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Emission mechanism and
wide-angle adaptability of
selective emitter based on
combination of one and
two-dimensional photonic
crystals

Shaowen Cao?, Qilin Cai'?*, Yingshi Zhang®, Qi Zhang?,
Qing Ye?, Weifeng Deng® and Xi Wu'*

ICollege of Energy, Soochow Institute for Energy and Materials Innovations, Soochow University,
Suzhou, China, 2Sunleem Technology Incorporated Company, Suzhou, China

In this paper, a thermophotovoltaic (TPV) emitter that combines a one-
dimensional photonic crystal with two-dimensional periodic nanoarray
cavities was proposed. The Finite-Difference Time-Domain (FDTD) method
was adopted to analyze the spectral emittance and its sensitivity to the emission
angle for the proposed emitter. The results show that the main emission
mechanisms of the emitter are Cavity Resonances (CRs), Fabry-Perot (FP)
resonances, and Magnetic polaritons (MPs). In the convertible band of a TPV
cell, CRs and FP resonances are coupled together to broaden the emitting
bandwidth of the emitter. The cut-off wavelength of structural spectral
emittance increases with depth and radius but decreases with a period. In
addition, the spectral emittance is non-sensitive to the emission angle of less
than 50°, highlighting the wide-angle stability of the composite structure. The
proposed emitter has wide-angle adaptability and achieves a fine-tunning of
bandgap wavelength while maintaining a good spectral selectivity. This work
provides new insight into the design of the TPV emitter.

KEYWORDS

thermophotovoltaic systems, wavelength-selective emission, one-dimensional
emitters, two-dimensional emitters, electromagnetic resonance

1 Introduction

Thermophotovoltaic (TPV) systems are cutting-edge thermoelectric conversion
technologies that can utilize a variety of energy sources such as chemical energy
(Nguyen-Huu et al,, 2016), biomass energy (Silva-Oelker et al., 2018), nuclear energy
(Zhu et al,, 2013), and solar energy (Song et al., 2022) for silent power generation (Burger
et al,, 2020), and they have promising applications in aerospace (Song et al., 2015),
distributed cogeneration (Fraas et al., 2003; Bianchi et al., 2012), solar energy conversion
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(Cai et al., 2020), and waste heat utilization (Celanovic et al.,
2008). The TPV system contains two core components,
ie, emitter and TPV cell. The former mainly absorbs heat
energy, which can be converted into radiative energy incident
into the TPV cell; the latter converts the radiative energy into
electricity. Notice that only photons with energy higher than the
bandgap of the cell can generate electron-hole pairs. To improve
the efficiency of the TPV system, it is crucial to modulate the
emission spectrum of the emitter, i.e., the emittance is close to
1 in the convertible band and reaches 0 in the non-
convertible band.

To achieve spectral tuning of emitters, the researchers
designed micro-nano structures on materials to generate
Surface Plasmon Polaritons (SPPs), Magnetic Polaritons
(MPs), Fabry-Pérot (FP) interference effects, and Cavity
Resonances (CRs) to achieve selective emission of emitters
based on the micro-nano scale heat transfer theory. Typical
micro- and nano-structures include one-dimensional layered
stacks (Silva-Oelker et al., 2019), one-dimensional grating
structures (Song et al., 2015; Silva-Oelker et al., 2018), two-
dimensional cavity array structures (Chou et al, 2014; Ye
et al., 2015), two-dimensional grating structures (Zhao et al.,
2013; Song et al., 2016), metamaterials (Molesky et al., 2013;
Dyachenko et al, 2016) and three-dimensional photonic
crystal structures (Farfan et al.,, 2010). Compared with two-
and three-dimensional structures, one-dimensional layered
stacked emitters have received widespread attention because
of their relative convenience of fabrication. Blandre et al.
(2018) investigated the Mo-HfO, three-layer stack structure
and found that the spectral selectivity of this structure is
mainly caused by the FP resonance effect. However, this
effect is dependent on the material thickness when the
material is fixed, resulting in limited spectral tuning
although  the
structured emitters are relatively complex, they also show

capability.  Therefore, two-dimensional
attractive development potential due to their scalable
fabrication (Yeng et al, 2012) and convenient spectral
tuning (Celanovic et al., 2008). Ye et al. (2015) adopted the
FDTD method to study the two-dimensional photonic crystal
based on VO, materials, and found that there exhibits the CRs
effect in the short wavelength band, resulting in spectral
selectivity. CRs are dependent on these parameters,
i.e., cavity radius, period, and depth. Compared with the FP
resonance effect of one-dimensional structures, CRs can
enhance the spectral control ability of the emitter. In
addition, Rostamnejadi et al. also investigated the effects of
structural parameters and temperature on cylindrical 2D W
photonic crystals with the FDTD method (Rostamnejadi and
Daneshvar, 2018), indicating that the emittance at 1500 K is
higher than that of 300 K. The main reason is that the
with
to match different

electron-phonon interaction enhances increasing

temperature. Therefore, operating

temperatures of the TPV system, the period, depth, and
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radius of the 2D array cavity can also be optimized. It
should be noted that although the
microcavity structure can be spectrally tuned through

two-dimensional

multiple dimensions, its spectral emittance is significantly
influenced by the incident angle and polarization mode.
According to the literature (Yeng et al., 2012), the spectral
selectivity of the two-dimensional microcavity structure
disappears at incidence angles greater than 30° the spectral
emittance of the cell’s operating band decreases, and that of
the non-convertible band increases. For a practical TPV
emitter, the incident wave is not always the normal TM
wave, requiring that the emitter should be spectrally
selective for incident waves with different polarization
modes and different incidence angles (Khodasevych et al,
2015; Kim et al., 2017; Sakakibara et al., 2019). Comparing
with normal incidence, the spectral selectivity of the emitter
decreases under oblique incidence, leading to a decrease in the
overall efficiency of the TPV system (Ulaby et al., 2015; Jiang
et al, 2019). Therefore, it is crucial to maintain the
adaptability of the emitter’s wide-angle and polarization
method.

The the  adaptability
performance of the emitter’s wide-angle and polarization
mode. For example, Silva-Oelker et al. (2019) showed that
the spectral emittance of 1D stacked structures varies less

researchers  investigated

with the polarization mode and the incident angle. Due to the
fact that the emission mechanism of 1D layered structures is
mainly the FP resonance and this resonance emission is
and the
polarization mode. Wang et al. also investigated the effect

almost independent of the incident angle
of incident angle on SPPs and MPs based on a one-
dimensional grating-type emitter (Wang
2012), and found that SPPs are most sensitive to the

incident angles, while MPs remain constant. Thus, the

and Zhang,

emitters relying on resonant emission from SPPs are less
adaptable to the angle. Chou et al. (2014) analyzed the effect
of incident angle on the CRs based on a two-dimensional
cavity emitter and found that the resonant emittance decays
rapidly with increasing incident angle. This is mainly
because the incident light cannot be coupled efficiently
into the cavity mode as the incidence angle increases, the
diffraction loss causes the radiation to reflect into unwanted
diffraction channels instead of coupling into the cavity
mode. In addition, regarding to the adaptation of the
the of TM-
polarized and TE-polarized waves are equal when the

polarization mode, spectral emittances

symmetric structure is normal to the incident direction.
the the
symmetry of the structure can be broken, resulting in the

However, when incident wave is oblique,
spectral emittance of the TM polarization no longer being
equal to that of the TE polarization (Zhao et al., 2013). In the
work of Khodasevych et al. (2015), it was reported that TM

polarization is usually more adaptive to oblique incidence
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FIGURE 1

Schematic diagram of the layered stack structure of the composite nanoarray cavity, the black dashed line in the figure indicates a periodic cell.

angles than TE polarized waves, maintaining higher
absorption levels in the structure at incidence angles up to
10° or greater.

To sum up, it is found that the spectral modulation for the
one-dimensional emitters with layered structures mainly
depends on the FP resonance effect. Also, it has good
adaptability to the incident wave polarization mode and the
incident angle. However, the ability of spectral modulation
based on layer thickness is limited. The two-dimensional
structure can adjust the spectral tuning characteristics by
changing the radius, period, and depth of the array cavity
to match different operating temperatures or TPV cells, whose
spectral emittance is limited by the angle of incidence and
polarization mode. Consequently, the existing emitters fail to
achieve a combination of excellent spectral tuning capability
and wide-angle adaptability. On this basis, the research idea of
combining one-dimensional and two-dimensional structures
was proposed to realize the combination of the advantages of
both. To confirm the feasibility, it is necessary to explore the
mechanism of the spectral modulation of the proposed
emitter.

In this work, a structure based on laminar stacked
composite periodic nanoarray cavities was proposed,
which aims to improve the wide-angle adaptability of the
two-dimensional array cavity structure while enhancing the
spectral modulation capability. Firstly, Maxwell’s equation
system was solved based on the FDTD algorithm to obtain
the electromagnetic field distribution in the simulation area.
Secondly, the mechanism of resonant emission from the
structure was analyzed based on the coupled-mode theory,
FP interference theory, and MPs capacitance-inductance
equivalent circuit model. Then, the spectral emittance of
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the emitter was adjusted to better match the InGaAsSb cell by
optimizing the structure radius, period, number of layer
pairs, etc. Finally, to evaluate the optical performance of
the emitter, the directional spectral emittance of the TPV
emitter was calculated and analyzed.

2 Model design and numerical
simulation methods

2.1 Model design

Figure 1 shows a schematic diagram of the two-dimensional
layered periodic array cavity structure, which mainly consists of a
one-dimensional laminar photonic crystal and a two-
dimensional cylindrical cavity array. The structural substrate
is a metal layer (~5um), which is thick enough to suppress
the infrared radiation transmission. The dielectric and metal
layers are alternately stacked on the substrate, and their
thicknesses are denoted as dp and d,; respectively. For
convenience, a single metal layer and a dielectric layer are
referred to as a layer-pair (LP). The cavity array has the same
period of a in both x and y directions. The cavity depth, radius,
and refractive index are set as h, r, and n,, respectively. In
addition, to obtain the spectral emittance of the structure, the
wave vector (k;,.) is introduced, which represents a planar
electromagnetic wave at the wavelength of A incident on the
structure at the incident angle (), azimuth angle (¢) and
polarization angle (y). Here, y = 0° and y = 90° represent TM
and TE waves, respectively. It is known from the literature
(Zhang, 2007) that the spectral emittance of the symmetric
surface is independent of the azimuthal angle. Thus, the
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azimuthal angle (¢) is set to 0° in this work to simplify the
calculation.

Because the operating temperature of the emitter is usually in
the range of 1,000-2000 K, it is necessary to choose the refractory
materials for the emitter design. Mo exhibits an inherent spectral
selectivity with in-band absorption and has a high melting point,
making it a good candidate for the metal layer of the TPV emitter.
In addition, HfO, also has a high melting point and has a similar
coefficient of thermal expansion (5.97 x 10° K ™) to that (5.45 x
107°K™") of Mo at 1500 K, respectively (Zhang et al., 2022). Thus,
Mo and HfO, were selected as the metal and dielectric layer
materials, respectively. Their optical constants can be obtained
from the literature (Palik, 1998).

2.2 Numerical simulation method—-FDTD
theoretical calculation

In this work, the thermal radiation properties of the structure
are calculated by solving the system of Maxwell’s equations using
the FDTD algorithm. The method has been widely used in the
calculation of the electromagnetic field of the radiator, which
generates Maxwell’s spinor equations as a discrete matrix
equation of the electromagnetic field, and the differential form
of Maxwell’s equations can be expressed as (Yang et al., 2017):

VXE:—a—B
ot
V><H:I+a—D 1)
ot
V.-B=0
V-D=p

where E, H, D, B, ], and p are the electric field strength vector,
magnetic field strength vector, potential shift vector, magnetic
induction strength vector, current density vector, and charge
density, respectively. There is an intrinsic structure relationship
between the above values:

{D:SE @

B=uH

where ¢ and yp are the dielectric constant and magnetic
permeability, respectively.

In this work, the Periodic Boundary Condition (PBC) is
adopted in the x and y directions for normal incidence.
However, the Bloch boundary condition is applied for the
oblique incidence, which is a general case of PBC and more
applicable to the case of the oblique incidence. Using the
above boundary conditions, a cell can be analyzed. Because the
x and y directions have the same structure, the PBC can be
transformed into a time-domain form by considering the
periodic structure in the one-dimensional case in the x and
z directions:
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P(x+a,z1t) :P(x,z,t—i> (3)

Vs
where P is a component of the electromagnetic field component
in the frequency domain, a is the period length, v4. = ¢/sinf is the
phase velocity (in the x direction), ¢ is the speed of light, and 0 is
the angle of incidence. Using the Perfectly Matched Layer (PML)
boundary condition in the z-direction to keep no reflections on
the boundary, the wave impedance of the PML cutoff can be

written as:
Zow = Zo = \Ho/0 (4)
The final matching condition is obtained as:
e 5)

where 0,, is the magnetic permeability in the PML medium, o is
the electrical conductivity, and p, and ¢, are the magnetic
of the
respectively. On the basis of the control equations and

permeability and dielectric constant vacuum,
boundary conditions, the equations are discretized according
to the Yee algorithm. The FDTD method can be adopted to solve
the electromagnetic field of the whole space step by step when the
initial values and boundary conditions of the electromagnetic
field problem are given.

The incident light in this work is a plane wave of Bloch/
periodic type, with the direction of incidence downward along
the z-direction. To optimize the calculation time and to ensure
accuracy, at least 10 cells per wavelength and appropriate time
steps are needed. The grid size can be determined by the lower
limit of the studied spectral range (d,,.s» < A/10n, where # is the
refractive index of each layer in the cell) (Mandal, 2021). The
reflectance [R (A, T, 6, y)] and transmittance [7 (A, T, 6, y)] of the
the calculated.
Furthermore, according to the radiative properties of the

directional spectrum  of structure are
opaque medium, 7 (A, T, 6, y) = 0, the absorption of the

directional spectrum of the structure can be calculated as:

AT, 0,y)=1-R(LT,6,v) (6)

Finally, according to Kirchhoff’s law, the absorbance of the
structure directional spectrum is equal to the emittance:

ex(LT,6,v) = A(L,T, 6, ) ?)

2.3 Thermophotovoltaic emitter optical
performance evaluation

The optical performance of the emitter is evaluated based on
the spectral efficiency, which is the ratio of the amount of
radiation (Qg1<)g) less than the band gap of the TPV cell
(A<Ag) to the total amount (Q,) of radiation:
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oy = Q“g:” (®)

In this study, the InGaAsSb cell with a radiative convertible
band of 0.3-2.4 ym was adopted, and thus, /\g = 24um. In
addition, the emitter temperature is set to 1500 K. Notice that
97% of the blackbody radiation energy is concentrated in the
wavelength range of 0.3-10 ymat this temperature, this
wavelength range is adopted for calculation in this work. The
directional spectral efficiency was calculated to evaluate the
optical performance of a TPV emitter with a certain incidence:
[oamer (LT, 6,y)Er (1, THdA

| w’:fnfR (AT, 6,y)Ex, (A, T)dA

0.3,

Mo (0) = )

where ¢p (A, T, 6, ) is the directional spectral emittance as a
function of A, T, 0 and v, and E , ;, (A, T) is the blackbody spectral
intensity at temperature T:

27h ¢
N (exp[hyeo [ (AKT)]| - 1

Epy(LT) = (10)

where h,, is Planck’s constant, ¢, is the speed of light, and k is
Boltzmann’s constant.

3 Results and discussion

3.1 Selection of structural characteristics
parameters

To investigate the effect on the spectral tuning
performance after the composite nanocavity array of one-
stack the
field variation normal

dimensional layered structure, transient

electromagnetic and spectral
emittance of the composite structure were calculated using
FDTD numerical simulation. First, the layered structure
parameters are selected, and according to the results of the
literature (Blandre et al., 2018), the one-dimensional emitter
matches better with the TPV cell when dy; = 10 nm and dp =
80 nm. Therefore, the thicknesses of the Mo and HfO, layer
are set as 10 nm and 80 nm for initial calculation, respectively.
Second, to choose the parameters of the array cavity structure,
the waveband in which the cavity two-dimensional structure
resonates can be predicted based on the coupled-mode theory

(Ye et al,, 2015; Song et al., 2016; Jiang et al., 2021)

2
XB,,B,

r

ABmBan :ZﬂC\/HESC/ (11)
where B,,, B,, and B, are integers, and for TM mode, B, =0,
Xsmpn denotes the B, th root of the first class of B,, order Bessel
functions, B,, = 0, B,, = 1, xo; = 2.4048; while for TE mode, B,=1,
XBmBn 18 replaced by X’g,up,, which is the B, th root of the first
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FIGURE 2

When other parameters are fixed (LP = 10, dy = 10 nm, dp =

80 nm, h = 900 nm (90*10), n. = 1), the comparison of spectral
emittance for radius and period changes (r = 600 nm, a =

2000 nm, r=500 nm, a =1,200 nm, r =300 nm,a =700 nm,

r =100 nm, a = 300 nm and r = 60 nm, a = 200 nm)

class of B,,-order Bessel functions derivatives, B,, = 1, B,, = 1, and
X'11 = 1.8412. r is the cavity radius, / is the cavity depth, 4. and ¢,
are the magnetic permeability and dielectric constant of the
cavity medium, respectively, and ¢ is the speed of light.

Based on Eq. 11, the cutoff wavelength of CRs can be
predicted when the radius and depth of the array cavity are
given. We took r = 600 nm, a = 2000 nm, and & = 900 nm based
on the results of the literature (Ye et al., 2015), and the cutoff
wavelength of CRs at this parameter is predicted to be
approximately 2 ym. When h = 900nm, the LP of the
structure should be 10 [i.e., (80 + 10) x 10 = 900]. Thus, we
calculated the spectral emittance for the geometric feature
parameters LP = 10, dy; = 10 nm, dp = 80 nm, r = 600 nm,
a =2000 nm, h =900 nm, and n, = 1, as shown in Figure 2. It can
be seen that the structure forms multiple resonant emission peaks
in the wavelength range of 0.3-5 ym. Nonetheless, such spectral
performance is not applicable to the design requirements of TPV
emitters. As shown by the results of the literature (Mandal, 2021),
for plasmonic multilayer hypersurfaces containing nano-
cylindrical cavities, when multiple standing waves appear in
the electromagnetic field inside the array cavity, multiband
absorption is caused by the interaction of SPPs\CRs and MPs.

On this basis, we consider reducing the array cavity radius
until no multi-band absorption occurs in the 0.3-10 ym band. In
addition, due to the results of the literature (Chou et al., 2014), for
two-dimensional structured emitters obtaining better spectral
performance, the period should ideally be only slightly larger
than the diameter. Therefore, we reduced the radius from 600 nm
to 60 nm, and its period is only slightly larger than the diameter
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Comparison of spectral emittance of one-dimensional
structures (LP = 10, dy = 10 nm, dp = 80 nm), two-dimensional
array cavity structures (r = 60 nm, a = 200 nm, h = 900nm, n. =
land r = 600 nm, a = 1,300 nm, h = 900nm, n. = 1) and
composite structures (LP =10, dy =10 nm, dp =80 nm, r = 60 nm,
a =200 nm, h =900 nm, n. = 1).

until we found a more suitable geometry for the TPV emitter.
Figure 2 shows the spectral emittance when the other parameters
are consistent (LP = 10, dy; = 10 nm, dp = 80 nm, h = 900 nm
(90 x 10), n. = 1) and the radius r decreases gradually and the
period is only slightly larger than the diameter (Chou et al., 2014)
(r =600 nm, a = 2000 nm, = 500 nm, a = 1,200 nm, r = 300 nm,
a =700 nm, r = 100 nm, a = 300 nm and r = 60 nm, a = 200 nm).
As can be seen, the spectral emission characteristics of the
structure meet the design requirements of the TPV emitter
when the radius is less than 300 nm. The composite structure
array holes can be fabricated by nanoimprinting technology
(Sakakibara et al, 2019), and the accuracy of current
nanoimprinting technology can reach 15nm. As a result, we
choose r = 60 nm and a = 200 nm as typical structure parameters
for the research.

3.2 Main emission mechanisms of the
structure: The effect of cavity resonances,
fabry-Pérot resonances, magnetic
polaritons

To explore the effect of the Mo-HfO, based multilayer stack
structure after combining array cavity on the spectral modulation
performance. We calculated and compared the normal spectral
emittance of the one-dimensional structure, two-dimensional
array cavity structure, and composite structure using FDTD,
respectively. And the results are shown in Figure 3, where the
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geometrical characteristics of the one-dimensional structure are
LP =10, dy; = 10 nm, dp = 80 nm; the two-dimensional structure
uses Mo substrate and the structural parameters are r = 60 nm,
a =200 nm, h = 900 nm, n, = 1. Other than that, to verify the
validity of the prediction of the coupled-mode theory for the two-
dimensional cavity structure, the normal spectral emittance of
the two-dimensional Mo photonic crystal with structural
parameters of r = 600 nm, a = 2000 nm, 4 = 900 nm, and
n, = 1, was also calculated. The structural parameters of the
composite structure are the typical structural parameters selected
above (LP = 10, dj; = 10 nm, dp = 80 nm, & = 900 nm (90 x 10),
n. =1, r = 60 nm, a = 200 nm).

It can be seen from Figure 3 that in the radiation convertible
band (0.3-2.4 ym) of the InGaAsSb cell, the emission bandwidth
can be broadened after the layered stack structure composite
nanoarray cavity, and the spectral emittance in the range of
0.4-1.6 um is greater than 0.95. The spectral high emission
bandwidth is 42% wider than that of the one-dimensional
structure. Widening the emission bandwidth of the TPV
emitter can simultaneously increase the short-circuit current
and open-circuit voltage of the TPV cell, which can improve
the power output density of the system (Papadakis et al., 2020). In
addition, the literature (Bani et al, 2018) investigated the
variation of the forbidden bandwidth of the cell with
temperature and found that the cutoff wavelength of the cell
increases with temperature within 290-340 K, which also
indicates the necessity of widening the emission bandwidth of
the emitter. Observing Figure 3, it is found that the spectral
emittance of the composite structure is also increased in the non-
convertible waveband (2.4-10 ym) of the InGaAsSb cell, which is
consistent with the previous report in the literature (Molesky
etal,, 2013; Dyachenko et al.,, 2016). It can be mainly attributed to
the fact that the multilayer structure shows non-resonant
emission in the long wavelength band. This is supported by
the fact that the 2D structure does not have a multilayer structure,
and therefore, it has a lower spectral emittance in the 2.4-10 ym
range.

The spectral modulation performance of the stacked
structure can be calculated and analyzed by the FP
interference effect theory. Meanwhile, the non-composite
cavity region of the proposed structure can be regarded as a
one-dimensional structure. According to the results of the
literature (Blandre et al,, 2018), it is calculated that when the
structural parameters of the layered structure are d; = 10 nm and
dp = 80 nm, it produces two interference resonance peaks at A =
0.5382 ym and A = 1.1636 ym. Numerical simulations using
FDTD reveal that the emission spectra can produce resonance
peaks at A = 0.5831 ym and A = 1.1647 ym, and the numerical
simulation results are in agreement with the theoretical results.
This indicates that one of the reasons for the emission resonance
of the composite structure is the FP interference effect.

In addition, the cutoff wavelengths of the corresponding emitting
CRs are 0.1568 ym and 1.5661 ym for the two-dimensional cavity
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FIGURE 4
(A)Spectral emittance at 0.1-5 ym with structural parameters of LP = 10
its normalized electromagnetic fields at A = 150 nm.

structure r = 60 nm and r = 600 nm as predicted by Eq. 11. It can be
observed from Figure 3 that the resonance cutoff wavelength is in
better agreement with the predicted results when r = 600 nm, whereas
A =0.1568 ym is not in the studied band when r = 60 nm. Therefore,
the multiple resonance peak excitation does not appear in Figure 3. To
verify whether the proposed composite structure is consistent with the
prediction of the coupled-mode theory, we use FDTD to calculate the
normal spectral emittance and its normalized electromagnetic field
diagram at A = 150 nm in the 0.1-5 ym band with the structural
parameters LP = 10, r = 60 nm, a = 200 nm, dj; = 10 nm, dp = 80 nm,
and /& = 900 nm, as shown in Figure 4. Also, the enlarged maps of the
emittance from 0.1 to 0.3 ym are illustrated in Figure 4A. It can be
seen that the structure exhibits CRs at A = 150 nm as predicted by Eq.
11, and multiple resonance peaks in the spectral emittance can be seen
in the wavelength range of 0.1-0.3 ym in the embedded image in
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Figure 4A. The strong electric field confinement in the array cavity
with multiple standing waves can also be seen in the normalized
electromagnetic field map in Figures 4B,C, which is consistent with the
appearance of CRs in the literature (Ye et al,, 2015), indicating that the
coupling mode theory is still applicable for the composite structure,
which resonates with the appearance of CRes.

Notably, as shown in Figure 3, the spectral emission
bandwidth of the composite structure is broadened compared
to that of the one-dimensional structure. To deeply explore the
reasons for this phenomenon, it is necessary to understand the
reasons for the resonant emission of the composite structure in
the wave band of 0.3-2.4 ym. Therefore, we calculated the
normalized electromagnetic field cloud at Az; = 554 nm, Ag, =
947 nm, Agz = 1291 nm, A, = 1392 nm, and Ags; = 1622 nm, as
shown in Figures 5A-]. First, it can be seen that in the band where
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Composite structure of LP =10, r =60 nm, a = 200 nm, dy = 10 nm, dp = 80 nm, h =900 nm, and normalized electromagnetic field distribution
clouds at Ag; = 554 nm, Az = 947 nm, Agz = 1,291 nm, Aps = 1,392 nm, Ags = 1,622 nm, where (A,C,E,G,l) are electric field maps (B,D,F,H,J) are

magnetic field maps.

both the composite and one-dimensional structures exhibit
high emission (0.46-1.30 ym), and strong electric field
confinement can be found on the surface of the composite
structure from Figures 5A,C,E. Due to the cavities, the electric
field intensity of the array cavities at Az, = 947 nm and Ag; =
1,291 nm is higher than that of the layered structure in the
non-composite cavity region. It is indicated that the CRs
generated by the incident wave at the cavity surface is
already stronger than the FP resonance generated at the
non-cavity surface at this time. The reason why the
incident wave resonates only on the surface of the structure
is that for two-dimensional microcavity structures, the band
in which the strong intracavity resonance is generated is
determined by the physical properties of the structure. The
cut-off wavelength of the composite structure for the strong
intracavity resonance is at A = 0.1568 ym, and photons with
wavelengths beyond this cut-off wavelength can no longer
enter the cavity to form standing waves for multiple
resonances, but only resonate with the structure surface
(Celanovic et al,, 2008). Moreover, it is observed from
Figure 3 that in the band where both the composite and 1D
structures are in high emission (0.46-1.30 um), the spectral
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emittance of the composite structure is also higher than that of
the 1D structure, which is attributed to the combined effect of
FP resonance and CRs to increase the spectral emission of the
structure. Furthermore, as shown in observing Figure 3, it can
be seen that the spectral emittance of the one-dimensional
structure at Ag, and Ags is already below 0.7, while the spectral
emittance of the composite structure is still close to 1. As can
be seen in Figures 5G,I, due to the appearance of the array
cavity, the incident wave interacts with the resonant cavity,
leading to that the electric field in the cavity appears to be
strongly confined and the resonance effect brought by the
cavity remains in 1.30-1.62 ym, which results in the emission
enhancement.

According to previous reports (Zhang et al., 2011; Song
et al,, 2015), the proposed structural properties excite MPs.
MPs are resonances resulting from the coupling of magnetic
oscillations on the material surface with incident waves, which
mainly depend on the plasma properties and geometrical
characteristic parameters of the material (Chen et al,
2011). However, the key factors for the interaction of the
incident waves with the structure are the dielectric constant
and the magnetic permeability of the medium. The MP
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resonance location can be predicted by the equivalent LC-
circuit model (Zhang et al., 2011), which takes the Mo-HfO,-
Mo triple-layered structure according to the geometric model
schematic in Figure 1. The equivalent LC circuit diagram was
drawn, as shown in Figure 6. Ly = 0.540dy indicates the
inductance of the dielectric layer separating the two metal
layers. C. = eodp (a/2-r)/(a/2+r) is the capacitance of the
adjacent upper and lower metals in the x and y directions of
the cavity gap, and the capacitance of the separated parallel
metal layers is Cy; = c;e4¢9 (a/2)?/dy, where ¢; = 0.22 is the
numerical factor of the inhomogeneous distribution of the
intercavity charge (Khorrami and Fathi, 2019). Due to the
nanoscale effect, the presence of drifting electrons in the metal
plate affects the total inductance, and thus, the inductance L,
= —1/w’hegeqe ) can be adopted to explain the effect of drifting
electrons, where w is the frequency and ey is the metal
the the
alternating electric field penetrating the metal comes from

dielectric function. Because distribution of
different sources, the induced current is also distributed in an
effective area inside the metal layer. h.ys is the effective
thickness, when 6< dy, hef = §, otherwise § = d,;, where
0 = M4nk is the energy penetration depth and «x is the
extinction coefficient of the metal. According to the
capacitance-inductance theory model, assuming that Im
(Zir) = 0, the MP resonant frequency of the structure can

be predicted by Eq. 12.

sz\

The calculation results from Eq. 12 show that the structure
can exhibit MPs near A = 0.3 yum when dj; = 10 nm and dp =

6C. +3Cy — \/4c; +9C2, +4C,,C,

12
4C§ (LM + Le) + 4CMCC (LM + Le) ( )

80 nm. From Figure 3, it can be seen that the composite structure
has an emission peak near 0.3 um and the magnetic field
confinement is observed from the magnetic field diagram in
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Figure 5B, and thus, the composite structure produces resonant
emission due to the excitation of MPs as well.

To sum up, the spectral emission bandwidth of the
stack
structure is wider than that of the layered structure, which

composite array cavity based on the layered

is beneficial to improving the output power and efficiency of
the system. However, due to the appearance of the array
cavity, electromagnetic waves enter the cavity to interact
with the layered structure and generate magnetic field
confinement with the structure. This phenomenon can
increase emittance in the convertible waveband of the
TPV cell, leading to a negative impact on the TPV system
efficiency. The cavity resonance of the structure is still in line
with the prediction of the coupled-mode theory. The
intracavity cavity resonance of the structure remains in
accordance with the prediction of the coupled-mode
theory. The incident wave, after exceeding the cutoff
wavelength predicted by coupled-mode theory, does not
enter the cavity to generate standing waves to form
multiple resonance peaks. Instead, the incident wave
forms resonances on the surface of the structure cavity,
generating strong electric field confinement and thus
increasing the spectral emittance. Hence, the resonant
emission of the composite structure in the 0.3-2.4 ym
band is due to the combined effect of MPs, CRs, and FP
interference effects. MPs have limited contribution to the
high emission produced by the structure at 0.3-2.4 ym due to
the weak magnetic field confinement. The CRs generated in
the cavity of the structure surface and the FP resonance effect
generated in the non-cavity region jointly affect the spectral
emission characteristics of the structure, and increase the
spectral emission rate in the band in the wavelength range of
0.46-1.30 ym. In the wavelength range of 1.3-1.62 ym, the
CRs effect does not disappear, and thus, the spectral emission
bandwidth is broadened by the CRs and FP resonance effects.
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80 nm,n.=1),LP=5,6,7, 8,9, 10 (B) Variation of structural spectral emittance with wavelength (dy = 10 nm, dp = 80 nm) of one-dimensional

photonic crystal for different Layer-pairs (LP = 5, 6, 7, 8, 9, 10).

3.3 Influence of geometric feature
parameters on spectral tuning
performance

3.3.1 Influence of structural layer-pairs

To investigate the effect of different LP (Layer-Pairs, LP)
on the optical performance of TPV emitter, the other
parameters (r = 60nm, a = 200nm, dy = 10nm, dp =
80nm, n, = 1) based on typical structural characteristic
parameters were fixed, and six different layer-pairs, LP = 5,
6, 7, 8, 9, 10, respectively, were analyzed. Thus, the cavity
depths are 450 nm, 540 nm, 630 nm, 720 nm, 810 nm, and
900 nm, respectively. The effect of LP on the normal
emittance of the emitter spectrum was analyzed, and the
calculated results are shown in Figure 7. According to Eq.
11, the cutoff wavelength of the cavity resonance mode
increases with the increase of the cavity depth. As the
number of layer pairs increases, the depth of the structural
cavity increases with the cutoff wavelength of its spectral
emittance. However, it is noteworthy that the cut-off
wavelength of the structure spectral emittance no longer
changes significantly with increasing cavity depth after the
LP is greater than 7 (h = 630 nm). This coincides with the
results of the above analysis that cavity resonance occurs only
at the surface of the structure. To observe the effect of the array
cavity on the spectral emittance of the composite structure

obviously, the spectral emittance of the one-dimensional
layered structure with different LP as a function of
wavelength was calculated. The results are shown in
Figure 7B, where dy; = 10 nm, dp = 80 nm. It can be seen
that the spectral emittance of the one-dimensional structure
does not vary much, while for the structure of the composite
cavity array, changing the number of layer pairs can modulate
the spectral emission characteristics of the structure.

In addition, based on the TPV emitter optical performance
evaluation model Eqs 8-10, the normal spectral efficiency at
different LPs was calculated, and the results are shown in Table 1.
As can be seen, the spectral efficiency does not vary linearly with
the emission cutoff wavelength. The main reason is that when the
emission bandwidth of the convertible band of the cell increases,
the emittance of the non-convertible band also increases,
resulting in the improvement in the spectral efficiency by the
broadened emission bandwidth being canceled out.

3.3.2 Influence of nanoarray cavity radius
According to the coupled-mode theory, the cutoff
wavelength of CRs is affected by r and h. The effect of h is
discussed above, and the effect of r on CRs will be analyzed
below. Similarly, the spectral emittance of the array cavity
radius r = 20 nm, 40 nm, 60 nm, 80 nm, 90 nm, and 100 nm
was calculated based on typical structural feature parameters,
fixing other parameters (a = 200 nm, dy; = 10 nm, dp = 80 nm,

TABLE 1 Normal spectral efficiency corresponding to different layer logarithms (LP = 5, 6, 7, 8, 9, 10).

Layer-Pairs 5 (%) 6 (%)

Spectral efficiency 81.85 81.96
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(A) Variation of structural spectral emittance with radius (r =

20 nm, 40 nm, 60 nm, 80 nm, 90 nm, and 100 nm) for fixed other
parameters of the composite structure (@ = 200 nm, dy = 10 nm,
dp =80 nm, n. =1, h = 900 nm). Normalized

electromagnetic field clouds of the composite structure at A =
6 um for r = 20 nm (B) electric field (C) magnetic fields and r =
90 nm (D) electric field (E) magnetic fields.

n. =1, h =900 nm), as shown in Figure 8A. It can be seen that
the cut-off wavelength of emittance increases with increasing
radius in the radiative convertible band of InGaAsSb cells.
This result is consistent with the expression of Eq. 11,
i.e., when the cavity depth is fixed, the cutoff wavelength
increases with the increase of the radius. In the radiation non-
convertible band of InGaAsSb cells, the spectral emittance
also increases with increasing radius, and the average
emittance in the non-convertible band is 0.085 when r =
20 nm and reaches 0.295 when r = 100 nm. To investigate
the reason for the increase of spectral emittance with
the band, the
normalized electromagnetic fields at A = 6um were

increasing radius in non-convertible

calculated for r = 20nm and r = 90 nm, respectively, as
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Variation of structure spectral emittance with period (a =

120 nm, 130 nm, 150 nm, 200 nm, 250 nm, 300 nm) for fixed
composite structure with other parameters (r = 60 nm, dy =
10 nm, dp = 80 nm, nc = 1, LP =10, h = 900 nm).

shown in Figures 8B-E. It can be seen that the electric field
diagrams are almost identical in the unconvertible band when
the array cavity radius increases (as shown in Figures 8B,D). It
is found that more magnetic confinement appears in the
magnetic field diagram when r = 90 nm (Figure 8E), which
is mainly due to the fact that more incident waves enter the
array cavity to interact with the structure when the radius
getting larger, leading to more magnetic confinement within
the layered structure in the non-composite array cavity region
of the structure.

As in the above method, we calculated the spectral efficiency
corresponding to different radii, as shown in Table 2. The
spectral efficiency of the emitter is lower for a larger cavity
radius, which can be attributed to the CRs on the surface of the
composite structure. The spectral emission bandwidth increases
with the rise of the radius, and the structure is converted from a
narrowband emitter to a broadband emitter. However, the
spectral efficiency of the broadband emitter can be lower than
that of the narrowband emitter (Sakakibara et al., 2019). In the
non-convertible band, the incident wave is also more likely to
enter the resonant cavity for interaction due to the increased
radius. Consequently, the spectral emittance increases due to the
magnetic field confinement between the layers of the stack
structure, whereas the increased emissivity in the non-
conversion band can also reduce the spectral efficiency of the
TPV emitter. Therefore, it can be found that when the one- and
two-dimensional structures are compounded, the emitter
broadband, which is
characterized by a higher power output density but a lower

changes from narrow-band to

spectral efficiency (Burger et al., 2020).
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TABLE 2 Normal spectral efficiency corresponding to different radii (r = 20 nm, 40 nm, 60 nm, 80 nm, 90 nm and 100 nm).

Radius (nm) 20 (%) 40 (%)

Spectral efficiency 83.62 83.05

TABLE 3 Normal spectral efficiency corresponding to different periods (a = 120 nm, 130 nm, 150 nm, 200 nm, 250 nm, 300 nm).

Period (nm) 120 (%) 130 (%)

Spectral efficiency 72.27 74.87

3.3.3 Influence of nanoarray cavity period

From Eq. 11, the CRs are affected by the depth and radius of
the array cavity for two-dimensional photonic crystals, but the
effect of the period on the spectral emittance of the structure is
not discussed in the equation. To investigate the effect of the
period of the array cavity, other structural characteristic
parameters (r = 60 nm, dy; = 10nm, dp = 80 nm, n. = 1,
LP = 10, h = 900 nm) were fixed, and the structural spectral
120 nm, 130 nm,
150 nm, 200 nm, 250 nm, and 300 nm, as shown in Figure 9.

emittance was calculated for periods a =

As can be seen, the emitter emission bandwidth decreases as the
period increases. In the convertible band, the radiation of the
emitter increases with the decrease of the period of the array
cavity. It can be found that the role played by the cavity on the
structure incident waves is weakening due to the fact that the
larger the period, the less the array cavity per unit area.
Accordingly, the spectral emittance of a structure with a
larger period is close to that of a one-dimensional structure.
Table 3 shows the spectral efficiency corresponding to
different periods. It can be seen that the spectral efficiency
increases as the period increases. The reason is that the larger
the period is, the closer the emission characteristics of the
the
characteristics of the one-dimensional structure. According to

composite structure are to narrow-band emission
the literature (Sakakibara et al., 2019), narrow-band emitters can
improve spectral efficiency, whereas broadband emitters can
produce higher output electric power density.

In summary, the emission spectrum of the emitter can be
effectively tuned by changing the geometrical characteristics
parameters, such as the number of layer-pairs, the radius, and
the period of the array cavity. As the number of layer pairs
increases, the emission cut-off wavelength of the emitter
increases. However, because the CRs of the structure occurs
only on the surface, the spectral emittance no longer changes

significantly when the number of layer pairs is larger than 7.
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60 (%) 80 (%) 90 (%) 100 (%)
80.92 78.89 77.92 71.20
150 (%) 200 (%) 250 (%) 300 (%)
79.53 80.92 82.77 83.13
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As the radius increases, the cutoff wavelength increases, as
well as the average emittance in the non-convertible band.
With the increase of the period, the spectral emission
characteristics of the composite structure are similar to
those of the one-dimensional layered structure. The reason
is that the larger the period is, the fewer the array cavities in
the unit area are, and thus, the effect on the spectral emission
of the structure is weakened.

3.4 Wide-angle adaptability of the
composite structure

Through the above analysis, it can be found that the core
parameters affecting the spectral emittance of the composite
structure are the number of layer pairs, and the radius and
period of the array cavity. To match the InGaAsSb cell, we
take the structure parameters as LP = 10, r = 60 nm, a =
150 nm, dj; = 10 nm, dp = 80 nm, and n. = 1. Angular control
is also an aspect of emitter spectral tuning to ensure spectral
control at all angles (incidence angle 6, azimuth angle ¢,
polarization angle ), and the emitter needs to accept
photons over a wide range of angles (Sakakibara et al,
2019). To explore the angular control stability of the
composite structure emitter under different incidence
angles and polarization methods, the directional spectral
emittance was calculated for incidence angles 8 = 0° and
0 = 50° when the incident waves were TE and TM polarized,
respectively, as shown in Figure 10.

To compare the wide-angle stability of the composite
structure at a large-angle oblique incidence of the incident
wave, the variation of the structure spectral emittance with the
incident angle for the one-dimensional structure (dy,; = 10 nm,
dp = 80nm) and the two-dimensional Mo structure (r =
60 nm, 150 nm, h = 1) with TM

a = 900 nm, n, =
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(B) TE polarization, respectively.

polarization and TE polarization were calculated, as shown in
Figures 11, 12. Regarding the one-dimensional structure, in
the convertible band of the cell, when the incident wave is TM
polarized, it can maintain high emission at 6 < 50°, and the
emittance of its high emission band is all greater than 0.95.
When TE polarized, the emittance decreases with increasing
the incident angle, and the average emittance of the emission
band drops to 0.8 at 6 = 50°; while in the non-convertible band
of the TPV cell, the spectral emittance increases with
increasing the incident angle. For the two-dimensional Mo
structure, the spectral emittance increases with increasing
incidence angle when the TM wave is incident in the
convertible ban, and decreases with increasing incidence
angle when the TE is polarized; in the non-convertible
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band of the cell, the spectral emittance increases with
increasing incidence angle for both TE and TM wave
incidence. It is worth noting that, in combination with
Figures 10-12, it can be seen that the spectral emittance in
the unconvertible band radiation increases with the increase of
the incident angle, regardless of the structure and the
polarization mode. The main reason is that at wavelengths
greater than the emission cutoff wavelength, and the emitter
does not resonate with the incident wave, at which point the
electromagnetic properties of the material itself are represented.
Therefore, as the incident angle gets closer to the Brewster angle
(=70°), the lower the reflectivity of the incident wave through
the dielectric, leading to an increase in spectral emittance,
which is consistent with Brewster angle theory (Chubb, 2007).
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With other parameters fixed (LP = 10, h = 900 nm, r = 60 nm,

a = 150 nm, dy = 10 nm, dp = 80 nm), the spectral emittance of
the structure varies with the filling medium (W, SiO,, Al,Os and Air).

The main reason for the attenuation of the spectral
performance of the 2D structured emitters at oblique
incidence is that the obliquely incident light is not effectively
coupled into the cavity mode, which results in diffraction loss
from the structure. Diffraction loss allows free space radiation to
be reflected into unwanted diffraction channels. Therefore, to
further enhance the wide-angle adaptation of composite
structures containing cavity arrays, it is necessary to analyze
the effect of diffraction modes on the emittance of photonic
crystals and avoid diffraction loss:

Frontiers in Energy Research

a(sinf@+sinf,)=mA,m=+1,+2,+3. ..

(13)

where a is the structure period, 6 is the plane wave incidence
angle, 0,, is the m th order diffraction angle. When the incident
wave is normal to incidence, 8 = 0° and a = mA, while for
obliquely incident electromagnetic waves, the m th order
diffraction can be determined by Eq. 14.

)

F 1 indicates that it is the opposite sign of . Combining Eqs 13,

0= sin_1</\—m ¥ (14)
a

14 yields that the closer the angle of incidence is to normal
incidence, the more likely it is that diffraction loss will be reduced
at a constant incident wavelength. Also, combined with Eq. 11, it
is known that when the incident angle deviates from the normal
direction, the array cavity period of a can be reduced in order to
avoid diffraction loss, and the cavity medium refractive index #,
can also be increased.

The effect of the array cavity period on the spectral
emission of the structure has been studied above. In the
following, the effect of the refractive index of the cavity
medium on the spectral emittance will be investigated.
Other parameters (LP = 10, h = 900 nm, r = 60 nm, a =
200 nm, da; = 10 nm, dp = 80 nm) are fixed and calculate the
spectral emittance when the array cavity filling medium is the
high temperature dispersion resistant material W, SiO,, Al,O5
and air, respectively, as shown in Figure 13. In the convertible
band, the emitting cut-off wavelength of the emitter increases
with the refractive index of the cavity-filling medium, and the
emittance does not change significantly after the broadening
of the emitting resonance band, the average emittance is
greater than 0.9, while in the non-convertible band the
little. This shows that the

emittance changes result
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TABLE 4 Spectral efficiency and rate of change of spectral efficiency of composite structure (Air filled and Al,Os filled), 1D structure and 2D structure
for incident wave TM and TE polarization with incidence angle 6 = 0° and 6 = 50°.

Structures TM polarization

0" (%) 50° (%)
Composite structure (Air filled) 81.00 63.96
Composite structure (Al,O; filled) 80.74 66.31
1D structure 83.93 71.84
2D structure 78.80 40.02

emission resonance is related to the filled cavity medium,
while in the long wavelength band non-resonant emission is
almost independent of the cavity medium, i.e., it is indicated
that the emission in the long wavelength band has a limited
relationship with the array cavity and is related to the layered
structure, which is consistent with the previously discussed
results. It is noteworthy that the filled medium is the spectral
modulation performance of W differs greatly from that of
SiO, and Al,O3, which is mainly caused by the difference in
their optical constants. When the cavity of the two-
dimensional structure is filled with a material with a larger
refractive index and better thermal stability, the thermal
stability and spectral performance of the emitter can be
enhanced (Sakakibara et al., 2018). Thus, we compared
spectral emittance when the incident wave TM and TE are
polarized and the array cavity filling media are air and Al,O;
for the incident angle 6 = 0° and 6 = 50°, as shown in Figure 10.
To observe the wide-angle stability of the composite structure
array cavity before and after filling with AL,O; more
intuitively, the efficiency of the orientation spectrum and
its rate of change for the incident wave TM and TE
polarization with the incident angle 8 = 0° and 6 = 50° were
calculated, as shown in Table 4. As can be seen, the change rate
of the spectral efficiency after filling the array cavity with
dielectric Al,O; is the lowest regardless of TM or TE
polarization, indicating that the wide-angle stability can be
improved after filling the array cavity with dielectric.

To visualize the wide-angle adaptation of the structures,
we calculated the spectral efficiency and the rate of change of
optical efficiency for the four structures at incident wave TM
and TE polarization with an incidence angle of 0° and 50°,
respectively. The calculated results are shown in Table 4. The
four structures are composite structure with an air-filled
cavity, composite structure with an Al,O;-filled cavity,
one-dimensional structure, and two-dimensional structure.
It can be seen that the composite structure of the array cavity
filled with Al,O3, maintains a low rate of change in spectral
efficiency (17.87% and 14.04%, respectively) for both TM
and TE polarization. The 1D structure also maintains good
wide-angle stability at TM polarization, whereas the TE
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TE polarization

Rate of 0° (%) 50° (%) Rate of
change (%) change (%)
21.04 81.00 60.35 25.49

17.87 80.74 69.40 14.04

14.40 83.93 49.69 40.68

49.21 78.80 3381 57.09

polarization spectral efficiency variability reaches 40.68%
with poor wide-angle stability. In contrast, the two-
dimensional structure achieves a spectral efficiency change
rate of 49.21% and 57.09% at incident wave TM and TE
polarization, respectively, almost losing the originally
designed spectral selective performance.

In summary, the 1D structure has better angular
adaptation performance and the 2D structure is more
The
structure can still maintain the spectral selectivity at 6 <
50° for the incident wave due to the combination of the
properties of the 1D and 2D structures, regardless of TM

prone to coupled mode resonance. composite

polarization or TE polarization. Other than that, this
structure still maintains high emission in the convertible
band of the cell. The array cavity of the structure is filled with
a high-temperature resistant dielectric to further enhance the
wide-angle stability of the emitter. The reason is that the
filled dielectric with high-temperature resistance reduces the
diffraction loss of the structure. In addition, the emitter does
not resonate with the incident wave at wavelengths greater
than the emission cutoff. In this case, it reflects the
electromagnetic properties of the material itself. Hence,
when the incident angle is closer to the Brewster angle (=
70°), the lower the reflectivity of the incident wave through
the dielectric, resulting in increased spectral emittance.

4 Conclusion

In this work, a multilayer Mo-HfO, emitter with a
composite array cavity structure was proposed, and its
emission mechanism and wide-angle adaptability for the
application of thermophotovoltaic emitter were deeply
analyzed. The origin of the selective emission for the
proposed emitter can be attributed to the integrated effect
of CRs, FP interference, and MPs. These effects can
contribute to increasing average emittance in the cell’s
convertible band as well as emission bandwidth. Thus, the
system performance can be improved, and the maximum
spectral efficiency of the emitter can reach 83.62%. The cut-
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off wavelength of the composite structured emitter can be
fine-tuned by changing the structural layer pairs, radius and
period. The cut-off wavelength of structural spectral
emittance increases with depth and radius, but decreases
with the period. In addition, the structure also exhibits wide-
angle adaptability as long as the emission angle is less
than 50°.

In conclusion, the combination of one- and two-
defects of

limited regulation of one-dimensional structures and poor

dimensional structures can circumvent the

wide-angle stability of two-dimensional, providing a novel
guideline for the design of spectrally selective TPV emitters.
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