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Abstract
In this paper, we have studied the effects of structural parameters and temperature on the emissivity of a square array of 
cylindrical nano/microcavities on tungsten slab by finite difference time domain method. It has been shown that the physi-
cal nature of the emissivity enhancement depends on the structural parameters of the nano/microcavities. In the case of 
narrow and shallow nanocavities with radius r ≤ 150 nm and depth d ≤ 150 nm; the emissivity has the same behavior as that 
of flat tungsten. Thermally excited surface plasmon polaritons cause a sharp peak in the emissivity of nanocavities with 
150 ≤ d ≤ 250 nm and 150 ≤ r ≤ 350 nm at wavelength in the order of periodicity, λ ~ a. In the case of wide and deep microcavi-
ties with r ≥ 350 nm and d ≥ 250 nm; there are anomalous peaks in the emissivity which are well matched with the modified 
resonant wavelengths of a microcavity. At wavelengths shorter than periodicity, the Bragg diffraction from the surface of 
periodic microcavities reduces the emissivity. The obtained results show that to have a favorable selective thermal emitter 
from 2D W nano/microcavities with emission efficiency more than 90%, the periodicity should be as small as possible, the 
cavity depth should be large enough and its radius should be selected according to the working temperature.

1  Introduction

In the past decade, the controlled light–matter interaction by 
periodic nano/microstructures has attained a lot of attention 
because of the complex physics and widespread applications 
[1–7]. It is well known that electromagnetic wave propaga-
tion, scattering and radiation can be controlled by periodic 
nano/microstructures with dimensions in the order of light 
wavelength [2, 3, 8–11]. Highly selective absorbers and ther-
mal emitters are critical elements in the solid state convert-
ing energy systems such as thermophotovoltaic (TPV), solar 
cells and solar absorbers [5, 12, 13]. In a TPV system, the 
radiated thermal energy from a high-temperature selective 
emitter is converted into electricity by a photovoltaic (PV) 
cell. A proper selective emitter should be designed to radiate 
electromagnetic waves with energy mainly higher than the 
electronic band gap of the PV cell.

Metallic photonic crystals have promising potential to be 
used as selective thermal emitter and absorber [5, 14–16]. 

Using such structures allows achieving near-blackbody 
emissivity in a desired region and low emissivity like that of 
flat metal at longer wavelengths [17–20]. Recently, photonic 
crystals of different materials such as W, Ta, W–Ta alloys, 
and VO2 have been proposed as selective thermal emitter in 
TPV systems [4, 17, 21–25]. Due to the high-temperature 
stability and its natural selective emissivity, different nano/
microstructures of W have been considered to be used in 
converting thermal energy systems [26–31]. The thermally 
excited radiation of nano/microcavities depends strongly on 
the geometrical parameters of the periodic structures [29, 32, 
33]. Therefore, to have a favorable selective thermal emitter 
based on metallic photonic crystals, it is necessary to study 
the effects of structural parameters on emissivity at high 
temperatures.

In this paper, the effects of temperature and geometrical 
parameters on thermal emission properties of 2D W photonic 
crystal slab (PhCS) have been investigated by finite difference 
time domain (FDTD) method. The obtained results show large 
enhancement with remarkable selectivity in the thermal emis-
sion spectra of W PhCS relative to that of flat W. The ability 
of W PhC to emit at desired wavelengths is described based 
on the coupling between thermally excited radiation with the 
resonance modes inside of the nano/microcavities, thermally 
excited SPP and Bragg diffraction modes from the surface of 
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periodic nano/microcavities. The resonance wavelengths of 
an optical microcavity have been modified by considering the 
effect of skin depth, which are well matched with the simulated 
results. The physical nature of the observed peaks in the emis-
sivity is quantified by introducing aspect ratio and aperture 
ratio of a nano/microcavity.

2 � Simulation method

In this paper, FDTD method has been employed to study the 
optical properties and spectral thermal emission of the pho-
tonic crystal slabs [34]. The numerical simulations have been 
carried out by MEEP, a freely available package developed 
at MIT [35]. The PhCS consists of a square array of cylindri-
cal air-filled nano/microcavities on tungsten with radius r and 
depth d. A schematic diagram of the PhCS and a computa-
tional unit cell are shown in Fig. 1. A normally incident Gauss-
ian pulse temporally illuminates the photonic crystal slab. The 
electric field of the incident wave is perpendicular to the cavity 
axis. The passing fields through the flux planes on the front 
and backside of the slab are recorded. The Poynting vector 
has been calculated at each frequency by Fourier-transform 
integration of the electric and magnetic fields, which leads to 
the total reflected and transmitted power [1].

The spectral thermal emissivity is obtained from the calcu-
lated absorbance via Kirchhoff’s law [21, 26]. Based on this 
law, at thermal equilibrium, the emissivity ε(θ,λ) of a body at 
any incidence angle θ and wavelength λ is equal to its absorb-
ance, α(θ,λ). In our case, the thickness of the metallic substrate 
is much larger than the skin depth of W, therefore, the trans-
mission is zero and the spectral emissivity is:

(1)�(�, �) = �(�, �) = 1 − �(�, �),

where ρ(θ,λ) is the reflectance. The Drude–Lorentz model 
could be used to model the complex permittivity of a metal-
lic material as:

In this equation, ωp is plasma frequency and ωn, fn and γn 
are the resonance frequency, oscillator strength, and damp-
ing coefficient of the nth oscillator, respectively. The Drude 
term shows the free electron contribution and the Lorentz 
term reveals the interband transition contributions. By 
choosing a length scale of 1 µm and selecting some new 
parameters as 𝜀∞ = 𝜀̂(𝜔 → ∞) = 1 , �n =

fn�
2
p

�2
n

 and ω1 = 0, the 

permittivity takes the following form:

The real and imaginary parts of the permittivity are given 
as follows:

We have used the reported experimental data of W in 
Ref [36] to obtain the Drude–Lorentz parameters. The high-
temperature dielectric constants are usually determined by 
fitting the experimental data of the bulk tungsten to the 
Drude–Lorentz model. In the case of lacking experimental 
data, a semi-empirical model could be used to obtain the 
permittivity over a wide range of temperatures. Based on 
this model, the damping coefficient �1(T) at temperature T 
is related to the room temperature value by following equa-
tion [37, 38]:

Comparing experimental data of tungsten with the above 
model leads to α = 0.85 [37]. Considering this model, the 
relative permittivity, refractive index and skin depth of W 
at different temperatures are calculated, which are shown 
in Fig. 2. The results show that by increasing temperature, 
the refractive index increases and the extinction coefficient 
decreases; leading to a large increase in the skin depth of W 
at wavelengths longer than 2 µm. In addition the real part of 
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Fig. 1   a 2D W PhCS with period a, depth d and radius r. b Computa-
tional unit cell for calculating the optical spectrum
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dielectric constant becomes less negative, which decreases 
the reflectivity of W at longer wavelengths.

3 � Results and discussions

It is well known that the thermal emission properties of a 
material depend on its microscopic properties as well as 
on its surface microstructure [29, 32, 33, 39]. By produc-
ing roughness on the surface of a material, its emissivity 
increases in the whole wavelength region [32]. In the case 
of periodic microstructures, with structural parameters com-
parable to the optical wavelengths, anomalous behaviors 
occur in the emissivity. Here, we have studied the effects of 
structural parameter on the thermal emission spectrum of 
2D W PhCS. The normal spectral emissivities of flat W and 
2D W PhCS at 300 and 1500 K, for different cavity depths 
are shown in Fig. 3. In the case of shallow nanocavities 
with depth lower than 100 nm, the emissivity is the same 
as that of flat W. By increasing the cavity depth from 150 
to 250 nm, a sharp peak appears at wavelength λ ~ a. For 

deeper cavities with d ≥ 300 nm, a large enhancement is 
observed in the emissivity in comparison to that of flat W in 
the wavelengths λ ≤ 2 µm. At wavelengths longer than 2 µm, 
the emissivity sharply decreases and reaches the value of 
flat W. Figure 3 also shows that there are some peaks in 
the spectrum at wavelengths below the cutoff, which their 
number increases by increasing the cavity depth. For cav-
ity depths greater than 4 µm, the emissivity reaches the 
maximum value, near unity, in the wavelength range of 
a ≤ λ ≤ λcutoff.

Emissivity spectra variation versus radius at two dif-
ferent temperatures T = 300 and 1500 K is depicted in 
Fig. 4, where the depth and period are fixed at 3.00 and 
1.30  µm, respectively. It can be seen that emissivity 
increases with increasing radius relative to that of flat 
W in the whole wavelength range, which is related to the 

Fig. 2   a Real and imaginary parts of permittivity, b real and imagi-
nary parts of Refractive Index and c skin depth of W at different high 
temperatures

Fig. 3   Normal emissivity spectra of 2D W PhCS versus wavelength 
for different cavity depths (a = 1.30 µm; r = 0.55 µm). a T = 300 K and 
b T = 1500 K
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surface roughness increasing in the nano/microcavities 
[40]. For small radiuses r = 50 and 100 nm, the emis-
sivity has the same value and trend as that of flat W. 
By increasing the radius from 150 to 350 nm, a sharp 
peak appears in the emissivity at wavelength λ ~ a, near to 
the first diffracting mode of periodic surface. The more 
increase in the cavity radius leads to large enhancement 
and remarkable selectivity with some resonance peaks in 
the emissivity spectra. It is apparent from Figs. 3 and 4 
that the calculated emissivity at 1500 K is slightly greater 
than the corresponding value at 300 K, especially in the 
wavelengths longer than the cutoff wavelength. This 
is due to the increase of electron–phonon interaction 
by increasing the temperature. In our calculations, we 
have neglected the length change due to the low thermal 
expansion coefficient (α) of W. Below 2500 K, α of W 

is less than 6 µm m−1 K−1 [41, 42], leading to a relative 
length change less than 1%. Therefore, in practice ther-
mal expansion does not affect the emissivity of photonic 
crystal of W in the optical wavelengths [1].

Some phenomena could be proposed to describe the 
physical nature of the observed enhancement and selectiv-
ity in the emissivity of structured surfaces. The anomalous 
behavior in the emissivity at wavelengths below the cutoff 
relates to the cavity and photonic band gap effects. The cou-
pling between thermally excited electromagnetic waves with 
the resonance modes inside of the cavity is one of the main 
mechanisms of emissivity enhancement. The resonance 
wavelengths of an ideal metallic microcavity depend on its 
structural parameters [43]. Figure 5 shows the position of the 
observed peaks by depth and radius of the nano/microcavity. 
It is clear from the figure that the positions of the peaks are 
shifted to the longer wavelengths with increasing the depth 
and radius of cavity monotonically, which are more sensitive 
in respect to the radius variation. The resonance wavelengths 
of a one open-end cylindrical cavity with radius r and depth 
d could be approximated by the resonance wavelengths of a 
corresponding enclosed one in which only the odd number 
of quarter wavelengths could take place along the cavity [3, 
6, 44];

Here m and n are integers, �mn and � ′
mn

 are the nth root 
of the mth order Bessel function and its derivative, µ and ε 
are permeability and permittivity of the material filling the 
cavity, respectively. Equations (7) and (8) show that cutoff 
wavelength (the highest resonant wavelength) of TE and TM 
modes are TM010 and TE111, respectively. It is clear from 
Fig. 5 that there is a large difference (about 12%) between 
the resonance wavelength obtained from the FDTD method 
and the corresponding values estimated from the ideal 
metallic cavity. Such increase in the resonance wavelength 
is due to the finite conductivity and non-zero skin depth of 
tungsten metal [6, 45–47]. To modify the resonance wave-
lengths of a one open-end cylindrical cavity, we assumed 
that the boundaries of the metallic cavity are shifted into 
the metal with a length in order of skin depth. Therefore, the 
modified TE resonance wavelengths of a cylindrical cavity 
are determined by adding the skin depth to the radius and 
depth of the cavity as:
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Fig. 4   Normal emittance of 2D W PhCS at different radii (a = 1.30 
µm; d = 3 µm). a T = 300 K and b T = 1500 K
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In this equation δ is the skin depth of the bulk metal 
at the resonant wavelength. Figure 5 shows the modified 
resonance wavelengths of 2D W PhCS versus radius and 
depth.

The results show that the modified TE resonance wave-
lengths are in good agreement with the values obtained from 
the FDTD simulation, with maximum deviation less than 
3%. Such calculations have also been carried out for the TM 
modes but the observed peaks are not consistent with the 
resonant wavelengths of this mode.

(9)

(�r)TEmnp
=

2�c
√

��
�

�

� �
mn

(r+�(�))

�2

+

�

p�

2(d+�(�))

�2

, p = 1, 3, 5, 7,… .

The positions of the simulated peaks in the emissivity at 
300 and 1500 K for various radius and depth are given in 
Table 1. It could be found from Table 1 that the resonance 
wavelengths are slightly decreased by changing tempera-
ture from 300 to 1500 K, with maximum variation less than 
3%. As it can be seen from Fig. 2, this variation could be 
attributed to the change of skin depth at higher tempera-
tures. In periodic nano/microstructures, the photonic band 
gap effect could be attributed to the emissivity enhance-
ment. This effect suppresses the thermal radiation inside 
the photonic crystal in the band gap region and increases 
the density of state in the near band gap edges [2]. The 
increasing in the density of state could increase the num-
ber of excited modes in direction normal to the photonic 
crystal.

Fig. 5   Simulated, estimated and 
modified resonant peaks of 2D 
W PhC as a function of cavity 
depth (left) and cavity radius 
(right) at T = 300 K

Table 1   Comparing the peak 
position in the emissivity of 2D 
W PhCS for different structural 
parameters at T1 = 300 K and 
T2 = 1500 K

2D tungsten photonic crystal (a = 1.3)

PhC characterizes λ1 (µm) λ2 (µm) λ3 (µm)

r d T1 T2 T1 T2 T1 T2

0.45 3 1.70 1.67 1.61 1.57 1.47 1.44
0.50 1.86 1.84 1.71 1.69 1.53 1.51
0.55 2.00 1.99 1.81 1.80 1.60 1.58
0.60 2.15 2.14 1.90 1.89 1.64 1.63
0.55 1.5 1.87 1.86 1.48 1.47 – –

2.1 1.95 1.93 1.66 1.65 1.38 1.36
4.0 2.04 2.02 1.91 1.89 1.74 1.72
10 – – 1.89 1.86 1.82 1.80
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The SPP formation at the interface of dielectric and 
metallic materials can be also attributed to the emissivity 
enhancement in periodic nano/microstructures. The surface 
plasmons can be excited when the real part of dielectric con-
stant of the metal is negative. Figure 2a shows that this could 
be satisfied for W at wavelength longer than λ ~ 0.95 µm. The 
diffraction grating theory implies that anomalous absorp-
tion occurs due to the excitation of surface waves through 
the periodicity of gratings. In the case of 2D square lattice 
gratings, the wavelength of normally excited SPP, λSPP, is 
given by [48];

where m and n are integer numbers indicating the dif-
fraction order, a is lattice constant and ε is the metal’s 
dielectric constant. A 2D periodic array of nano/microcavi-
ties can be regarded as a 2D grating. Figure 3 shows that 
in the case of shallow nanocavities with fixed r = 550 nm 
and depth 150 ≤ d ≤ 250 nm, the anomalous absorption 
peak around λ ~ 1.3 µm is consistent with λSPP(1,0) and 
λSPP(0,1) of SPP modes, rather than the resonance modes 
of the nanocavity. Such behavior is also observed in the 
emissivity of nanocavities with radius 150 ≤ r ≤ 350 nm at 
fixed depth d = 3 µm. In the case of deeper and wider 
microcavities with d ≥ 250 nm and r ≥ 350 nm, the absorp-
tion peak is broadened and it is well matched with the 
cavity-resonant mode. The SPP and cavity-resonant modes 
could be distinguished by defining aperture ratio and aspect 
ratio of a cavity. In the case of radius variation, aperture 
ratio is a good measure to determine the dominant mode, 
which is defined as the ratio of the occupied surface by a 
cavity to the surface of a unit cell, � =

�r2

a2
× 100 [48]. The 

obtained results show that in the case of nanocavities with 
α ≤ 2%, the emissivity has the same behavior as that of flat 
W and there is no any absorbing peak corresponding to the 
excited SPP or resonant modes of the nanocavity. For 
4 ≤ α ≤ 125, the thermally excited SPP modes and for 
α ≥ 22%, the microcavity-resonant modes are dominant. In 
the case of depth variation, aspect ratio of a cavity 
(

� =
d

r
× 100

)

 is used to determine the dominant mode. 

The obtained results show that for shallow nanocavities 
with low aspect ratio of β ≤ 18%, there is no any peak in 
the emissivity spectra corresponding to the thermally 
excited SPP or cavity resonant modes. For the aspect ratio 
27 ≤ β ≤ 40%, the sharp peak is consistent to the thermally 
excited SPP modes. In the case of deeper microcavities 
with β ≥ 45% the resonant modes inside of microcavities 
are dominant.

At wavelengths shorter than periodicity, the emissivity 
variation could be related to the diffracted modes from the 

(10)�SPP(m, n) =
a

√

m2 + n2

�

�

1 + �
,

surface of the periodic nano/microcavities. The effect of the 
lattice constant on the normal emissivity of 2D W PhCS for 
fixed r = 0.55 µm and d = 2.1 µm, is shown in Fig. 6. This 
figure shows that with increasing periodicity, the emissivity 
decreases significantly in the wavelengths λ ≤ a. The grating 
equation can be used to explain it as [6];

In this equation a is the periodicity, m is diffraction order, 
λ is optical wavelength in free space, θi and θm are incident 
and diffraction angles, respectively. In the case of a normally 
incident wave, the onset of diffraction occurs at θm = 90 with 
corresponding wavelength of mλ = a, which means that only 
optical waves with wavelength λ ≤ a could couple to the dif-
fractive modes. Therefore, by increasing the periodicity, 
threshold of diffracting modes changes to the longer wave-
lengths; leading to a decrease in total emittance below the 
cutoff.

The capability of 2D W PhCS as a high-temperature selec-
tive emitter has been studied here. The spectral radiance 
IPhC(λ,T) of a PhC with emittance εPhC(λ,T) is given by;

where IBB(λ,T) is the blackbody radiation given by Planck’s 
law. The emission efficiency ηe, which measures the amount 
of radiation below the cutoff wavelength relative to a black-
body with the same conditions is calculated as [49]:

(11)a(sin �i + sin �m) = m�,m = ±1,±2,±3, ...,

(12)

IPhC(�,T) = IBB(�,T)�PhC(�,T) =
2hc2

�5
(

exp
[

hc

�kBT

]

− 1
)�PhC(�,T),

(13)�e =
PPhC
useful

PBB
useful

=
∫ �c
0

d��PhC(�,T)IBB(�,T)

∫ �c
0

d�IBB(�,T)
,

Fig. 6   Normal emittance of 2D W PhCS versus periodicity at fixed 
r = 0.55 µm; d = 2.10 µm. a T = 300 K, b T = 1500 K
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where λc is the cutoff wavelength of the cavity and Puseful 
is the useful radiated power by the emitter. The conversion 
efficiency, ηc, quantifies the selectivity of an emitter and is 
defined as the useful radiated power below λc relative to the 
total power as [25];

To optimize the geometry of W PhCS as an efficient emit-
ter, the emission and conversion efficiencies versus period and 
cavity depth at T = 1500 K have been calculated and the results 
are shown in Table 2.

It can be seen from Table 2 that by increasing the cavity 
depth from 1.5 to 10 µm, both emission and conversion effi-
ciencies are increased. As mentioned above, by increasing 
the cavity depth, the number of the cavity-resonant modes 
below the cutoff increases and as a result the useful emit-
tance of PhC cavity increases. For fixed r = 0.55 µm and 
d = 10 µm, with increasing periodicity from 1.15 to 1.7 µm, 
the emission efficiency decreases monotonically from 93 
to 71%, but the conversion efficiency fluctuates between 
64–69%. The calculated efficiencies reveal that to have a 
favorable thermal emitter of 2D W PhCS, the cavity should 
be deep enough and the periodicity should be as small as 
possible. Cavity radius determines the cutoff wavelength 
of PhC emittance, which should be matched to the PV cell 
band gap.

Based on the results, optimized 2D W PhCS emitters at 
different temperatures, corresponding to the cutoff wave-
lengths of the emitters and PV cell band gaps have been 
designed. The spectral emissions of the optimized emit-
ters are shown in Fig. 7 and the calculated efficiencies and 
related operating temperatures are given in Table 3. The 
obtained results show that the designed emitters based on 
2D W PhCS have the same spectral emissions as that of the 
blackbody below the cutoff wavelengths.

(14)�c =
PPhC
useful

PPhC
total

=
∫ �c
0

d��PhC(�,T)IBB(�,T)

∫ ∞

0
d��PhC(�,T)IBB(�,T)

,

4 � Conclusion

In this research, the effects of geometrical parameters and 
temperature on thermal emission properties of 2D W PhCS 
have been investigated by FDTD method. The obtained 
results show large enhancement and remarkable selectivity 
in the emissivity of the PhCS relative to that of flat W. At 
wavelength shorter than the periodicity, the emissivity is 
decreased due to the Bragg diffraction of the electromagnetic 
wave from the surface of photonic crystal. In the case of 
shallow and narrow nanocavities, SPP excitation has a sharp 
peak at λ ≈ a in the emissivity which is disappeared in deeper 
and wider microcavities. At wavelengths longer than perio-
dicity, the enhancement is mainly related to the coupling 
between thermal emission modes with the resonance modes 
inside the microcavity. The positions of the resonance modes 
are well matched with the modified resonance wavelengths 
of the microcavity. By increasing temperature, the emissivity 
increases slightly at wavelengths longer than the cutoff, but 
the positions of the resonance wavelengths are not changed 
significantly. Optimized thermal emitters of W microcavities 
with emission efficiency more than 90% have been designed, 

Table 2   The effect of period and cavity depth on the emission and 
conversion efficiencies of W PhC

r = 0.55, d = 10 (µm) r = 0.55, a = 1.15 (µm)

a (µm) ηe (%) ηc (%) d (µm) ηe (%) ηc (%)

1.15 93.1 64.2 1.5 88.1 54.8
1.2 92.5 67 2 92.1 62
1.3 90 68.8 3 92.2 62.3
1.45 84.1 68.8 5 92.9 62.4
1.6 76.5 67.4 6 93.1 62.4
1.7 70.6 65.8 10 93.1 64.2

Fig. 7   Spectral emission of designed 2D W PhCS emitters with cer-
tain cutoff wavelengths. (1): a = 0.95, r = 0.45, (2): a = 1.05, r = 0.5, 
(3): a = 1.15, r = 0.55, (4): a = 1.25, r = 0.6. For all cases d = 10 and 
the values are in µm

Table 3   Optimized structural parameters of the emitters with their 
emission and conversion efficiencies

Parameters (µm) λc (µm) T (K) ηe (%) ηc (%)

a = 0.95, r = 0.45, d = 10 1.95 1850 91 68
a = 1.05, r = 0.50, d = 10 2.00 1700 93 65
a = 1.15, r = 0.55, d = 10 2.15 1600 92 69
a = 1.25, r = 0.60, d = 10 2.30 1450 92 68
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which are suited for high-temperature thermal energy con-
version in the thermophotovoltaic systems.
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