Spectral and angular-selective thermal emission from gallium-doped

zinc oxide thin film structures
Enas Sakr*?, Peter Bermel™®
“School of Electrical and Computer Engineering, Purdue University, 465 Northwestern Ave., West
Lafayette, IN, USA 47907-2035; ®Birck Nanotechnology Center, 1205 W. State St., West Lafayette,
IN USA 47907-2057

ABSTRACT

Simultaneously controlling both the spectral and angular emission of thermal photons can qualitatively change the nature
of thermal radiation, and offers a great potential to improve a broad range of applications, including infrared light
sources and thermophotovoltaic (TPV) conversion of waste heat to electricity. For TPV in particular, frequency-selective
emission is necessary for spectral matching with a photovoltaic converter, while directional emission is needed to
maximize the fraction of emission reaching the receiver at large separation distances. This can allow the photovoltaics to
be moved outside vacuum encapsulation. In this work, we demonstrate both directionally and spectrally-selective
thermal emission for p-polarization, using a combination of an epsilon-near-zero (ENZ) thin film backed by a metal
reflector, a high contrast grating, and an omnidirectional mirror. Gallium-doped zinc oxide is selected as an ENZ
material, with cross-over frequency in the near-infrared. The proposed structure relies on coupling guided modes
(instead of plasmonic modes) to the ENZ thin film using the high contrast grating. The angular width is thus controlled
by the choice of grating period. Other off-directional modes are then filtered out using the omnidirectional mirror, thus
enhancing frequency selectivity. Our emitter design maintains both a high view factor and high frequency selectivity,
leading to a factor of 8.85 enhancement over a typical blackbody emitter, through a combination of a 22.26% increase in
view factor and a 6.88x enhancement in frequency selectivity. This calculation assumes a PV converter five widths away
from the same width emitter in 2D at 1573 K.
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1. INTRODUCTION

Highly spectral and angular-selective thermal emitters have recently been realized via nanostructuring of surface
features; these structures may significantly benefit a range of applications, such as infrared light sources and
thermophotovoltaics (TPV).' > TPV is a method to convert heat into electricity via radiation of thermal photons toward a
PV cell.* Typically, thermal photons are emitted by a hot radiator toward a PV cell to generate electricity. A good match
between the emitted photon spectra and the PV bandgap is essential for enhancing TPV conversion efficiencies. Thus,
there has already been a great deal of work to design spectrally-selective thermal emitters using both natural materials >°
and engineered photonic and plasmonic structures ' '°. Nonetheless, much further improvement is possible if one also
incorporates the angular selectivity, since this can greatly increase light reaching the cell, as quantified by the view
factor ''. Particularly, for planar compact TPV devices ', this may relax the design parameters of the TPV device, by
placing the emitter at larger separation distances, while maintaining a high view factor. Furthermore, with the need to
place the entire set up inside a vacuum enclosure to reduce convection and conduction losses, effective cooling of the PV
device becomes challenging. Directional thermal emission could allow for placing the PV device outside the vacuum
enclosure, while allowing the device to cool through alternative methods like radiative cooling '*'*. Consequently, a
TPV system may benefit from a thermal emitter that simultaneously satisfy spectral and angular selectivity. In this work,
we quantify the enhancement of the TPV efficiency expected when using a simultaneously spectral and angular selective
thermal emitter.
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Several methods have been suggested to achieve simultaneous spectral and angular selective structures of thermal
emitters, including plasmonic bandgap structures '° with extremely narrow emission peaks, and plasmonic metasurfaces
216 with wider emission resonances and directional cones. For TPV applications, a sufficient spectral bandwidth as well

as angular width are both necessary to maintain a practically-high open circuit voltage and view factor '"'*.

In this work, we present a novel method to simultaneously control spectral and angular properties of thermal radiation
using epsilon-near-zero (ENZ) thin-films. ENZ materials provided a promising platform for different applications like
electromagnetic tunneling, radiation pattern shaping, and manipulation of optical transmission '**'. Typically, this
phenomenon emerges naturally in materials characterized by one or more strong resonances in their dispersion spectrum.
Materials that exhibit this behavior (and their corresponding wavelength ranges) include polar dielectrics such as SiC
and SiO, in the mid-IR regime ', transparent conducting oxides in the near-IR regime **, and metamaterial structures at
tunable locations in the visible and infrared spectra 2*. Here, we predict that highly collimated spectral selective thermal
emission can emerge from an engineered photonic structure that combines metamaterial perfect absorption phenomena
in low-permittivity thin films with ENZ regime materials ». Gallium-doped Zinc Oxide (GZO) is employed as a low-
permittivity material **, backed by a metallic substrate, and topped by a high contrast grating (HCG) *°. The HCG
couples all modes above the light line to a guided mode in the low-permittivity film near the ENZ resonant wavelength.
The perfect absorption phenomenon occurs in the wavelength regime where the permittivity of the thin film is larger
than zero but less than one. A metallic substrate supports lateral propagation of waves in the low-permittivity film,
leading to complete absorption in the thin film. Furthermore, we add an omnidirectional reflection mirror *’ on top to
filter out non-directional modes associated with the ENZ dispersion “***. Then, we utilize the suggested structure as a
tailored thermal emitter for a TPV system, as shown in Fig. 1, to direct the spectrally-selective radiation towards an
arbitrary distant PV cell. A view factor enhancement of 22.26% is demonstrated as well as an enhancement factor of
8.85x in the associated TPV efficiency.

In the following sections, the computational methods used to calculate the spectral and angular selectivity of the thermal
emission, as well as the view factor enhancement and the TPV efficiency calculations are first presented. Then we
discuss the physical phenomena that result in collimated spectrally-selective emissivity, followed by the obtained
theoretical results.
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Figure 1. A TPV system with a selective thermal emitter exhibiting collimated, spectrally-selective emission onto a TPV
cell. These combined features of the emitter maintain high conversion efficiencies, even for large emitter-cell separation
distances D.

2. METHODOLGY

2.1 Emissivity computation

The emissivity dependence with wavelengths and emission angles is obtained by calculating absorptivity spectra, and
then applying Kirchhoff’s law of thermal radiation 2. Kirchhoff’s law states that, at thermal equilibrium, the emissivity
equals the absorptivity for a given wavelength, incident angle and polarization. The p-polarized absorptivity as a
function of wavelength and incident angle is given by A(/I,H) =1—R(ﬂ,(9) -T (/1,(9). Rigorous coupled wave

analysis (RCWA) combined with an S-matrix algorithm is used to compute the emissivity of the emitter structure using a
freely available software package, known as the Stanford Stratified Structure Solver (S*) *°. The dielectric function of the
GZO thin film is obtained from the literature,?> and fitted using a Lorentz-Drude model, which allows extrapolation to
longer wavelengths. The emitter structure is assumed to be finite in one lateral dimension, and infinite in the other one.
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2.2 View factor analysis

The view factor is defined as the proportion of the photons emitted from an area A; that reach a receiver of area A,. It
can be evaluated using the following general formula '':

1 cos @ cos O
F, :deAIJdAz — Q)
1

nr

where 6, and @, are the angles between the surface normal of the infinitesimal elements on the emitter and the receiver,

respectively and the line connecting them, whose length is . The integrand in (1) is then scaled by the wavelength- and
angle-dependent emissivity function. A closed form expression of the view factor for a quasi-2D problem is calculated in
previous work '®. Thus, the wavelength dependent view factor can be computed as the ratio between the received

normalized power at the PV cell ¢r (/1) , and the total normalized emitted power in the upper hemisphere by the emitter

Bn (4):
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where /;, [, and D are the emitter’s length, the receiver’s length and the separation distance between them, respectively.

The emissivity function é‘(/?,,xl,x2 ) is extracted from the wavelength and angle-dependent emissivity g(ﬂ, (9) using

the transformation tan & = (xl — X, ) / D.
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Figure 2. The proposed emitter structure. A thin ENZ layer of thickness #znz on a metallic substrate is covered by a HCG to
couple absorption modes in a cone around the normal direction near the positive ENZ wavelength regime. A 1D omni-
directional mirror is placed above the structure to filter out the associated plasmonic absorption modes.

2.3 Application to TPV efficiency

The TPV system efficiency is given by the ratio of the output electric power to the total emitted power.”' The
corresponding formula reads 17 =V, I FF /P, , where V., FF,I;., and P, are the PV cell’s open-circuit

em
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voltage, fill factor, short-circuit current, and the total emitted power, respectively. The short-circuit current 1 sc includes
Ag
a wavelength-dependent view factor using /. = .[o dAJ g (/1)¢r ( Z)Al, where J (ﬂ) is the photo-generated

current at each wavelength and ¢, (/1) is the numerator of (2).

3. RESULTS
3.1 Emitter design

The emitter structure shown in Fig. 2, is composed of a GZO thin film as an ENZ material of thickness g\ backed by a
lossless metallic substrate of permittivity=-50. The ENZ thin film is covered by an HCG of thickness #,=0.1a, where a is
the period of the grating, and a groove width w=0.525a. For simplicity, we assume that the HCG is made of a lossless
and dispersion-less material of refractive index 7,=3.5, similar to the refractive index of Si. Above this structure, a 1D
PhC acting like an omni-directional mirror is placed at a vacuum gap of thickness #,,=2.45a to filter out unwanted
modes. The omni-directional mirror is composed of 18 bi-layers of alternating high- and low-index materials using the
configuration L*°(HL)*H"’. Here, we also assume lossless and dispersion-less refractive indices of 3.6 and 1.6 for the
high- and low-index materials, respectively, and the ratio between their thicknesses is duy/di=1/2. The ENZ layer’s
thickness is assumed to be 0.01a. In this analysis, only p-polarized incident modes in the Littrow mounting configuration
32 are taken into consideration.

3.2 Spectral and angular selective emissivity

From Kirchhoff’s law of thermal radiation, it is possible to identify key emission modes from analyzing the absorption
dependence at different wavelengths and incident angles. In absence of the top filter of the structure in Fig. 2, there are
three types of modes that can be supported in the thin film ENZ. These modes are associated with the cross-over
frequency of the GZO that can be readily controlled by adjusting the doping concentration and growth conditions %*.
When the ENZ layer is thin enough, it is possible to guide two perfect absorption modes ». The shift in the lateral
momentum added by the HCG couples all the incident angles below the light line of the grating to high-k modes in the
ENZ thin film. Per the diffraction equation of the grating, all incident angles less than a critical angle defined by

90 =sin”’ (l -m l/ a) , where A is the wavelength, are coupled to guided modes that will be eventually absorbed in

the ENZ layer. These modes appear particularly near the wavelengths where the permittivity of the ENZ thin film is
larger than O but less than 1, and this in turn implies spectral selectivity. Consequently, the coupled modes are
collimated, spectrally-selective absorption modes. However, the change of the dielectric constant at the cross-over
frequency induces other types of modes, including the ENZ mode and the Ferrell-Berreman mode *****. The ENZ mode
is the long-range surface plasmon polariton mode that propagates near the surface of the thin film. Thus, the ENZ mode

is a non-radiative mode that is efficiently coupled by the grating for angles larger than the critical angle HC . On the other
hand, the Ferrell-Berreman mode is a radiative mode that is coupled to the ENZ thin film for p-polarization even in
absence of the grating coupler. Thus, this mode is present for angles larger than Hc . This mode is a result of volume-

plasmon oscillations inside the thin film **, and is noticeable for frequencies larger than the cross-over frequency. It is
worth mentioning that the ENZ mode, the Ferrell-Berreman mode and the perfect absorption modes are all dependent on
the film’s thickness. For ultra-thin films, all the three types of modes are found close to the cross-over frequency, but
they become well-separated for thicker films *°. Also, the center frequencies and the quality factors of the perfect
absorption modes both depend on the film’s thickness »°. Since the ENZ mode and the Ferrell-Berreman mode are non-
directional near the cross-over frequency because of flat bands at large momentum values, there is a need to filter them
out for the best performance. Thus, we use the omni-directional reflection mirror to keep only the perfect absorption
modes, while recycling any other modes. In Fig. 3, contour plots of the calculated emissivity for the proposed emitter in
Fig. 2 are shown as functions of the normalized frequency and the incident angle @. Fig. 3(a) shows a frequency and
angular selective mode at a frequency of 0.75¢/a, and the half beam width at the normal direction is almost 12°, as
expected by the critical angle value. For longer wavelengths, the emissivity function is plotted in Fig. 3(b), where we
only take into consideration the dispersion of the GZO layer. We notice a residual mode around a frequency of 0.4536¢/a
and an incident angle of ~70°. This mode marks the unfiltered portion of the ENZ mode that is coupled by the HCG and
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was present in absence of the filter at all incident angles around a frequency of 0.45¢/a that is less than the cross-over
frequency, located for this example at ~0.61c/a.

3.3 View factor and TPV efficiency enhancement

The TPV set up in Fig. 1 is used with the tailored TPV emitter described in Fig. 2. We assume both the emitter and the
receiver are of the same lengths /;=I,=I, and separated by a distance D=5I. The PV cell is assumed to have a bandgap of
0.84 eV, a constant EQE of 1, and an ideality factor of 1. These conditions are close to an InGaAs PV cell, however, it is
possible to shift the emission peak by changing the doping concentration, or by using Aluminum-doped Zinc-Oxide
(AZO) * instead of GZO. For this computation, the period of the emitter structure a is taken to be 900 nm, and its
temperature is 1573 K. We integrate over a wavelength range from 700 to 5000 nm to obtain the total TPV efficiency.
The error associated with excluding the remainder of the emission spectrum should be less than 1% at the temperature
range of 1573 K under consideration. At these operation conditions, we obtain a TPV efficiency of 5.31%, compared to a
TPV efficiency of only 0.6% for a blackbody operating under the same conditions. Thus, the total enhancement of the
TPV efficiency is approximately 8.85x compared to that obtained with a blackbody emitter. To quantify the efficiency
enhancement contributed by frequency selectivity only, we turn off the angular selectivity, and compute the obtained
efficiency in this case. The obtained TPV efficiency for an only frequency-selective structure is 4.13%, which is 6.88x
larger than the TPV efficiency obtained if a blackbody emitter was used. This result demonstrates that angular selectivity
alone increases TPV efficiency by 22.26%, compared to the spectrally selective baseline. This result is primarily driven
by the significant enhancement of the view factor provided by the present structure considered.
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Figure 3. The p-polarized emissivity contour plots as functions of the normalized frequency fand the incident angle 0. (a)
Emissivity contour plot for shorter wavelengths near the cross-over frequency (0.61¢/a). A selective mode limited by
QC =12° is noticeable. (b) Emissivity contour plot for lower frequencies. The unfiltered part of the ENZ mode where the

dielectric function of the GZO becomes negative is still present at 0.45¢/a.

4. DISCUSSION

Although the proposed structure maintains a high view factor for the perfect absorption modes, it still requires an omni-
directional filter in proximity to the Metal-GZO-HCG structure to maintain high efficiencies via frequency selectivity.
Accordingly, fabricating such a structure requires a reliable method to maintain a wavelength-scale vacuum-like gap in
between. A possible implementation would utilize mechanical support spacers to maintain the structure at the required
vacuum-gap separation ****. Alternatively, an aerogel layer *° can be filled in the vacuum-gap, as a highly transparent
mechanical buffer layer. The latter approach could also facilitate the emergence of a non-trivial internal temperature
gradient, since aerogels are known for their low thermal conductivity.
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Also, the achieved results assume a high emitter temperature of 1573 K; this assumption however is limited by the
melting point of the involved materials and the thermal stability of the structure at high temperatures. It is worth
mentioning that the base ZnO material has a sufficiently high melting point. However, high doping levels could cause a
significant drop in the melting point of the GZO film.

Another consideration of the design is the dielectric function change due to high temperature. Since transparent
conducting oxides in general can be fitted with a Drude-Lorentz model, it is possible to tune the cross-over frequency as
well as the damping coefficient to adjust for high temperature operations.’”** Taking an accurate high temperature model
into consideration will help design appropriate thickness and geometric parameters of the HCG and the filter for
fabrication. Parasitic losses in dielectrics and their high temperature dielectric functions should also be taken into
consideration.

Finally, the polarization dependence of the HCG structure limits the application to the p-polarized component of the
emitted heat. However, employing 2D structures *° with symmetric shapes can also solve this problem by coupling s-
polarized modes into the GZO thin film.

S. CONCLUSION

A spectrally and directionally-selective thermal emitter has been theoretically demonstrated using an ENZ thin film, a
grating coupler, and a multilayer filter. A combination of the ENZ material properties and the perfect absorption
phenomenon previously demonstrated in metamaterials is utilized to achieve both frequency and angular selectivity. An
omnidirectional filter is used to filter out non-directional plasmonic modes and maintain high spectral selectivity. The
proposed emitter structure shows a factor of 8.85x absolute enhancement of the TPV efficiency for a distant receiver
compared to a blackbody emitter. The efficiency enhancement is a combination of frequency selective enhancement and
angular selectivity to improve the view factor. In future work, adjustment of the doping concentration and modification
of the grating design is necessary to match available technology of PV cells and to account for polarization effects,
respectively.
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