent window (f' = 0.7-0.9 c¢/a) shows the desired emission spectrum selected by the top
filter in Fig. 2.

The simulation scans the emissivity frequency response over a range of incident angles
from 0° to 89° . A contour plot of the emissivity as a function of the normalized frequency
and the emission angle is shown in Fig. 3. Three high-emissivity modes can be identified
around the cross-over frequency:

1. Near PA mode about 0.8c/a, with a restricted emission angle of ~18° . This mode is
coupled efficiently below the grating light line (dashed-white line in Fig. 3). At this
frequency (1125 nm), the real part of the permittivity function is positive and equals
1.191 +0.1012i.
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2. Ferrell-Berreman mode about 0.7¢/a. This mode is coupled above the light line of the
grating, since it is a radiative mode as discussed in section 2.1.2. The absorptivity is
less strong around this regime, since the coupled Ferrell-Berreman resonance can
still radiate back in air through reverse grating coupling. At this frequency (1143
nm) the real part of the permittivity function is also positive, but less than one, and
equals 0.9505 + 0.107i.

3. ENZ mode about 0.42c/a. This mode is coupled below the grating light line, hence at
this frequency, it extends over most of the angular range. At this frequency (2142
nm) the real part of the permittivity is negative and equals —5.516 + 0.7108i.

4.2 Mechanisms of absorption

To confirm the physical origin of each mode, we plot the field distributions for each mode.
Figure 4 shows the three electric field components at three different points on the contour plot
in Fig. 3, labeled as a, b, and c¢. Each point corresponds to one of the distinctive absorption
modes defined around the cross-over frequency as discussed earlier:

* Point (a) is at a normalized frequency value of 0.7759¢/a, and an incident angle of 11°.
This point is expected to show a PA mode. The fields plot in Fig. 4(a) confirms
coupling of the incident field components into an £, component inside the AZO thin-
film with minimal reflection in air. As a result, the coupled field will be guided in
the thin film, and almost completely absorbed in the AZO layer.

* Point (b) is at a normalized frequency value of 0.6977¢/a, and an incident angle of 64°.
At this point, the resonant field profile in the AZO layer is evident. This absorption
mode is due to Ferrell-Berreman behavior, that can be coupled directly from p-
polarized incidence from air. Because of the grating coupling, the resonant mode can
radiate back in air, causing increased reflection and reduced absorption.

* Point (¢) is at a normalized frequency value of 0.4206¢/a, and an incident angle of 25°.
Below the light line, surface waves are coupled near the AZO-grating interface. The
plotted field show decaying field profiles inside the grating and air for the z-
component. This behavior is similar to an SPP propagating at a metal-dielectric
interface.
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Fig. 4. Electric field profiles of E,, E, and E. showing enhanced fields inside the AZO thin
film, resulting in nearly perfect absorption. Plots are taken at different points labeled in Fig. 3:
(a) Perfect absorption mode due to coupling to a waveguide mode. (b) Absorption caused by
excitation of Ferrell-Berreman mode coupled above the grating light line. (c) Absorption
caused by ENZ mode excitation in the thin film with decaying field profiles inside the grating.

4.3 Filter design

The contour plot in Fig. 3 includes omni-directional components that will add extra parasitic
losses to the system. To isolate the PA mode with directional and frequency selectivity, an
omni-directional filter is designed to filter out other modes. To design a filter with feasible
parameters, we first reduce the AZO thickness to 0.03a to pull the ENZ mode closer to the
cross-over frequency [32]. Accordingly, it is possible to design a filter with a narrow, omni-
directional transmission band around 0.8c/a. The designed filter is A(0.5L)(HL)*0.5L)A,
where L and H indicate low- and high-index materials with indices ny = 3.6, and n;, = 1.37,
respectively, and A indicates air or vacuum. These refractive indices values can be realized
using Si and MgF, materials system. Thicknesses of alternating layers are dy = a/6.4 and d; =
a/3.2, while the thickness of the top and the bottom layer is d;/2. The filter is placed at a
distance t,,, = 4a. The purpose of this gap distance is to avoid direct interference at the filter-
grating interface, thus allowing the filter to function properly without altering the AZO
emissivity response. The emissivity function of the full structure in Fig. 2 is plotted in Fig. 5,
showing a directional mode around 0.78c¢/a with angular restriction of 18°. Comparison of the
bottom structure only (Fig. 3) with the bottom structure in the presence of the filter (Fig. 5)
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shows that the filter only isolates targeted modes, without altering the optical response in this
wavelength range.

0.9
0.8
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Aynissiury

0 20 40 60 80
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Fig. 5. The emissivity function of the full emitter structure in Fig. 2. The selected ENZ
material is AZO of thickness #zvz = 0.03a, with optical parameters retrieved from [55] with a
Tantalum back reflector and a Si grating. The filter is design as A(0.5L)(HL)(0.5L)A, with ny
= 3.6, n, = 1.37, and d,/d, = 0.8/1.6. The separation gap is g, = 4a, with a = 900 nm. A
selective emission of angular half-width of 18° around /= 0.78¢/a is evident.

5. Discussion

The results in section 4 summarize the general response of the proposed thermal emitter with
simultaneous spectral and angular control. In this section, we provide a discussion of other
considerations for the TPV system design, including the temperature dependence of optical
constants, the separation distance effect, and other practical considerations for experimental
realization of the proposed device.

5.1 Practical design considerations

The emitter structure in Fig. 2 is designed to operate at extremely high temperatures. Thus, it
is important to make sure that all the involved materials have a melting point well above the
operating temperature, since nanostructures tend to melt at lower temperatures than their bulk
counterparts [56]. SiO, can be used as a low-index material in the filter, with its melting point
at 1983 K. The melting point of a highly doped ZnO material, as extracted from [55], can be
estimated using the method described in [57]. The estimated new melting point at the given
dopant concentration is 2197 K which is still considerably high.

Considering fabricating the structure, standard deposition and lithography techniques can
be used to fabricate the bottom and the top structure in Fig. 2. Maintaining the gap between
the top and the bottom structure can be realized using periodic mechanical posts spaced at
separation distances much larger than the periodicity of the grating. Also, a transparent buffer
layer like Silica aerogel can be filled in the gap to maintain mechanical support. Silica aerogel
is made of highly porous Silica with a refractive index close to unity, which also exhibit high
melting point [58].

5.2 Temperature dependence of optical constants and emissivity

The emitter structure proposed in Fig. 2 involves different materials with expected
temperature-dependent optical constants. Hence, it is useful to incorporate theoretical models
of this temperature dependence in the optical simulation. For dielectrics, the thermo-optic
coefficient is low (~107° 1/K [59]) so the change in its refractive index is negligible. For Si,
three types of temperature-dependent absorption phenomena are significant: bandgap
narrowing, above-bandgap absorption, and free-carrier absorption. We use the model
presented in [60] that takes these effects into consideration. For Ta and AZO, we use the
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Drude-Lorentz model presented in [61] to take temperature effects into consideration via a
temperature-dependent plasma frequency @, (T), and damping factor [(T). This model can

be written as:

(T N w *
p( ) pn . (6)

elo,T)=¢, - +
(@) o -iol (T) S o, -0 -iol,, (T)

where £_ is the permittivity at infinite frequency, @ is the angular frequency, @;,

and I',
are the resonance frequency and the damping factor of the n™ Lorentz oscillator. The
temperature dependence of the plasma frequency @, (7') and the damping factors I'(7") and

I',, (T) can be expressed as follows:

“’p(T)Z%» (7
B
rm=r<m~[§oj , @

where ¢ is the thermal expansion coefficient (1/K), f is a general exponent describing the

phonon population increase with temperature [62], and T} is the reference room temperature
(300 K). For both AZO and Ta, the damping factor will show a significant dependence on
temperature, which is assumed to be linear to first order. However, the actual value of the
exponent [ is material-dependent. Comparing AZO to other doped oxides such as Gallium-

doped Zinc-oxide and Indium-doped Tin-oxide, AZO has the lowest damping factor at room
temperature [55]. Table 1 summarizes the Drude-Lorentz model parameters for both Ta and
AZO. The optical parameters of AZO are shown in Fig. 6 at temperatures 300 K, 873 K and
1573 K. As the temperature increases, the real part of the permittivity becomes less negative
for longer wavelengths, while the imaginary part increases with temperature.

Table 1. Drude-Lorentz Parameters of Ta and AZO at 300 K (eV)

Material Ta AZO"
Drude parameters £ @, r £, w, r
1 7.34153 0.06387 3.5402 1.7473 0.04486

Lorentz parameters a)pl Wry FTI

22.465 591157 11913
“Parameters obtained from [55].

After accounting for the temperature dependence of the optical properties, we plot the
emissivity contour plots at three different temperatures: 300 K, 873 K and 1573 K in Fig. 7.
They show that the parasitic off-directional losses and spectral parasitic losses increase with
temperature. Presumably, off-directional losses result from the change of the optical constants
of the AZO, with the real part becoming flatter around the cross-over frequency. In the
absence of the filter, Ferrell-Berreman mode and the PA mode become nearly
indistinguishable at higher temperatures. Extra losses from the Ta back metal and the Si
grating may also contribute to off-directional emission. The increased spectral parasitic losses
are mainly caused by the increased ENZ mode spectral width at higher temperature, also in
consistence with the observed results in [38]. This also might be a consequence of the AZO
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optical parameters temperature dependence at longer wavelengths. It is worth mentioning that
the angular dispersion in Fig. 7 is a filter-dependent property, caused by Bragg reflection at
different incident angles. In contrast to emissivity plots in [26], Fig. 7 illustrates a
complementary response, where the high-emissivity is restricted to a specific range of angles
and frequency, with frequency selectivity mainly provided by the filter. However, in [26] a
low-emissivity response is restricted to a specific range of angles and frequencies, with the
frequency selectivity provided by material absorption.
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Fig. 6. Temperature dependence of the optical constants of AZO at high temperatures. Drude-
model is used to construct this figure, with parameters retrieved from Table. 1 and applying
(6), (7) and (8).
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Fig. 7. The change of emissivity function at high temperatures ((b) 7 = 873 K, and (¢) ' =
1573 K) compared to room temperature ((a) 7 = 300 K) parameters. The change of the optical
parameters with temperature causes an increase in the parasitic spectral and off-directional
radiation, increasing losses of view factor at higher temperatures.

5.3 TPV efficiency

The TPV efficiency is computed as mentioned earlier in section 3.2. The system shown in
Fig. 1 is simulated with /; =, = L, and D = 1.5L, with a TPV diode having a unity ideality
factor and a unity EQE. Neglecting any changes of the emissivity at high temperatures, we
assume an emitter temperature 7, = 1573 K. The TPV diode bandgap E, is swept from 0.8 eV
to 1.2 eV to determine the bandgap that maximizes the TPV efficiency. The optimum
bandgap can be readily deduced from Fig. 5 near the cut-off of the filter to be around a
normalized frequency of 0.78c/a (~1154 nm). Sweeping the bandgap shows a maximum of
11.66% at 0.92 eV (1348 nm) in Fig. 8(a). The drop in the TPV efficiency above the
maximum bandgap is due to shifting the bandgap towards wavelengths shorter than the
filter’s cut-off wavelength, and thus increasing parasitic losses compared to the useful portion
above the bandgap. Below the maximum, the dark current increases exponentially with

decreasing bandgap ~ exp(—Eg / kT, ) where T, is the diode temperature, thus reducing Vo,

and the efficiency. The absolute low efficiency values are mainly caused by the emissivity
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beam divergence with distance, which suggests using higher angular restriction for large
values of separation distances D.

In terms of the view factor, a planar Lambertian heat source should be placed as close as
possible to the receiver to enhance the view factor. In case of directional heat sources, the
view factor will also depend on the distance between the emitter and the receiver. The
directionality of the source collimates heat radiation towards the receiver, but the beam
divergence limits the separation distance. In the proposed design in Fig. 5 and Fig. 7, the
halfwidth of the beam is almost 20°, corresponding to rapid divergence. In Fig. 8 (b) and (c),
the dependence of the computed TPV efficiency with the separation distance D is plotted.
Assuming reasonable values of L that maintain the far-field radiative heat transfer regime
(L>12 microns in this case), the plots span values of D = 0.2L to 4.7L. In this range, near-field
heat transfer will not occur to a measurable degree. To quantify the effect of beam
divergence, we first plot the TPV efficiency for an ideal emitter that have zero off-directional
losses and zero parasitic spectral losses. We assume the same spectral width of the emissivity
function in Fig. 5, the same temperature (1573 K) and the same TPV diode parameters at the
optimum bandgap obtained in Fig. 8(a). The computed TPV efficiency in Fig. 8(a) shows a
significant reduction of the TPV efficiency from 50.48% at D/L = 0.2 to 17.9% at D/L = 4.7.
To further isolate the effect of angular and spectral selectivity, we estimate the contribution of
each kind of selectivity alone. For example, in Fig. 8(b), we show the effect of switching off
angular selectivity, i.e. extending the emissivity function at 0° over the whole range of angles,
while forcing zero sub-bandgap emission. A reduction of the efficiency from 44.58% at D/L =
0.2 to 5.22% at D/L = 4.7 is found in this case. Likewise, we switch off ideal spectral
selectivity by using the same values of the emissivity function in Fig. 5 from 0° to 20° and
setting the emissivity to zero otherwise. In this case, a reduction of the efficiency value at D/L
= 0.2 to 14.3% is noticed because of the increased spectral parasitic losses. At longer
distances, the angular selectivity becomes less effective, and drops to almost 5% at D/L = 4.7.
In all the studied cases, the selectivity in general outperforms the blackbody efficiency at all
separation distances. Particularly, at D/L = 4.7, the relative enhancement of the TPV
efficiency reaches 32% compared to a typical blackbody emitter.

Then, the TPV efficiency is computed for the non-ideal emissivity functions in Fig. 7, and
plotted in Fig. 8(c). Using the contour plot in Fig. 7(a), with optical parameters computed at
300 K and assuming an emitter temperature of 1573 K, the TPV efficiency drops to 28.15% at
D/L = 0.2. This significant reduction is caused by increased spectral and angular parasitic
losses. At longer distances, the losses increase as the beam diverges more reaching 4.055% at
D/L =4.7. To further estimate the enhancement due to angular selectivity alone, we switch off
angular selectivity, by just extending the spectrum at 0° over the whole range of angles. We
notice an average enhancement of 1.13x added by the angular selectivity. Compared to a
blackbody at the same temperature, Fig. 7(a) results in larger enhancement as the separation
distance increases, and shows an average enhancement factor of 7.2058x. It is also noticeable
that the angular selectivity reduces the efficiency at shorter distances, because of the reduced
collected emission with angular restriction compared to omni-directional emission.

Finally, using the contour plot in Fig. 7(c), i.e. with optical parameters computed at 1573
K, the efficiency is reduced to 20.52% at short separation distances and to 2.91% at a distance
of D/L = 4.7. The average enhancement added by angular selectivity is reduced to 1.0861x.
This reduction is due to the increased parasitic off-directional and spectral losses. Comparing
to a blackbody at the same temperature, Fig. 7(c) results in a reduced average enhancement
factor of 5.38x, and particularly, 3.9% relative enhancement compared to the blackbody at
D/L = 4.7. From Fig. 8(b), it is obvious that the increased parasitic losses, both angular and
spectral, weakens the benefit of angular selectivity. The results in Fig. 8(b) and 8(c) suggests
that the proposed design in Fig. 1 is susceptible to angular parasitic losses. Thus, a
requirement of a sharp angular selectivity may be difficult to obtain and maintain in realistic
situations.
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Fig. 8. (a) The computed TPV efficiency as a function of the TPV diode bandgap. The
separation distance between the emitter and the receiver is set to D = 1.5/, = 1.5/,. The figure
shows a maximum TPV efficiency of 11.66% at a PV bandgap of 0.92 eV. (b), (c) Plots of the
TPV efficiency dependence with distance D: (b) using an ideal spectral and angular selective
emitter, with zero sub-bandgap losses and zero off-directional losses: The highest efficiencies
can be extracted from an emitter with ideal spectral and angular selectivity, and (c) using the
designed selective emitter with different temperature optical parameters.

6. Summary

We have presented a design of a thermal emitter exhibiting simultaneous control of angular
and spectral properties for TPV application. Spectral selectivity allows for higher potential
TPV efficiencies. Angular restriction enables much higher view factors at significantly
greater separations. These objectives are achieved utilizing resonant absorption phenomena in
ENZ thin-films coupled through a grating structure. The TPV system efficiency is computed
for angular and spectral selective thermal emission. A relative enhancement of 3.9% over a
blackbody emitter at the same emitter temperature and receiver conditions has been achieved.
Despite the small enhancement factor, the absolute efficiency can still reach ~5% at large
separation distances (5 times the emitter size) that are still suitable for compact TPV devices.
This enhancement factor increases at shorter separation distances and lower beam divergence.
With the presence of parasitic spectral and angular emission, the TPV efficiency drops
significantly compared to an emitter with ideal angular and spectral selectivity. The results
suggest that eliminating off-angular and parasitic spectral emission could potentially result in
a relative enhancement of the TPV efficiency up to 32% over a blackbody at large separation
distances. The presented study shows the potential value of simultaneous spectral and angular
selectivity, offering more flexibility in designing high efficiency, reliable TPV systems.
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