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Thermophotovoltaic (TPV) devices can convert thermal radiation directly into electricity. To improve the
efficiency of TPV systems, wavelength-selective emitters are designed to take thermal energy from
various heat sources and then emit photons to the TPV cells. A two-dimensional grating/thin-film nano-
structure is proposed as an efficient emitter, whose performance is enhanced by the excitations of both
surface plasmon polaritons (SPPs) and magnetic polaritons (MPs). Rigorous coupled-wave analysis is
used to predict the emittance as well as the electromagnetic field and current density distributions.
The normal emittance of the proposed nanostructure is shown to be wavelength-selective and polariza-
tion-insensitive. The mechanisms of SPP and MP excitations in the nanostructure are elucidated for
different polarizations. The current-density loop further confirms the existence of magnetic resonances.
Furthermore, the effect of azimuthal and polar angles on the emittance spectra is also investigated,
suggesting that the proposed structure has high emittance not only in the normal direction but also at
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1. Introduction

Thermophotovoltaic (TPV) systems convert thermal energy di-
rectly into electricity and hold promise in waste heat recovery, so-
lar energy harvesting, and space applications [1-3]. A TPV system
is environmentally-friendly and requires two key components:
an emitter that gives out radiation by receiving thermal energy
from various heating sources, and a TPV cell that can generate elec-
tricity by absorbing incident photons from the emitter. The main
challenges for such a technique are low conversion efficiency and
power generation. Near-field thermal radiation has been proposed
for the enhancement of TPV power generation by bringing the
emitter and receiver in close proximity [4,5]. However, there exist
technological barriers for utilizing nanoscale TPV systems in the
near future. To improve efficiency of TPV systems, a more appeal-
ing way is to use a selective TPV emitter, which emits photons in a
certain spectral range that matches with a specific TPV cell, be-
cause only when the photon energies are higher than the bandgap
of the semiconductor material used in the TPV cell, the absorbed
radiant energy can produce electron-hole pairs and thus generate
electricity [1,6]. On the other hand, if the photon energies are too
high, the conversion efficiency becomes too low. Usually, the emit-
ter radiates energies in a broad spectral region and much of the
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energies are at longer wavelength with insufficient photon ener-
gies to produce electron-hole pairs. While band-pass filters may
be used to improve the overall efficiency, this method is cumber-
some and overheating of the filter may become problematic [7-
9]. Therefore, wavelength-selective emitter is crucial to improve
the conversion efficiency and power generation of TPV systems
[10,11].

Micro/nanostructures of wide profile diversity are able to tailor
thermal radiation by utilizing different physical mechanisms. Not
only one-dimensional (1D) gratings [12,13], V-groove gratings
[14], and photonic crystals [15-17], but also various two-dimen-
sional (2D) nano/microstructures have been investigated as prom-
ising selective TPV emitters. Heinzel et al. [ 18] manufactured 2D
wavelength-selective emitters for the near-infrared spectral range,
but the emittance exhibited directional dependence. Pralle et al.
[19] fabricated 2D gold gratings that can emit over selected wave-
lengths in the mid-infrared. Similarly, Sai et al. [20-22] experimen-
tally demonstrated the potentials of 2D concave tungsten surface
gratings as TPV emitters whose emittance is enhanced by exciting
cavity resonances. Chen and Tan [23] designed a 2D convex
tungsten grating structures as TPV emitters. Multilayer nano/
microstructures have also been proposed to control thermal radia-
tion [24-32]. Recently, Wang and Zhang [33] used a 1D tungsten
trilayer grating/thin-film nanostructure as a selective TPV emitter
by taking advantage of magnetic polaritons (MPs), which are reso-
nant responses based on the excitation of induced current loops in
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Nomenclature

film thickness, m

electric field, V/m

magnetic field, A/m

grating height, m

V=1

current density, A/m?

lateral dimension of the tungsten patches, m
highest diffraction order in the x or y direction
diffraction order in the x or y direction
refractive index

(directional-hemispherical) reflectance
reflection coefficient
(directional-hemispherical) transmittance
transmission coefficient; time, s

groove width, m

Nh~.:=m&

Mor N
morn

ST ~H =3

Greek symbols
o directional (spectral) absorptance

7

€ dielectric function

& permittivity of vacuum, F/m

&, directional (spectral) emittance
0 polar angle, deg

K extinction coefficient

A grating period, m

) wavelength in vacuum, pm

g electrical conductivity, S/m

¢ azimuthal angle, deg

] polarization angle, deg

w angular frequency, rad/s
Subscripts

-1V regions defined in Fig. 1(c)

inc incidence

morn index of diffraction order in the x or y direction
p p polarization or TM wave

S s polarization or TE wave

the structure by incident electromagnetic waves [34-39]. The
emittance can be enhanced in the desired spectral range by excit-
ing MPs and surface plasmon polaritons (SPPs) [40-44].

An ideal TPV emitter should not only be wavelength-selective,
but also desired to be polarization-insensitive so that high emit-
tance for both transverse electric wave (TE wave or s polarization)
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Fig. 1. Illustration of the numerical model for the 2D grating/thin-film nanostruc-
ture. The parameters used in the present study are Ay=A,=600nm and
Iy=1,=300nm; thus wy=w,=300nm: (a) schematic of the structure; (b) the
plane of incidence and polarization; (c) side view of the structure showing different
regions and the dielectric functions.

and transverse magnetic wave (TM wave or p polarization) can be
achieved. However, since only TM waves can excite MPs and SPPs
in the 1D grating/thin-film configuration, application of the emitter
is somewhat limited. In this paper, a 2D trilayer structure is pro-
posed as a wavelength-selective and polarization-insensitive TPV
emitter. The radiative properties are calculated by the rigorous
coupled-wave analysis (RCWA). The effects of polarization and
both the azimuthal and polar angles on emittance are investigated.
The emittance can be enhanced in the wavelength range of
0.5 pm < 1< 2.0 um by exciting MPs and SPPs. The mechanism of
MP is further explored by examining the loop formed by the cur-
rent density vectors. The SPP dispersion relations are explored
for both TE and TM waves.

2. Modeling and validation
2.1. Numerical method

Fig. 1(a) is a schematic of the 2D grating/thin-film structure
considered in this work. The grating is made of rectangular tung-
sten (W) patches whose lateral dimensions are I, and I, with a
height h and periods A, and A,. The periodic arrays of patches
are on a thin dielectric film SiO, of thickness d that is deposited
on a tungsten substrate. In the present study, the geometric
parameters are fixed as follows: Ay = A, =600 nm, I, =1, = 300 nm,
and h = d = 60 nm. The groove widths (i.e., the lateral distances be-
tween patches) are w, = wy, = 300 nm. In order to predict the direc-
tional emittance (or emissivity), the indirect method is used here
to calculate the directional-hemispherical reflectance (R) for light
incident on the grating structure as indicated in Fig. 1(b). The inci-
dent radiation is assumed to be linearly polarized and can be char-
acterized by the incident wavevector (with a polar angle 6 and
azimuthal angle ¢) and polarization angle (/) with respect to the
plane of incidence.

The incident plane wave is a propagating wave with a wavevec-
tor Kinc = (kxine Ky,ine» Kzinc) defined as follows:

kyinc = kony Sin6cos ¢, kyinc = ko sindsin¢, and kyjn. = kon, cos 6
(1)
where ko = 27/ with Z being the wavelength in vacuum is the free-

space wavevector. At normal incidence, only ¢ =0 needs to be
considered. The polarization angle iy characterizes the polarization
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status and is defined as the angle between the electric field of the
incident wave E;,. and the plane of incidence, i.e., the x-z plane.
Therefore, 1y =0° and  =90° refer to TM and TE waves, respec-
tively. Thus, the electric field of the incident wave at the origin
and t = 0 can be expressed as

Einc = (COS cos 0 cos ¢ — siny sin ¢p)X + (cosy cos 0sin ¢
+ siny cos ¢)y — (cos y sin 0)z (2)

The electric field vector will oscillate according to Ejnc exp(ikyincX
+ikyincy + ikzincZ — iwt), where w is the angular frequency. In the
calculation, the incident radiation can be set as either a TE wave
(¥ =90°) or a TM wave (i} = 0°) because all other polarizations
can be decomposed into these two polarizations. Since all the radi-
ative properties concerned here are spectral properties, the word
“spectral” is omitted in the description of the radiative properties.
According to Kirchhoff's law [6], the directional emittance is equal
to the directional absorptance, which is one minus the direc-
tional-hemispherical reflectance assuming that the bottom tung-
sten layer is opaque. Therefore, ¢, = o, =1 — R for either TE- or
TM-wave incidence [33]. The problem becomes how to numerically
calculate the reflectance of the emitter structure for any given
wavelength, angle of incidence, and polarization status.

In the RCWA method, the space along the z-axis is divided into
four regions, as illustrated by the side view shown in Fig. 1(c): Re-
gion I is the medium where radiation originates from, i.e., air or
vacuum whose dielectric function g = (n; + ix;)? is taken as unity
at all wavelengths; Region Il is the grating layer and contains peri-
odic nanostructures composed of free space and tungsten; and Re-
gions III and IV consist of a SiO, spacer and a tungsten substrate,
respectively. The optical properties of SiO, and tungsten, whose
values are taken from [45], are wavelength dependent. Tungsten
is chosen as the emitter material because it is corrosion resistant
and can withstand high temperatures. For thin-film tungsten, the
dielectric properties will somewhat deviate from those of the bulk
materials [46]. In the present study, annealing and size effects on
the tungsten properties are not considered.

A 2D RCWA algorithm is developed using MATLAB to numeri-
cally solve the Maxwell equations for determining the radiative
properties of periodic structures. The diffraction orders are de-
noted as m and n in the x and y directions, respectively. The tan-
gential component of the wavevector of each diffracted waves
can be described by the Bloch-Floquet condition [6,47]:
kx‘m = kx‘inc + 2/7\'5_:“7 ky.n = ky.inc + ZA_ﬂ;n (3)
The z component of the wavevector of the reflected and transmitted
electromagnetic waves with diffraction order (m, n) can be ex-
pressed as

2 2 2 2 2 2
. ki —Kem =Ky K= Ko + K5,
Kemn = ) 2 2 2 2 2 (43)
i Kym TRy =k, Kk <k, +k,

or

2 2 2 2 2 2
le - kxm - ky,n? kIV = kx.m + kyn

K mn = ' ' (4b)
Wk, — ke, Ky <Ko + K5,

where k; = kon; and k;y = konyy are the wavevectors in the incident
and substrate media. In this way, the electric and magnetic fields
in each layer can be expressed as a superposition of the electromag-
netic waves from all the diffraction orders, except in Region [ where
the incident wave should also be included. In addition, because of
its periodicity, the dielectric function of the grating layer (Region
1) can be expressed as a Fourier expansion. The tangential compo-

nents of the electric and magnetic fields at the interface between
two adjacent regions are continuous. A set of closed linear equa-
tions can be obtained by matching these boundary conditions,
and then solved with matrix manipulations [48]. The diffraction
efficiency for each order of the reflected and transmitted waves
can be expressed as

K K
DE — ZR z,mn ZR Z,mn
Rmn = [Tsmn] e(k[ cos 9) ol e(kl cos 6) (53)
DE — It ZR k;.mn t 2R k;mn81 5h
T = [tsmlTRe | cosg | It Re| gy cosd (5P)

where r and t are the reflection and transmission coefficients,
respectively, and subscripts p and s represent the components for
TM and TE waves with respect to the output plane known as the
plane of diffraction [49]. It should be noted that since the beam out-
put plane is different from the plane of incidence, in general the
polarization status of the diffracted waves will be different from
the incident wave. The directional-hemispherical reflectance and
transmittance can be obtained by summing up the diffraction effi-
ciencies for all orders:

R=> DEgmn and T = DErm (6)

In the present study, all the transmitted energy is absorbed by the
tungsten substrate and the emittance is one minus the reflectance
for given wavelength, incidence angle, and polarization. More de-
tailed mathematical formulations for the 2D RCWA can be found
in [23,48].

2.2. Validation of the numerical algorithm

The numerical accuracy of RCWA is dependent on the number
of the diffraction orders and the Fourier expansion terms to syn-
thesize the profile of the grating and they are related with each
other. Referring M and N to the highest diffraction orders in the x
and y directions, respectively, since -M<m<+M and
—N < n < +N, the total number of diffraction orders used in the
calculation is (2M + 1) x (2N + 1) and the Fourier expansion terms
will be (4M + 1) x (4N + 1) in total. Thus, one can simply investi-
gate the effects of the number of diffraction orders on the accuracy.
As more orders are used, the accuracy improves, however, both the
memory required and the processing time consumed in the calcu-
lation increase dramatically. Thus, a convergence check was con-
ducted to determine the number of diffraction orders needed to
yield accurate results using reasonable computational time and re-
source. Fig. 2(a) shows the calculated normal emittance with dif-
ferent numbers of diffraction orders. In the calculation, M and N
are set to be the same because same patterns are used along the
x and y directions. It can be seen that, in the spectral region
0.3 pm < 2 < 2.0 pum, the emittance barely changes when the value
of M is increased from 25 to 30. Hence, M = 25 is chosen in this re-
gion. However, for 2.0 pm < 4 < 3.0 um, the calculated emittance is
lower for M =40 than M =30, especially around Z=2.3 pm. The
reflectance at 2=2.3 pm is shown in Fig. 2(b) as a function of M
to further study the numerical convergence. Since the wavelength
is greater than twice of the period on either the x or y direction, for
any angle of incidence, only the zero-order diffraction is propagat-
ing wave that contributes to the reflectance. The reflectance
changes within 3% when M is increased from 35 to 50. The process-
ing time scales with M to the sixth power (M®), and it takes
140 min to calculate each single point for M = 35 using a dual eight
core XEON E5-2687 W workstation. Hence, M = 35 is chosen in the
calculation for 2.0 pm < 4 < 3.0 pm.
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Fig. 2. Convergence test results: (a) normal emittance spectra calculated with
different orders; (b) reflectance at 4 =2.3 um calculated with different orders.

The emittance spectrum shown in Fig. 2(a) matches well with
the Inp>GaggSb p-n junction TPV cell, which has a bandgap /g
around 2.1 um [1]. As mentioned previously, a higher emittance
at 2 < g and lower emittance at 4 > /g is desired to improve the
conversion efficiency. Since the TPV emitter temperature usually
is less than 2000 K, the effect of emittance at wavelengths shorter
than 0.5 pm on the conversion efficiency is much weaker according
to Planck’s blackbody spectral distribution. Therefore, it is desired
to enhance the emittance in the wavelength region from 0.5 to
2.1 pm. The underlying mechanisms for the two highest emittance
peaks, which elevate the whole emittance spectra, will be explored
in the following section. The geometric parameters, such as the
grating period and patch dimensions, can be adjusted to enhance
emittance spectrum for use with other TPV cells with different
bandgaps [1,50].

3. Results and discussion
3.1. The excitation of magnetic polaritons

Fig. 3 compares the normal emittance spectra calculated for the
2D structure shown in Fig. 1(a) and for the 1D grating/thin-film
structure discussed in Ref. [33] for both TE and TM waves. The
emittance spectrum for plain tungsten is also shown to help ex-
plain some of the peaks observed in the nanostructures. Note that
the normal emittance is independent of polarization for the 2D
structure. The emittance spectrum of the 1D grating/thin-film

08 | ]
< 06 ]
w
“ L
g L
c
k5 L
2 o04p ]
E L

02 1

| | ==~ Plain Tungsten .\\-‘__\__-_— ——
0 T R R
0 1 2 3

Wavelength, A (um)

Fig. 3. Normal emittance spectra of the 2D structure and a 1D structure for both TE
and TM waves, along with that of plain tungsten.

structure for TE waves is similar to that of plain tungsten except
for the peak at 0.6 pm, which is due to Wood’s anomaly [23,47].
Several small peaks located near 0.4, 0.6, and 1.4 pum are associated
with the interband transitions of tungsten [45,46]. The peak near
0.6 um does not appear in the spectra for the 2D structure or the
1D structure with TM waves. The emittance spectrum for the 1D
structure with TM waves and that for the 2D structures are very
similar, both contain two major emission peaks (near 0.7 and
1.8 um) that do not exist in the spectra for the TE wave or plain
tungsten. The overall emittance at normal direction is the average
of those for TE and TM waves. As an example, the normal emit-
tance 7 =1.7 pm for the 2D structure is 0.85 and the emittance
averaged over the two polarizations for the 1D structure is only
0.58. Therefore, the throughput and efficiency of the TPV system
can be significantly improved with the 2D grating/thin-film struc-
ture. The mechanisms responsible for the dominant emission
peaks are discussed below.

The emittance peaks at 4 = 1.83 pm is due to the coupling of the
magnetic resonance inside a micro/nanostructure with the exter-
nal electromagnetic waves or magnetic plasmon polariton. When
the MP is excited, the magnetic field is strongly enhanced in the
dielectric layer inserted between the tungsten grating and tung-
sten substrate, as shown in Fig. 4. The electric field and current
density vectors, denoted by the arrows, are the instantaneous val-
ues at t = 0, while the magnetic field, represented by the color con-
tour, is the square of relative amplitude. The maximum value of
|Hy/Hinc|? in Fig. 4 is 26.0 as compared to 25.8 for the 1D structure
(not shown here), suggesting that the magnitude of enhancement
is about the same in both 1D and 2D structures. Also, the coupling
between the metal patch and the substrate becomes weaker and
the enhancement decreases as the slide parallel to the x-z plane
is moved towards the patch edges. The emittance peak is higher
for the 1D structure (TM waves) than for the 2D structure. It is
interesting to note that even though the area under the tungsten
grating for the 2D structure is only half of that for the 1D structure,
the emittance can still be significantly enhanced with a peak near
0.93 when MP is excited.

An inductor-capacitor (LC) model, where the dielectric is re-
garded as a capacitor and the metal is treated as an inductor,
was used by Wang and Zhang [33] to predict the MP resonance fre-
quency. Since the resistance elements will not affect the resonance
frequency, they are usually neglected for simplicity. The 2D struc-
ture has the same cross section as the 1D structure in the x-z plane.
The same LC model can be used to predict the MP resonance
frequency for the 2D structure, because the length in the y direc-
tion merely cancels out. The MP resonance wavelength can be ob-
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Fig. 4. The electromagnetic fields and current density distribution in the 2D structure for TM waves at normal incidence and / = 1.83 pum. The fields are calculated at y = 0 in
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current density. Note that M = N = 40 was used in the calculation.

tained to be 1.87 um by zeroing the impedance of the circuit,
which is in good agreement with the RCWA calculation. The elec-
tric field vectors were used to illustrate the antiparallel currents
in the metal above and below the dielectric spacer [33,51]. How-
ever, the electric field vectors do not form a closed loop [52]. As
shown in Fig. 4(a), the directions of the electric fields in the metal
and dielectric layer are against each other. According to Lenz’s law,
the induced current should form a loop that will create a diamag-
netism effect. In the following, the local current density vector is
analyzed to illustrate that a current indeed forms a loop.

The electrical conductivity of a material is frequency dependent
and is related to the dielectric function as [6]

0 =0 +i0" = —iwee (7)

where ¢’ and ¢” are the real and imaginary parts of the conductiv-
ity, w is the angular frequency, and &g is the vacuum permittivity.
The current density vector is related to the electric field vector by
J = oE. Note that complex vector variables are used in the RCWA
computational algorithm. However, only Re(E) represents the actual
electric field. Similarly, only Re(J) represents the actual current den-
sity, which can be expressed as the sum of the conduction current
and displacement current. Therefore,

Re(J) = Jeona + Jaisp = 0'Re(E) — o"Im(E) (8)

The sign of the current density depends on the relative magnitude
of these two terms. Fig. 4(b) shows the current density vectors
Re(]), which do form a closed loop, in a unit cell of the 2D nano-
structure. While the induced current always forms a closed loop,
the directions of the current flow and electric field may or may
not be the same.

The electric fields and current densities at four locations are cal-
culated to illustrate how their signs vary in the metal and dielectric
regions in the particular case studied here. The results are shown in
Table 1, where locations 1 and 2 are on the left and right, respec-

tively, of the dielectric layer and locations 3 and 4 are in the metal
grating and substrate, respectively. For locations 1 and 2, |6”| > ¢’
and displacement current is the dominant contribution to the cur-
rent density. Since ¢” is negative, Jqisp Will be in the same direction
as the imaginary part of E. Additionally, the x component of E is
negligibly small in these locations. Because the real and imaginary
parts of E, have the same sign, it can be inferred that the displace-
ment current is in the same direction as the electric field. For loca-
tions 3 and 4, the electric field is almost parallel to x and only E,
needs to be considered. For tungsten at this wavelength,
¢’ and ¢” are both positive and on the same order of magnitude.
From the RCWA calculation, the real and imaginary parts of E,
share the same sign. According to Eq. (8), the conduction and dis-
placement current densities must have opposite signs. Since the
magnitude of the displacement current density is greater than
the conduction current density, the full current density follows
the direction of the displacement current density, which is oppo-
site to the electric field in the x direction. In general, the real and
imaginary parts of the electric field may not have the same sign.
Thus, it is possible for the current density and electric field in the
dielectric layer to have different signs. Similarly, depending on
the signs of the electric field and conductivity, the current density
and electric field in the metal region can have the same or different
signs. Nevertheless, the current flow always forms a closed loop.
Since the instantaneous electric field vectors in Fig. 4 will oscillate
with time, the direction of the arrows may reverse but should al-
ways be antiparallel.

Fig. 5 shows the emittance spectra of the 2D structure at differ-
ent polar angles for both TM and TE waves for ¢ = 0°. It can be seen
that the location of the emittance peak near 1.83 pm changes little
with 0 for both TE and TM waves, because the resonance frequency
of MPs only depends on the geometric structure and materials in-
volved. For TE waves, MPs are excited by the x component of the
magnetic field. The patterns are the same in both the x and y direc-
tions; thus, it is expected that the MP resonance frequency does
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Table 1

Numerical values of the electric field and current density at ¢t = 0 for the four locations on Fig. 4. For locations 1 and 2, the z components of the current density and electric field

vectors are given; while for locations 3 and 4, their x components are given.

Location x (nm) z (nm) Re(E) (V/m) Im(E) (V/m) o' (S/m) ¢” (S/m) Jeona (A/m?) Jaisp (A/m?) Re()) (A/m?)
1 -95 -85 3.07 2.42 0.123 —~1.89 x 10* 0.379 4.57 x 10* 4.57 x 10*
2 95 -85 —-3.07 —242 0.123 -1.89 x 10* —0.379 —457 x 10* 457 x 10*
3 5 —45 —0.241 —0.808 1.79 x 10° 3.63 x 10° —432 x 10* 2.93 x 10° 2.50 x 10°
4 5 —-135 0.388 0.362 1.79 x 10° 3.63 x 10° 6.94 x 10% -1.32x 10° -6.23 x 10*

not change. Furthermore, the peak emittance remains nearly the
same even though 0 is increased to 60° for TM waves similar to
what has been observed previously for 1D structure [33-35]. For
TE waves, however, since the x component of the magnetic field
is decreasing as 0 increases, the field enhancement becomes weak-
er at larger polar angles. Hence, the emittance peak associated with
the MP decreases as 0 increases, as shown in Fig. 5(b). The location
of the emittance peak near / = 0.7 pm at ¢ = 0° shifts in wavelength
as 6 changes. The underlying mechanisms are elucidated in the
next section by considering the excitation of SPPs in the
nanostructure.

3.2. The excitation of surface plasmon polaritons

The emittance peak around 4 = 0.7 pum of the 2D structure emit-
tance spectrum on Fig. 3 is because of the excitation of SPPs. Plas-
mons are quasi-particles associated with oscillations of plasma,
which is a collection of charged particles in metal. The strong cou-
pling of external electromagnetic waves with surface plasma is
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Fig. 5. Emittance spectra of the 2D structure at different polar angles for: (a) TM
waves; (b) TE waves.

called an SPP, which results in a surface wave propagating along
the interface between the dielectric and the metal. Because of
the non-radiative nature of the SPPs, the wavevector of surface
plasmon is always larger than the free space wavevector [53].
For two bulk nonmagnetic materials, the magnitude of the wave-
vector of the surface plasmon can be expressed as

w 18
Kep| =—/ 9
s CoVér+é ®

where cg is the speed of light in vacuum, and &; and ¢, are the
dielectric functions of the dielectric and metal, respectively, and
their real parts are of opposite signs. Eq. (9) involves complex values
of the dielectric functions and the solution will result in complex
wavevectors for real frequencies. For this work, only the real parts
of & (w) and & (w) are considered as typically done in analyzing
SPPs [6,54]. To excite SPPs, the electromagnetic waves (which in-
clude both the incident wave and the diffracted waves) must have
a tangential component equal to Ksp. Furthermore, when SPPs are
excited, the surface current density associated with the surface
plasmon in the material must have a component parallel to ksp,
which means that the electric field of the electromagnetic waves
should have a component parallel to ksp as well [55]. For a 1D grat-
ing whose grooves are parallel to the y axis, only TM waves can ex-
cite SPPs when the plane of incidence is in the x-z plane [48,53].
However, for conical incidence or for 2D gratings, both TE and TM
waves can excite SPPs [55,56], and SPPs may propagate along either
the x or y direction.

Following the Bloch-Floquet condition shown in Eq. (3), the
tangential component of the wavevector of the (m, n) order of
the diffracted waves can be expressed as

2mm\ 27n\ .
kH.mn = kx,inc + X+ ky.inc + y (10)
A A,

where the subscript || denotes the component in the x-y plane. As
shown in Fig. 5(a), the emittance peak due to SPP excitation shifts
toward longer wavelength as the polar angle increases for TM
waves. For TE waves as shown in Fig. 5(b), the peak location shifts
toward shorter wavelengths with increasing polar angles. The
mechanisms can be understood by studying the behaviors of SPPs
for both TM and TE waves in the 2D structure as discussed below.

Fig. 6(a) shows the contour plot of the emittance for the 2D
structure at TM waves in terms of wavenumber and the x compo-
nent of the free-space wavevector, calculated by the 2D RCWA. The
oblique bright bands indicate the emittance enhancement due to
SPPs, while the flat bright band around 5400 cm™! is due to the
excitation of MP as discussed previously. It can be seen that SPPs
have a strong directional dependence, but the MP resonance fre-
quency is insensitive to the polar angle since ky = ko sind. Besides,
the branch with m =0 and n =0 cannot excite SPPs since it is al-
ways beyond (while very close to) the light line. The lower-right
corner beyond the light line is simply left blank.

The contour plots are calculated with M = N =15 here with the
2D RCWA to save the computation time. The results are
sufficiently accurate at wavenumbers higher than approximately
7000 cm™~!, which is the major region of interest for SPPs. Rela-
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Fig. 6. Emittance contour plots of the 2D grating/thin-film structure from RCWA
calculations along with the SPP dispersion relations: (a) TM waves; (b) TE waves.

tively larger errors (but still within 5%) exist at wavenumbers be-
low 7000 cm~! when compared to the results calculated with
M=N=25 at normal incidence. Finite-difference time-domain
(FDTD) method is also used to verify the contour plots obtained
from the 2D RCWA at 0 < 60°. The results compare well with each
other. At polar angles exceeding 60°, the computational time re-
quired for the FDTD to calculate the emittance spectra increases
significantly. Thus, RCWA with fewer orders should be considered
to be both reasonable and practical for generating the contour
plots.

A 2D grating surface structure has periodicity in both the x and
y directions. For TM polarized incident waves, the tangential com-
ponent of the electric field of the incident wave has a zero y com-
ponent, i.e., ky inc = 0 since ¢ = 0°. The effect of the periodicity in the
x direction can be analyzed by assuming n =0 in Eq. (10). In this
case, SPPs can be excited along the x direction once the following
dispersion relation is satisfied:

w &1&
CoVér+é&

. 2mm
ko sin 0 + Al

(11)

This dispersion relation is solved with different m values (-2, —1, 0,
and +1) for SPPs excited between air and tungsten, and the reso-
nance frequencies are marked as circles in Fig. 6(a). These circles
follow well the bright emittance band obtained from the 2D RCWA
calculation. The emittance band associated with the m = —1 order is
broader and the resonance frequencies predicted by the dispersion
relation given in Eq. (11) are slightly higher than those from RCWA.
This is mainly caused by the existence of the SiO, layer, which could

affect the SPP frequency since the SPPs on W-SiO, interface pre-
dicted by Eq. (11) are lower than the RCWA results. It is difficult
to accurately predict the SPP locations when a thin dielectric film
is involved. Furthermore, losses in tungsten can broaden the emit-
tance peak, which has been verified by using a simple 1D tungsten
grating without SiO, film, although the results are not shown here.

For 2D periodic grating structures, the periodicity (A,) in the y
direction can affect SPP dispersion as well according to Eq. (10).
Take m =0 and n # O for simplicity. The incident wave will be dif-
fracted into the y direction. The electric field of the reflected waves
will have a component along the y axis even though the incident
wave does not carry an electric filed in the y direction. When
m =0, the SPP dispersion relation becomes

o [ &é .5 [27n\?
— = k 0 _— 12
Co V& +é& \/( osin ) + ( /\y > ( )

The solutions of this equation are marked on Fig. 6(a) with triangles
and they agree well with the emittance band obtained from the 2D
RCWA. Within the considered ranges of frequency and wavevector,
only the SPP associated with n=2%1 shows up when m=0. This
branch will fold with the grating period A, in the x direction and
show up as m = 41,42 orders. However, these higher orders also
do not show up in the contour plot due to the intrinsic losses of
tungsten. At wavelengths shorter than the grating period of
0.6 pm, the peaks shown in Fig. 6(a) become complicated because
higher-order SPPs, Wood’s anomaly, and higher-order MPs can cou-
ple with each other [57]. Moreover, losses in tungsten can also in-
crease the emittance as well as bandwidth, making it difficult to
identify the peak locations at short wavelengths.

For TE incident waves, the periodicity in the y direction plays a
crucial role to excite SPPs. Fig. 6(b) shows the emittance contour
of the 2D structure for TE waves, calculated with RCWA. The plot
is extended beyond the first Brillouin zone (i.e., ky > ©/A) and lines
with polar angles 6 = 30° and 60° are identified. Again, the lower-
right region beyond the light line is left blank. The dispersion rela-
tion can be solved by combining Egs. (9) and (10). However, for TE
wave incidence with ¢ = 0°, the order n must not be zero since k,
must have a nonzero real part for SPPs to propagate in the y direc-
tion. As can be seen from Fig. 6(b), besides the flat MP resonance
band in the low frequency region, a bright resonance band is also
observed whose resonance frequency increases with k,. This branch
is identified as the SPP dispersion with m =0 and n = +1 and can be
calculated from Eq. (12) as shown by the triangles. The actual dis-
persion predicted by RCWA is somewhat lower and broader due
to the existence of the SiO, film and loss in tungsten as discussed
previously. Higher-order SPP branches can also be predicted by
Eq. (10) but cannot be discerned from the contour plot. Moreover,
Wood'’s anomaly may exist especially for the m =1 and n = 0 order,
although it is not clearly shown in Fig. 6(b). The trend that the SPP
excitation wavelength decreases with increasing polar angle agrees
with that shown in Fig. 5(b) for the 2D structure.

3.3. The effect of polar angle and azimuthal angle

The effect of the polar angle and azimuthal angle on the emit-
tance of the 2D structure is also investigated at 1=0.5, 1.0, 1.6,
1.8 and 2.2 pm. The first four wavelengths fall in the wavelength
range for TPV cells that high emittance is desirable. However,
low emittance is desired at A = 2.2 pm and beyond. Fig. 7 is a polar
plot of the emittance with respect to 6 at the azimuthal angle ¢
=0°. The left and right sides of the plot show the emittance for
TM and TE waves, respectively, since 6 can only vary from 0° to
90°. This plot is also valid for ¢ =90°, 180°, or 270°, due to the
symmetry of the structure. The emittance is above 0.7 for polar an-
gles less than 40° for both TM and TE waves in the desired wave-
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Fig. 7. Polar plots of the emittance at ¢ =0°, 90°, 180° or 270° for several given
wavelengths. The left half is for TM waves and the right half is for TE waves.
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Fig. 8. Polar plots of emittance at 0 = 45° for several given wavelengths. The left half
is for TM waves and the right half is for TE waves. Only the results for 0° < ¢ < 90°
is shown since the emittance has an eightfold symmetry with respect to ¢.

length range. For / = 2.2 pm, the maximum emittance is about 0.3,
which will further decrease at longer wavelengths. Based on the
previous analysis, the emittance peak around 0=38° at A=1 um
for TM waves and that around 6 =35° at 2= 0.5 pm for TE waves
are due to the excitation of SPPs. The MP excitation results in high
emittance at 4 = 1.8 um for a large range of polar angles, especially
for TM waves.

The effect of ¢ on the emittance is studied by fixing 0 = 45°, and
the results are shown in Fig. 8. The azimuthal angle ¢ can vary
from 0° to 360°. However, due to the symmetry of the 2D structure,
the emittance polar plots for both TE and TM waves have an eight-
fold symmetry. Hence, only the emittance for 0° < ¢ < 90° is shown.
Again, the left side displays the emittance for TM waves (y = 0°)
and the right side displays the emittance for TE waves (y = 90°).
For the wavelengths in the desired range, the emittance is higher
than 0.78 and 0.64 for TM and TE waves, respectively. For
/.=2.2 um, the emittance is lower than 0.35 for both polarizations
at all azimuthal angles, which again shows the wavelength selec-
tivity and angle independence of the emittance of the nanostruc-
ture. As mentioned previously, the geometric parameters can be
tuned to fit TPV cell materials with different bandgaps. As Egs.
(11) and (12) suggest, SPPs only depend on the grating period.
For MP resonances, a larger lateral dimension of patches will result
in the red shift of the emittance peak. Also, increasing the thickness
of the dielectric layer will decrease the MP resonance wavelength.
These properties can be used in the design of practical TPV emitters
once the TPV cell materials and properties are known.

4. Conclusions

This work theoretically demonstrates the advantages of using a
2D periodic array of tungsten patches over a thin dielectric film
coated on a tungsten substrate as a high-performance TPV emitter.
The normal emittance of this 2D nanostructure is wavelength-

selective and polarization-independent. Furthermore, the mecha-
nisms of excitation of MPs and SPPs in the 2D structure are
elucidated. The two peaks in the emittance spectra are explained
by the excitation of SPPs and MPs. The current density vectors
are analyzed to show that when MP is excited, the induced current
indeed forms a loop. Furthermore, it is shown that high emittance
can be achieved in the desired spectral region for both polariza-
tions with the 2D nanostructure in a large range of polar and azi-
muthal angles. The detailed analysis and findings from this study
not only will help understand the mechanisms that can be used
to tailor the emittance for the proposed 2D structure, but also will
facilitate the design and optimization for plasmonic nanostruc-
tures for applications in TPV systems and solar cells.
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