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Abstract   
Optical filters with narrow transmission band above the bandgap of thermophotovoltaic (TPV) cells are not restrained by the 
rigorous thermal reliability as needed for the emitters. In this work, a novel metasurface filter made of an aluminum 
nanopillar (AlNP) array on a quartz substrate is proposed to achieve spectrally selective transmission above the bandgap of 
the TPV cell. Optical simulations using Finite-difference time-domain were carefully performed to determine the appropriate 
AlNP period, diameter, and height such that the resulting nanopillar array will show narrowband transmission at a wavelength 
of 1.9 μm, which is close to the bandgap of a commercial gallium antimonide (GaSb) TPV cell. The narrow-band transmission 
enhancement can be attributed to the magnetic polariton (MP) resonance between neighboring Al nanopillars. The MP 
mechanism is further confirmed by an inductor-capacitor circuit model and the effects of the nanopillars' period, diameter, 
height, as well as incidence angles were discussed. Moreover, open-circuit voltage, short-circuit current density, output 
electric power, and conversion efficiency were evaluated for the GaSb TPV cell coupled with the AlNP metasurface filter 
structure with enhanced TPV performance. 
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1. Introduction 
A thermophotovoltaic (TPV) device uses the photovoltaic 
effect to convert thermal infrared radiation from an emitter 
into electricity. The TPV system is composed of a thermal 
emitter, a selective filter, and a photovoltaic cell.[1] The 
temperature for the emitter ranges between 1000 and 2000 K 
which is usually optimal for a cell with a bandgap range of 
0.5-0.75 eV.[1,2] TPV energy conversion system allows 
recycling of waste heat and improves the thermal to electricity 
conversion efficiency.[3–6] Potential use of TPV systems 
includes nuclear power generation for space applications,[7] 
hybrid electric vehicles,[8] industrial and home power 
supplies,[9] waste heat recovery,[10] solar photovoltaic 
systems,[11] and portable electric generators.[12] 

 
 
 
 
 
 
 
 
 
 
 

The maximum theoretical efficiency of a TPV system is 
constrained by the radiative limit,[2,13] but practical TPV 
systems suffer from low output power generation and poor 
conversion efficiency partly due to the radiation spectrum 
mismatch between the thermal radiation spectrum of the 
emitter and absorption spectrum of the cell. In 2014, Fraas et 
al.[14] projected a TPV planar module performance for steel 
industry application at 1400 and 1500 K blackbody 
temperature with 20% efficiency and output power of 1.8 
W/cm2. Subsequently, a cell efficiency of 29% with an electric 
power of 1.5 W/cm2 for a single GaSb cell measured under 
1548 K glowing steel radiator temperature was reported.[14] 
Tan et al.[15] compared the performance of In0.53Ga0.47As and 
In0.68Ga0.32As and demonstrated that the cells obtained an 
efficiency of 16.4% and 19.1% at 1323 K blackbody 
temperature, respectively. Recent demonstrations show TPV 
cell efficiency ≥30% using two different cell materials, GaAs 
and InGaAs at emitter temperatures surpassing 1500 K.[16] The 
highest experimental conversion efficiency of more than 40% 
has been achieved with TPV systems consisting of two-
junction cells made of III-V materials with bandgaps between 
1.0 and 1.4 eV.[17] The cells exploited the edge-spectral 
filtering using highly reflective back surface reflectors to 
reject sub-bandgap radiation and were optimized for emitter  

ES Energy & Environment 

DOI: https://dx.doi.org/10.30919/esee999 

1 School for Engineering of Matter, Transport & Energy, Arizona 
State University, Tempe, AZ 85287, USA. 
2 The Polytechnic School, Arizona State University, Mesa, AZ 
85212, USA. 
3 University of Science and Technology of China, Anhui 230052, 
China. 
4 King Saud University, Riyadh 11451, Saudi Arabia. 
*Email: rrames14@asu.edu (R. Ramesh), Liping.Wang@asu.edu 
(L. Wang) 
 



Research article                                                                                                                                                                             ES Energy & Environment 

 

2 | ES Energy Environ., 2023, 22, 999                                                                                                                                       © Engineered Science Publisher LLC 2023 

temperatures of 1,900–2,400°C.  
To further improve the TPV performance, research has 

been done on designing selective emitters and optical filters. 
Broadband and selective emitters are the two most common 
types of emitters used in TPV applications. Broadband 
emitters follow Planck's law[18] and emit photons across a 
broad range of wavelengths whereas selective emitters are 
designed to emit photons within a certain wavelength range. 
Bendelela et al.[19] presented a TPV system with a 
metamaterial acting as the selective emitter. For a blackbody 
temperature of 1500 and 300 oC, a combination of 
InAs/GaInAsSb TPV tandem cell yielded theoretical 
conversion efficiencies of 41% and 11.82%, respectively.  
While recent advancements have focused on achieving 
spectrally selective thermal emitters using materials such as 
photonic crystals,[20] metamaterials, and multilayers,[21] it is 
worth noting that these materials can serve a dual purpose. 
They not only function as potential emitter materials but also 
play a crucial role as passive optical filters. This dual 
functionality is particularly relevant in increasing TPV 
efficiency. Another viable approach to enhance TPV 
efficiency is the use of wavelength-selective optical filters.[22] 
These filters work by reflecting photons below the bandgap 
while selectively transmitting photons above the bandgap into 
the TPV cell.[2] The incorporation of a selective filter into a 
TPV system provides a benefit over not using any filter at all, 
in terms of spectral shaping and control of the emitter's 
spectral output. Reducing extremely high energy photons to a 
range just above the TPV cell bandgap energy may minimize 
thermalization losses and therefore improve cell conversion 
efficiency.[2,23] Moreover, the temperature stability of material 
is of concern for selective emitters compared to selective 
filters that operate at lower temperatures. Selective filters also 
have an easier fabrication process than compared to selective 
cells making them the best choice for spectral control. A 
selective cell is a specialized type of photovoltaic device 
designed to efficiently convert thermal radiation, often in the 
form of infrared (IR) radiation, into electricity. The cells are 
engineered to operate in conjunction with a thermal emitter 
that provides the necessary thermal radiation. The 
distinguishing feature of these cells is their spectral selectivity, 
which means they selectively absorb and convert specific 
wavelengths of radiation while minimizing losses from non-
absorbed wavelengths. 

Selective filters improve TPV systems through spectral 
control of incident radiant energy. A lot of research has been 
done on the selective optical filter using various mechanisms 
such as the interference effect and surface polariton resonance 
(SP) modes to achieve superior spectral performance of TPV 
systems. Rahmlow et al. demonstrated a 70 % spectrally 
efficient tandem filter coupled with 0.6 eV InGaAs cell that 
had high transmission below the bandgap due to a highly 
doped epitaxially grown layer of InPAs layer.[24] A one 
dimensional (1D) 8-layer SiO2/Si nanostructure TPV selective 
filter showed a 95% transmission at a wavelength of 1.73 μm 

and reflected most of the radiated photons in the wavelength 
range from 1.73 to 3.9 μm.[25] A ten-layer quarter wave 
photonic crystal was designed and fabricated with 40% 
spectral efficiency for 1500 K blackbody emitter.[4] A recent 
study suggested the use of a 1D photonic crystal with a 
passband range of 991 nm to 1788 nm as a filter for a GaSb 
cell with a bandgap of 0.7 eV.[20] 

Metasurfaces offer a versatile platform for tailoring the 
behavior of light, and ongoing research continues to expand 
their applications in various domains of science and 
technology. Their ability to manipulate light in precise and 
controllable ways makes them a fascinating area of study with 
a wide range of practical uses. They have emerged as a 
transformative technology with broad-ranging applications 
including cryptography, information storage and security 
tagging.[26] These two-dimensional arrays of subwavelength 
structures offer precise control over light-matter interactions. 
In the realm of optics, they enable remarkable advancements, 
including polarization control and measurement.[27] 
Additionally, metasurfaces have found utility in nonlinear,[28] 
exemplifying their versatility in tailoring optical responses.[29] 
To gain a comprehensive understanding of metasurfaces and 
their potential, numerous review articles serve as valuable 
references.[30–32] In this research, we delve into the significance 
of metasurfaces in the development of advanced optical filters 
for Thermophotovoltaic (TPV) systems, highlighting their 
immense potential to enhance spectral control and system 
efficiency. 

In this work, we numerically design a selective 
metasurface filter made of aluminum nanopillar (AlNP) array 
on a quartz substrate to achieve spectrally selective 
transmission above the bandgap of the TPV cell and 
theoretically analyze its effect on the TPV performance. 
Aluminum metal is preferred for the nanopillar structure due 
to its low cost, good stability and resistance to oxidation, ease 
of deposition and low infrared absorption properties.[26,33] Full-
wave numerical simulations were performed to determine the 
appropriate nanopillar diameter, period, and height. An 
inductor–capacitor (LC) circuit model is used for verification 
of underlying physical mechanisms by comparison with 
numerical simulation. Furthermore, the incidence angle 
dependence on the transmission spectra and electromagnetic 
fields for elucidating the resonant transmission behavior of the 
nanopillar-based filter is investigated. By pairing the designed 
filter with a GaSb cell and a black emitter at 1000 K or higher, 
the TPV system performance is theoretically evaluated and 
compared to that without any filter and with ideal broadband 
and narrowband filters. Analysis of the TPV system indicates 
that the AlNP metasurface selective filter, when combined 
with a GaSb cell, has the potential to achieve a higher TPV 
system efficiency compared to the case of a system using a 
black emitter without any filter. Further optimization of the 
metasurface filter could push TPV efficiency closer to the 
ideal limit of 38% set by a narrowband filter. 
 



ES Energy & Environment                                                                                                                                                                      Research article 

© Engineered Science Publisher LLC 2023                                                                                                                                     ES Energy. Environ., 2023, 22, 999 | 3 

2. Theoretical Methods 
2.1 Selective metasurface filter design and simulation 
method 
The designed spectrally selective metasurface filter is made up 
of a vertically aligned subwavelength AlNP array coated on a 
quartz substrate as shown in Fig. 1(a). The nanopillar array 
period, diameter, and height are represented by the geometric 
parameters a, d, and h, respectively. The electric field and 
magnetic field directions of a transverse magnetic (TM or p-
polarized) wave at normal incidence are also depicted in the 
image by 𝐸̅ and 𝐻̅, respectively. Due to geometric symmetry, 
the optical response of the spectrally selective filter, such as 
spectral transmittance, will be the same under different 
polarized waves for normal incidence. 

The finite-difference time-domain (FDTD) technique 
(Lumerical Solutions, Inc.) was used to acquire the radiative 
characteristics of the proposed selective metasurface filter 
over a wavelength range of 0.4 μm to 4 μm using 300 data 
points with mesh size of 5 nm. Wavelength-dependent 
material properties were obtained from Palik data for 
aluminum and quartz.[34] A plane-wave source with a 0o 
polarization angle (TM wave) was incident onto a unit cell of 
the periodic metasurface filter. Bloch boundary conditions 
were specified on both the y and z directions to account for 
phase changes between different periods, while perfectly 
matched layers were set on the x direction to eliminate wave 
reflections from simulation domain borders. By numerically 
solving Maxwell’s equations, the reflection and transmission 
properties across the thin AlNP layer can be obtained from the 
FDTD simulations. The FDTD validation and convergence 
check are provided in the Supporting Materials.  

As the quartz substrate is thick and non-absorbing, ray-
tracing optics[35] was then used to calculate the reflectance and 
transmittance of the entire metasurface-on-quartz filter 
structure by incorporating those across the thin AlNP layer 
from the FDTD simulation as:  

𝑅𝑓𝑖𝑙𝑡𝑒𝑟 = 𝜌12 +
𝜌𝑠𝜏2𝜏12𝜏21

1−𝜌𝑠 𝜌21𝜏12𝜏21
                             (1) 

𝜏𝑓𝑖𝑙𝑡𝑒𝑟 =
𝜏12𝜏𝑠𝜏

1−𝜌𝑠 𝜌21𝜏12𝜏21
    &    𝑇𝑓𝑖𝑙𝑡𝑒𝑟 = |𝜏𝑓𝑖𝑙𝑡𝑒𝑟|

2       (2) 
where ρ12 or ρ23 refers to the reflectance of the nanopillar film 
structure for rays originating from air or the substrate; τ12 and 
τ21 are the corresponding transmittance as the wave 
propagation depicted in Fig. 1(b). Note that ρ12, ρ23, τ12 and τ21 
were numerically obtained from FDTD at given wavelength, 
angle of incidence and polarization. ρs and τs represent the 
reflectance and transmittance for rays originating from the 
quartz substrate to the air and can be calculated using the 
Fresnel coefficients for a single interface. The internal 
transmittance 𝜏 of the substrate is: 

𝜏 = 𝑒𝑥𝑝 (
−4𝜋𝑘𝑠𝑑𝑠

𝜆 𝑐𝑜𝑠 𝜃𝑠
)                                (3) 

where ks is the absorption coefficient of the substrate at the 
wavelength λ, ds is the thickness of the substrate, and qs is the 
refraction angle in the quartz substrate.  
 

2.2 Theoretical modeling of TPV system with selective 
filters 
A simple TPV system considered in this study consists of a 
black emitter, a spectrally selective optical filter and a GaSb 
cell as shown in Fig. 2(a). The GaSb cell has spectral 
absorptance 𝛼𝑐(𝜆) as shown in Fig. 2(b), where the cell has 
high absorptance near the bandgap of the cell (i.e., 1.9 μm).[1] 
The black emitter has unity emittance at all wavelengths as 
shown in Fig. 2(c). In this regard, the use of an optical filter 
becomes vital to improve the TPV system efficiency by 
transmitting only above-bandgap photons to the cell and 
reflecting below-bandgap photons for recycling. An ideal 
optical broadband filter transmits all the radiation above the 
bandgap of the TPV cell and reflects all the radiation below, 
where an ideal narrowband filter transmits photons within a 
narrow spectral range of λ1 to λ2 as shown in Fig. 2(d). The 
long cutoff wavelength λ2 is fixed at 1.9 μm corresponding to 
the GaSb cell bandgap whereas the variable short cutoff 
wavelength λ1 will be studied on how to impact the TPV 
system efficiency.  

 
Fig. 1 (a) Three-dimensional schematic of the proposed aluminum nanopillar (AlNP) metasurface filter on quartz substrate with wave 
propagation at normal incidence. (b) Two-dimensional schematic of the proposed AlNP metasurface filter structure on a thick quartz 
substrate with the wave propagation at oblique angles of incidence. 



Research article                                                                                                                                                                             ES Energy & Environment 

 

4 | ES Energy Environ., 2023, 22, 999                                                                                                                                       © Engineered Science Publisher LLC 2023 

 
Fig. 2 (a) Schematic of a simple TPV system consisting of an emitter, an optical filter, and a cell, (b) spectral absorptance of the 
GaSb cell, (c) spectral emittance of a black emitter, and (d) spectral transmittance of an ideal broadband filter and a narrowband filter 
to transmit the light with energy above the bandgap of the GaSb cell (i.e., 1.9 μm). 
 

The thermal-to-electricity energy conversion efficiency for 
a TPV system is defined as the ratio of the output electric 
power (Pe) to the total radiative heat flux incident (qin) on the 
TPV cell: 

𝜂𝑇𝑃𝑉 =
𝑃𝑒

𝑞𝑖𝑛
                                     (4) 

The total incident radiative heat flux qin on the TPV cell can 
be found from the spectral net radiative heat transfer between 
the emitter and the cell across the filter 𝑞𝑒−𝑐(𝜆) as 

𝑞𝑖𝑛 = ∫ 𝑞𝑒−𝑐(𝜆)𝑑𝜆
∞ 

0
= ∫

𝐸𝑏𝜆(𝑇𝑒)−𝐸𝑏𝜆(𝑇𝑐)
1

Ɛ𝜆,𝑒
+

1

Ɛ𝜆,𝑐
−1

∞ 

0
             (5) 

where subscripts e and c represent emitter and cell, 
respectively. Ɛ𝜆,𝑒 = 1  for the black emitter and Ɛ𝜆,𝑐 =
 𝜏𝑓𝑖𝑙𝑡𝑒𝑟 (𝜆)𝛼𝑐(𝜆) is the spectral emittance of the filtered cell, 
assuming that the optical filter absorbs negligible incoming 
radiation energy. The view factor between the emitter and the 
cell is assumed to be one here for simplicity and the emitter 
area and cell area are assumed to be equal. The emitter 
temperature Te is varied from 1000 to 2000 K, while the filter 
and cell temperatures Tc are assumed to be 300 K. The 
blackbody emissive power 𝐸𝑏𝜆(𝑇)  can be calculated by the 
Planck’s law for a given temperature T.[36] 

Considering the current–voltage diode characteristics, the 
maximum generated power density Pe (W/cm2) is calculated 
by:[37]    

𝑃𝑒 = 𝑉𝑂𝐶  𝐼𝑆𝐶 (1 −
1

𝑋
) (1 −

𝑙𝑛𝑋

𝑋
)  with  𝑋 = 𝑙𝑛 (

𝐼𝑆𝑐

𝐼0
)      (6) 

Note that ISC is the short-circuit current density (A/cm2) 
calculated by: 

𝐼𝑆𝐶 = ∫
𝑒𝜆

ℎ𝑐0

ℎ𝑐0
𝐸𝑔

0
𝛼𝑐(𝜆)𝜂𝑖(𝜆)𝑞𝑒−𝑐(𝜆)𝑑𝜆                   (7) 

where h is Planck’s constant, c0 is the speed of light in vacuum, 
e is the elementary electric charge, Eg is the bandgap of the 
GaSb cell (0.72 eV), ac(l) is the spectral absorptance of the 
GaSb cell, 𝜂𝑖(𝜆) is the internal quantum efficiency (IQE) of 
the GaSb TPV cell from Ref. [38]. 𝑉𝑂𝐶  is the open-circuit 
voltage, which can be found by:[39] 

𝑉𝑂𝐶 =  (
𝑘𝐵 𝑇𝑐

𝑒
) 𝑙𝑛  (

𝐼𝑠𝑐

𝐼0+1
)                               (8) 

where kB is the Boltzmann constant and Tc is the cell 
temperature (assumed to be 300 K). The dark current I0 can be 
calculated by:[40] 

𝐼0 =  𝑒 (
𝑛𝑖

2 𝐷ℎ

𝐿ℎ 𝑁𝐷
+

𝑛𝑖
2 𝐷𝑒

𝐿𝑒 𝑁𝐴
)                                 (9) 

where ni is the intrinsic carrier concentration of GaSb, ND and 
NA are respectively the donor concentration and acceptor 
concentration, Dh and De are respectively the hole diffusion 
coefficient and electron diffusion coefficient, and Lh and Le are 
respectively the hole and electron diffusion length.[41] The 
values used for ni, ND, NA, Dh, De, Lh and Le and the validation 
of the TPV system calculation are provided in the Supporting 
Materials.  
 
3. Results and Discussions 
3.1 Spectral radiative properties 
Figure 3 presents the calculated radiative properties of 
reflectance, transmittance and absorptance under normal 
incidence in the wavelengths from 0.4 to 10 μm for the 
proposed aluminum nanopillar metasurface filter on the 0.5-
mm-thick quartz substrate with base geometric values of pillar 
diameter d = 370 nm, period a = 450 nm, and height h = 700 
nm. Clearly, close to the GaSb cell bandgap around 1.9 mm, a  
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Fig. 3 Calculated spectral reflectance, transmittance, and 
absorptance of the selective AlNP metasurface filter on the 0.5-
mm-thick quartz substrate at normal incidence with nanopillar 
diameter d = 370 nm, period a = 450 nm and heigh h = 700 nm. 
 
major transmission peak with transmittance as high as 0.90 is 
observed, suggesting the desired filtering effect for the TPV 
cell. In addition, two minor transmittance peaks also occur 
around the wavelengths of 0.93 μm and 0.54 μm. Associated 
with the transmission peaks, suppressed reflection, and 
enhanced absorption can also be seen, indicating some 

resonance behaviors inside the metasurface structure for the 
unusual optical responses.  
 
3.2 Excitation of magnetic polariton 
To elucidate the resonance effect indicated by the spectra, the 
electromagnetic field distributions at resonance wavelengths 
of 1.9 μm, 0.93 μm, and 0.54 μm are plotted using FDTD as 
shown in Figs. 4(b), (c) and (d). The electric field vectors are 
represented by arrows, and the magnetic field normalized to 
the incident field as seen from the contour plots. The 
confinement of the magnetic energy between the nanopillars 
can be clearly seen from the field plots, whereas the electric 
field pointing in opposite directions indicate that the electric 
field forms a closed loop surrounding the confining region (the 
circles between the pillars). Deep grating[42] and nanowire-
based metamaterial absorbers or emitters[43,44] have shown 
similar behavior that has been proven to be the resonance of 
magnetic polariton (MP).[45] When incoming electromagnetic 
fields excite MP, an oscillating resonant electrical current is 
formed inside the nanopillar formations, which is caused by 
free charges at the surface. With severely restricted 
electromagnetic energy in the air gap, the resonant electrical 
current loop oscillates between nearby nanopillars, resulting 
in an increase in spectral transmittance at resonance 
wavelengths, as depicted by an inductor–capacitor (LC) 
circuit model in Fig. 4(a) for the fundamental MP mode. As 
shown in Figs. 4(c) and 4(d), higher harmonic modes of MP 
(i.e., MP2 and MP3) contribute to the selective transmittance  

 
Fig. 4 (a) The LC circuit model based on charge distribution and contour plots of electromagnetic fields between the neighboring 
aluminum nanopillars when MP resonances are excited at wavelengths (b) 1.9 μm, (c) 0.93 μm, and (d) 0.54 μm from FDTD 
simulations. 
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at shorter resonance wavelengths around 0.93 μm and 0.54 μm. 
The harmonic modes play a significant role in the case of 
filters as they achieve high transmissions at wavelengths lower 
than the bandgap.  

Analytical LC models based on surface charge distribution 
at MP resonant wavelength have been successfully applied to 
forecast the resonance condition for grating-based 
metamaterials, as established in prior works.[46–48] For 
nanowire or nanopillar based structures, a modified LC model 
has been proposed by simplifying nanopillars to an effective 
plate, based on the similar strongly localized magnetic field 
distributions based on the literature.[43] The equivalent LC 
circuit model is used to predict the resonance for the 
fundamental mode. As shown in Fig. 4(a), Cg and Csub forms a 
capacitor in the air gap and substrate respectively between the 
nanopillars, Lm, NP is the mutual inductance between the 
nanopillars, and Lk,NP  is the kinetic inductance contributed by 
the drifting electrons in the nanopillars. Therefore, the total 
impedance of the LC circuit can be expressed as:                             

𝑍𝑡𝑜𝑡𝑎𝑙 = 𝑖[𝜔(2𝐿𝑚,𝑁𝑃 + 𝐿𝑘,𝑁𝑃) −
1

𝜔𝐶𝑔
−

1

𝜔𝐶𝑠𝑢𝑏
]         (10) 

where, 
𝐿𝑚,𝑁𝑃 = 0.5𝜇0ℎ𝑏 

𝐿𝑘,𝑁𝑃 =
𝑏

Ɛ0 𝛿𝑁𝑃𝜔2Ɛ𝑁𝑃
′  

𝐶𝑠𝑢𝑏 = 𝑐2Ɛ0Ɛ𝑠𝑢𝑏

ℎ

𝑏
 

𝐶𝑔 = 𝑐1Ɛ0

ℎ

𝑏
 

where μ0 is the magnetic permeability of free space, Ɛ0 is the 
permittivity of free space, Ɛsub is the dielectric function (real 
part) of SiO2, h is the height of the nanopillar, and b is the 
difference between the interpore distance (a) and diameter of 
the nanopillars (d). The non-uniform charge distribution factor 
c1 and c2 of 0.2 to 0.3 is typical.[49] In this computation, to 
accommodate for the curved surface of the nanowire the 
nonuniform charge distribution factor c1 is set as 0.4 based on 
prior literature[43] and c2 to be 0.1 due to negligible effect of the 
non-absorbing quartz substrate. MP resonance occurs when 
the overall impedance Ztotal is zero, from which the MP 
resonance wavelength λ0 can be calculated for the fundamental 
mode. 

As a result, the LC circuit model predicts a resonance 
wavelength of 1.88 μm for MP1 for the AlNP metasurface 
filter with the base geometry (diameter d = 370 nm, period a 
= 450 nm, and height h = 700 nm), which agrees with the value 
(1.9 μm) found via FDTD simulation, confirming that the 
resonances and selective transmission are attributable to the 
excitation of magnetic polaritons at these selected 
wavelengths.  
 
3.3 Geometric dependence 
As indicated by the LC model, the geometric parameters of the 
AlNP metasurface filter will affect the MP resonance and thus 
the transmission and absorption spectra. Therefore, the impact 

of those geometric parameters on the MP resonance and 
transmission spectra are investigated here. The spectral 
normal transmittance of the AlNP metasurface filter structure 
was simulated by altering the nanopillar diameter (d), period 
(a), and height (h) separately while keeping other two 
geometric parameters fixed at the base values (i.e., d = 370 nm, 
a = 450 nm, and h = 700 nm). Fig. 5(a) demonstrates the 
influence of nanopillar height varying from 200 to 800 nm on 
spectral transmittance, where the major transmission peak red 
shifts to longer wavelengths significantly with longer 
nanopillars. With the AlNP diameter increasing from 200 nm 
to 400 nm as shown in Fig. 5(b), the transmission peak 
redshifts slightly, which is consistent with prior observations 
about its impact on the MP resonance wavelength[43] In 
particular, the transmission value increases with smaller 
diameters because there are larger gaps between nanopillars 
for the light to pass through as expected. Fig. 5(c) illustrates 
the spectral transmission with different array periods from 400 
nm to 500 nm where the simulation result shows that the 
resonance peaks blue shift to shorter wavelengths with larger 
array period. Meanwhile, the amplitude of the transmission 
peaks at shorter wavelengths also increased slightly. 

To better understand the geometric dependence, the MP1 
resonance wavelengths obtained by FDTD simulation are 
compared with those predicted by the LC circuit model with 
varied geometric parameters. Fig. 5(e) depicts a comparison 
of the MP resonance wavelength as a function of nanopillar 
diameter between the FDTD simulations and the LC circuit 
model prediction. The MP resonance wavelength increases 
monotonically with nanopillar diameter, as anticipated by the 
LC circuit model, due to increase in capacitance and 
inductance values. Similar agreements are seen for the impacts 
of nanopillar height and period, as illustrated in Figs. 5(d) and 
5(f), which further validate the MP resonance that is 
responsible for the selective transmission and predict the 
geometric dependence with the analytical LC model. 
 
3.4 Effects of incidence angle and polarization 
Figure 6 presents the simulated spectral-directional 
transmittance of the AlNP metasurface TPV filter at multiple 
oblique incidence angles (i.e., 0°, 15°, 30°, 45°, 60°) under TM 
and TE polarized waves in the wavelength range from 0.4 to 2 
μm, within which the three transmission peaks associated with 
MP resonances observed previously under normal incidence 
exist. As shown in Fig. 6, these three resonance transmission 
peaks exhibit minor change with incidence angles up to 60o 
for both TM and TE waves, indicating angle and polarization 
insensitivity, which is a unique characteristics of MP 
resonance as seen in prior literature.[43] In particular, the 
spectral transmittance of the AlNP metasurface filter is still 
approximately 0.8 at 60° incidence for both polarizations 
around 1.9 mm wavelength, which is the GaSb cell bandgap. 
This diffuse behavior and polarization independence is 
beneficial for the proposed metasurface filter to maintain its 
high wavelength selectivity right above the cell bandgap even  
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Fig. 5 The simulated spectral transmittance with respect to one varying geometric parameter of aluminum nanopillars: (a) diameter, 
(b) height and (c) period. The MP1 resonance wavelengths predicted by FDTD and by the LC circuit model with respect to one 
varying geometric parameter of nanopillars: (d) diameter, (e) height and (f) period. The base geometric values are d = 370, a = 450 
nm, and h = 700 nm. 
 
at large oblique angles, which in turn would help improve the 
TPV performance. 

 
3.5 Theoretical prediction of TPV system performance 
with selective filters 
To evaluate how the proposed AlNP metasurface filter would 
impact the TPV system performance, the spectral efficiency is 

quantitatively calculated as shown in Fig. 7(a) for the 
proposed AlNP metasurface selective filter selective filter 
coupled with a black emitter (Ɛe,λ = 1) at different temperatures. 
The spectral efficiency is defined as the percentage of photons 
absorbed by the PV cell from the emitter. For comparison, the 
spectral efficiencies without any filter and with ideal 
narrowband with short cutoff wavelength at 1 μm and  

 
Fig. 6 Simulated spectral-directional transmittance of the proposed AlNP metasurface filter at multiple incidence angles for (a) TM 
waves and (b) TE waves. 
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Fig. 7 (a) Spectral efficiency, (b) TPV efficiency, (c) net radiative heat flux and (d) output power at different blackbody emitter 
temperatures from 1000 K to 2000 K without any filter, with designed AlNP metasurface selective filter, and ideal broadband and 
narrowband filters when paired with a GaSb cell. The power produced by the TPV cell with black emitter and no filter is overlaid by 
curve of TPV cell with black emitter and ideal broadband filter as they have the same values in (d). 
 
broadband filters coupled with the black emitter are also 
shown. The spectral efficiency improves with emitter 
temperature because the thermal radiation spectrum moves to 
a lower wavelength as temperature rises, increasing the 
fraction of photons with energies above the cell's bandgap. The 
proposed AlNP metasurface filter improves the spectral 
efficiency to 15% at 1000 K from 5% for the standalone black 
emitter, and to 65% at 2000 K from 49% for the standalone 
black emitter. For the ideal narrowband and broadband filters, 
the spectral efficiencies are 100% for all emitter temperatures.  

Figures 7(b)–(d) show the predicted TPV efficiency 𝜂𝑇𝑃𝑉, 
net radiative heat flux 𝑞𝑖𝑛 between the black emitter and the 
GaSb cell through the filter, and the output power 𝑃𝑒 from the 
GaSb cell, respectively for the cases without any filter, with 
the designed AlNP metasurface selective filter, and with ideal 
broadband and narrowband filters. The TPV system efficiency 
ranges from 1.5% to 18% for the standalone black emitter 
without any filter at emitter temperatures from 1000 to 2000 
K. With the designed AlNP metasurface filter, the TPV 

efficiency improves to 3.8% at 1000 K and to 24.1% at 2000 
K because of the spectral selectivity of the designed filter with 
lower transmission below the bandgap. For an ideal GaSb cell 
with 100% IQE and the designed metasurface filter, the TPV 
efficiency can be further improved up to 31.1% at 2000 K as 
shown in Fig. S7. For the ideal filters, both the broadband and 
narrowband ones could achieve TPV efficiency of 25.5% at 
1000 K and around 37.5% at 2000 K as shown in Fig. 7(b) due 
to the perfect spectral filtering of below-bandgap unusable 
photons. Note that the ideal narrowband filter outperforms the 
broadband one at 2000 K by ~1.5% more TPV efficiency, 
which could be understood by the excessive high-energy 
photons’ way above the cell bandgap through the ideal 
broadband filter.  

Figures 7(c) and 7(d) respectively plot the net radiative 
heat flux incident on the cell qin and the cell power output Pe 
as a function of the black emitter temperature. With the 
designed AlNP metasurface filter, the net radiative heat flux is 
about the same as that with either broadband or narrowband 
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ideal filter up to 1500 K, while the power generated with ideal 
filters exceed that with the metasurface filter as emitter 
temperature increases. This could be understood by more 
useful photos are available at higher temperature above the 
cell bandgap and ideal filters reflect all the below-bandgap 
photons back to the emitter for recycling. After all, only 
photons with energy exceeding the cell bandgap could be 
converted into electrical power by the cell. On the other hand, 
the TPV system without any filter has the highest net radiative 
heat flux but produces the same amount of power as the system 
with the ideal broadband filter, leading to the lowest TPV 
efficiency due to the black emitter without spectral selectivity. 
In particular at the emitter temperature of 2000 K, the TPV 
system with the designed AlNP metasurface filter could 
generate power Pe = 3.67 W/cm2, which could be possibly 
further improved approaching 9.5 W/cm2 set by the ideal 
broadband filter. 

It should be noted that the analysis above is based on the 
in-band spectral absorptance of the GaSb cell acquired from 
Ref. [38] and the out-of-band absorptance assumed to be 0.5 
as a nominal value from typical GaSb cells by JX Crystals.[50–

52] It is known that the below-bandgap cell absorptance could 
significantly affect the TPV performance, and the lower cell 
absorption below the bandgap would enhance the TPV 
efficiency. Please see the calculation results for below-
bandgap absorptance of the GaSb cell using nominal values of 
0.05, 0.2, 0.75 and 0.95 on the TPV system efficiency, spectral 
efficiency, net radiative flux, and output power in the 
Supporting Materials. 
 
4. Conclusions 
In summary, this work has theoretically studied an aluminum 
nanopillar metasurface filter as a narrowband filter for 
enhancing TPV system performance. The radiative 
characteristics of the selective metasurface filter were 
simulated using FDTD modeling, and the excitation of MP 
modes between the nanopillars were identified to result in the 
selective transmissions above the GaSb cell bandgap. LC 
circuit model and the electromagnetic field distribution were 
used to clarify the underlying physical mechanism. The effects 
of geometric parameters, incidence angles and polarizations 
were studied systematically on the selective transmission 
spectra of the metasurface filter. The theoretical TPV system 
analysis suggests the designed AlNP metasurface selective 
filter combined with a GaSb cell could achieve a TPV 
efficiency of 24.1% and an output power of 3.67 W/cm2 at the 
black emitter temperature of 2000 K. With further 
optimization of the metasurface filter, the TPV efficiency 
could be improved approaching 38% set by the ideal 
narrowband filter. This study will facilitate the research and 
development of metasurface based spectrally selective filters 
for high-efficiency TPV devices. This study could be further 
extended by fabricating metasurface through the utilization of 
anodized aluminum oxide (AAO) templates.[53–55] AAO 
templates are known for their ability to fabricate periodic 

nanostructures efficiently and at a lower cost.[55] The proposed 
filter design could be fabricated in a 3-step process; Firstly, 
AAO membrane transference on quartz wafer, followed by e-
beam deposition of aluminum on AAO templatized quartz and 
finally AAO template removal.  
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