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Thermal emission is often presented as a typical incoherent process. Incorporating periodic structures on the tungsten
surface offers the possibility to obtain coherent thermal emission sources. Here we illustrate grating as an example to
examine the influence of the geometric parameters on the thermal emission properties. It is found that for very shallow
gratings, only surface plasmon polariton (SPP) modes can be excited and the emission efficiency is closely related with
the filling factor. When the ratio of the depth to period of the grating is in the range from 1/20 to 1/2, the field between
the adjacent corners can be coupled to each other across the air gap for the filling factor larger than 0.5 and produce a
similar resonance as in an air rod. Further increase of the grating depth can cause the groove of the grating forming metal–
insulator–metal (MIM) structures and induce surface plasmon standing wave modes. Our investigations will not only be
helpful for manipulating thermal emission properties according to applications, but also help us understand the coupling
mechanism between the incident electromagnetism waves and gratings with different parameters in various research fields.
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1. Introduction

Due to their unique properties to confine light in an ex-
tremely small area and potential applications in various fields
of nanometer science and technology, surface plasmon polar-
itions (SPPs) have attracted tremendous interests in these last
few decades.[1–5] They cannot be excited directly by incident
electromagnetic waves on flat metal surfaces because of the
momentum mismatch between the incident waves and SPPs.
To compensate the momentum, a prism, a grating, or a defect
is required on the metal surface. Utilizing a grating to afford
an extra wavevector to compensate the momentum is one of
the most widely applied methods.[6]

In contrast to lasing,[7,8] thermal emission is a typical in-
coherent process.[9] Obtaining controllable thermal emitting
sources in the midinfrared spectrum range has been one of the
important tasks in photonics technology.[10] When very shal-
low grating structures are introduced into the metal surfaces,
spatially and temporally coherent thermal emission sources
can be realized by exciting SPPs.[11–13] For example, we
have proposed a two-dimensional orthogonally crossed shal-
low grating to produce an orthogonally-polarized dual wave-
length radiation from a tungsten thermal source.[14] On the
other hand, if we incorporate very deep gratings into the metal
surfaces, microcavity modes can be excited and coherent ther-

mal emission sources can be obtained.[15–18] In most of the
related research, however, only very shallow (the height h be-
ing less than a twentieth of the period a) or very deep gratings
(h/a> 1/2) are utilized to control the thermal emission. There
is actually a large gap between them which affects the emis-
sion properties significantly. Furthermore, the influence of the
grating’s filling factor is entangled with its depth. Therefore,
appropriate geometrical parameters of the incorporated grat-
ing have to be chosen cautiously according to the application
fields. Surprisingly, there are very few papers examining the
influence of the geometrical parameters (in a large range) on
the emission properties of the grating structures.

In this paper, we investigate the evolution process of the
emission properties with the filling factor and the depth of the
tungsten gratings. It is found that the influence of the depth
and the filling factor is correlated as they are changed. When
the ratio between the depth and the period is less than 1/20,
only SPPs can be excited and the influence of the filling factor
is enhanced with an increase of the depth. When the ratio is
between 1/20 and 1/2, the resonant wavelength of SPPs red-
shifts at first with the increase of the filling factor due to the
increase of the effective refractive index. When the filling fac-
tor is increased to be larger than 0.7, the field between the two
adjacent corners of the grating starts to be coupled. The air
gap under excitation exhibits a similar resonance as in an air
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rod,[19] which blue-shifts with the increase of the filling fac-
tor. When the ratio between the depth and the period is larger
than 1/2, besides SPPs and air gap resonances, surface plas-
mon standing wave modes can be excited due to the formation
of the waveguide of the grating wall–air–wall, which can be
regarded as a metal–insulator–metal (MIM) structure. The in-
fluence of the geometric parameters on the thermal emission
properties can not only provide us with direct information on
how to choose appropriate parameters for thermal emission
sources in different applications, but also help us understand
the coupling mechanism between the incident electromagnetic
waves and gratings with different parameters in various re-
search fields.

2. Simulation model
The schematic of the grating is shown in Fig. 1, in which

a, w, and h represent the period, width, and depth of the grat-
ing, respectively. We focus on discussing one-dimensional
(1D) grating in this paper. The results would be meaning-
ful references for two-dimensional (2D) grating although the
confinements along two directions could influence each other,
which is out of the discussion range of this paper. The filling
factor is defined as f = w/a. Tungsten is chosen as the mate-
rial because of its wide usage in thermal emissions.[8,20] Sim-
ulations are based on rigorous coupled wave analysis (RCWA,
Rsoft) and finite element analysis (FEA, commercial COM-
SOL Multiphysics). RCWA is used to calculate the absorption
spectra and FEA is used to find the electric field distributions.
A perfectly matched layer (PML) boundary condition is ap-
plied for the top/bottom area and the periodic boundary con-
dition (PBC) is used for the two walls. The grid size is chosen
to be 10 nm to ensure the convergence of the simulation re-
sults. In the simulations, the dielectric constant of tungsten is
related to the frequency of the incident light. This relationship
is defined by the Drude model[21]

ε = 1−
ω2

p

ω(ω + iωc)
, (1)

where ωp = 1.448×1015 Hz and ωc = 1.3×1013 Hz.
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Fig. 1. (color online) Schematic of the simulated 1D tungsten grating.
The geometry of the grating is defined by its period (a), width of the
ridge (w), and groove depth (h).

In the simulations, the thickness of the substrate is set as
500 nm, which is much larger than the skin depth of tungsten
(about 20 nm), thus no light can penetrate and T (λ ) = 0. Ac-
cording to Kirchhoff’s law, the spectral emissivity (at a wave-
length of λ ) ε(λ ) is equal to the spectral absorbance A(λ ) at
thermal equilibrium. The absorptivity for each λ is given by
A(λ ) = 1−R(λ )− T (λ ), where R(λ ) and T (λ ) are the re-
flectivity and transmittivity of the incident wave.[22,23] There-
fore, the emissivity can be directly related to the reflectivity
by ε(λ ) = A(λ ) = 1−R(λ ). As the waves incident vertically
from the top, the emission direction is the reverse of the inci-
dence and their polarizations are identical. The plane of inci-
dence is defined by the incidence and the surface normal.

For a flat air–material interface, the surface plasmon
wavevector propagating along the x direction, ksp,x, is deter-
mined by the dielectric constant of the metal (εm) and the
wavevector in a vacuum (k0)[24]

ksp,x = k0

√
εm(ω)

1+ εm(ω)
. (2)

SPPs can be excited between the metal and air if a 1D grating
is modulated in the x direction. The wavevector of SPP is then
given by[10]

ksp,x = kox± jKx = k0 sinθ ± j
2π

a
, (3)

where Kx denotes the grating vector perpendicular to the grat-
ing grooves. Integer j represents the diffraction order, while
“+” and “−” signs correspond to j > 0 and j < 0, respec-
tively. θ is the resonant angle of the incidence, as defined in
Fig. 1(a). When the light incidents vertically on the grating,
θ = 0◦. Without loss of generality, we fix θ = 0◦ in the whole
paper. The dielectric constant of tungsten, |εw|� ε0 = 1 when
λ > 2 µm.[20] When θ = 0◦, the resonant wavelength of SPP,
λres, is given by

λres =±
a
j

√
εw(ω)

1+ εw(ω)
. (4)

Thus the resonant wavelength λres and the period a are
correlated. Actually, the above equation is derived for a plane
surface. It may not be applicable in the presence of a grating
with the filling factor being within some range, in which the
effective dielectric constant of tungsten, εeff

w , close to air may
be changed. Therefore, the resonant wavelength may be more
precisely defined as follows:[14]

λres =±
Λ

j

√
εeff

w (ω)

1+ εeff
w (ω)

. (5)

As the emittance for higher order mode ( j > 1) is much
lower than that from the first order ( j = 1),[14] we will mainly
concentrate on discussing the emission at j = 1 for SPPs in the
rest of the paper.
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3. Results and discussion
We choose the period of the tungsten grating a to be

4 µm to illustrate the influences of other geometric parame-
ters on the thermal emission properties. Similar results could
be obtained for other periods. The grating depth h is divided
into three ranges based on its relationship with the period:
h/a≤ 1/20, 1/20 < h/a < 1/2, and h/a≥ 1/2.

3.1. h/a≤ 1/20

When h/a≤ 1/20, the grating is very shallow. The bulge
part (ridge) of the grating can be regarded as a perturbation
although it affords the extra wavevector to excite SPPs. We
choose h = 0.1 µm and 0.2 µm as two examples to examine
the influence of the filling factor. Figure 2 shows the emission
spectra with different filling factors (left panel) and the cor-
responding field distributions at resonant wavelengths (right
panel). The arrows on the field map point to the vector di-
rection of the electric field. As can be seen in Figs. 2(a) and
2(d), the emission peak approximately equals to the grating

period a = 4.0 µm. This is consistent with the results shown
in Ref. [13]. On the other hand, the position of the reso-
nance peak exhibits very small variations with the filling fac-
tor. This is because f can affect the effective dielectric con-
stant of the grating system and thus the resonant wavelength
(refer to Eq. (6)). Meanwhile, the absorption, i.e., the emission
of the material, is related with f since it can influence the abil-
ity to localize the field, as has been addressed in our previous
paper.[14]

From the right panel field map, it can be seen that the elec-
tric field is localized close to the grating interface (air side) and
attenuates away from the interface at resonance. All the verti-
cal white dashed lines drawn in the field maps are guides for
eye and arranged with equal transverse distance. We can ob-
serve that along the direction parallel to the grating plane, the
field intensity located at each vertical white dashed line is sim-
ilar. The periodicity of the field intensity distribution suggests
the excitation of the propagating SPPs.
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Fig. 2. (color online) Emissivity spectra at different filling factors for (a) h = 0.1 µm and (d) h = 0.2 µm. The corresponding field
intensity distributions at resonances are plotted in panels (b), (c), (e), and (f). In each field map, the vertical white dashed lines are
guides for the eye and arranged with equal transverse space (same in the whole paper). For SPPs, the field intensity is distributed
periodically and the white vertical lines can label its periodicity.

3.2. 1/20 < h/a < 1/2

When h/a is in the range from 1/20 to 1/2, the grooves
of the grating can be regarded as cavities.[5,25,26] We choose
the grating depth h = 0.3 µm, 0.6 µm, 1.0 µm, and 1.6 µm as
examples to analyze the influence of the filling factor. A series
of emission spectra with different filling factors and grating

depths are plotted in Fig. 3. The details around the wavelength

of 4 µm are shown in the left column. There are two types of

resonant peaks in this range. We name the narrow one as res-

onance A and the wider one resonance B. As shown, the peak

position of resonance A is fixed at 4 µm for all filling factors

and grating depths. Its emission increases gradually with f
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(in the range of 0.1–0.3) for h ≤1 µm. It almost disappears
when h is increased to be larger than 1 µm except for f = 0.9.
For resonance B, however, the evolution of the peak with the
geometrical parameters is different. With an increase of f ,
its peak position is first red-shifted and the shape is broad-
ened simultaneously. After the turnoff point at f = 0.7, it is
then blue-shifted and narrowed. When h > 1 µm and f < 0.6,
both resonances A and B are weak and they appear again for

f > 0.7. The shift of the peak becomes insensitive to f in this

case. With a further increase of h, resonance B keeps redshift,

although its position is almost not related with f . When h is

increased to be larger than 1.6 µm, another resonant peak at

4 µm appears for f = 0.9. We are investigating the underlying

mechanism of these resonant peaks by plotting the correspond-

ing field distributions in the following.

3.95 4.00 4.05
0

0.2

0.4

0.6

0.8

1.0

E
m

is
si

v
it
y

f/.
f/.
f/.
f/.
f/.
f/.
f/.
f/.
f/.

3.9 4.0 4.1 4.2 4.3
0

0.2

0.4

0.6

0.8

1.0

E
m

is
si

v
it
y

f/.
f/.
f/.
f/.
f/.
f/.
f/.
f/.
f/.

3.9 4.0 4.1 4.2
0

0.05

0.10

0.15

0.20

0.25

0.30

E
m

is
si

v
it
y

f/.
f/.
f/.
f/.
f/.
f/.
f/.
f/.
f/.

4.0 4.4 4.8 5.2
0

0.2

0.4

0.6

0.8

1.0

E
m

is
si

v
it
y

f/.
f/.
f/.
f/.
f/.
f/.
f/.
f/.
f/.

3.9 4.0 4.1 4.2
0.03

0.08

0.13

0.17

E
m

is
si

v
it
y

f/.
f/.
f/.
f/.
f/.
f/.
f/.
f/.
f/.

4.0 4.8 5.6 6.4 7.2
0

0.2

0.4

0.6

0.8

1.0

E
m

is
si

v
it
y

f/.
f/.
f/.
f/.
f/.
f/.
f/.
f/.
f/.

3.98 3.99 4.00 4.01 4.02
0.03

0.08

0.13

0.17

E
m

is
si

v
it
y

f/.
f/.
f/.
f/.
f/.
f/.
f/.
f/.
f/.

3.95 4.05 7 8 9 10 11 12
0

0.2

0.4

0.6

0.8

1.0

E
m

is
si

v
it
y

f/.
f/.
f/.
f/.
f/.
f/.
f/.
f/.
f/.

BAA

A

A

A

Wavelength/mm Wavelength/mm

Wavelength/mmWavelength/mm

Wavelength/mm Wavelength/mm

Wavelength/mmWavelength/mm

h=0.3 mm(a) h=0.3 mm(b)

h=0.6 mm(c) h=0.6 mm(d)

h=1.0 mm(e) h=1.0 mm(f)

h=1.6 mm(g) h=1.6 mm(h)

Fig. 3. (color online) Emissivity spectra of the grating at different filling factors with (a), (b) h= 0.3 µm, (c), (d) h= 0.6 µm, (e), (f) h= 1.0 µm,
and (g), (h) h = 1.6 µm. Resonance A represents the peak that is narrow and fixed at 4 µm, while resonance B is wide and varied (same as
Fig. 4). The details of the emission spectra at around 4 µm are demonstrated in the left column.
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Fig. 4. (color online) Emissivity spectra (left column) and the corresponding field intensity distributions (right column) at different filling
factors for h = 0.6 µm.

Firstly, we select the geometric parameters h = 0.6 µm
and f = 0.3, 0.5, 0.6, 0.7, 0.9. As can be seen in Fig. 4, the
radiation resonant peak of resonance A is narrow for f = 0.3.
The corresponding field distribution in the right column shows
obvious SPP characteristics, which is similar to the results
shown in Fig. 2. When f is increased to be larger than 0.5,
the resonant peak is being gradually widened. By zooming in

the radiation spectrum near 4.0 µm, we can see a saltation at
the wavelength of 4.0 µm for all the filling factors. From the
corresponding field distribution, it can be seen that the surface
electric field is localized near the grating surface and always
exhibits SPP characteristics although the intensity is different.
For 1/20 < h/a < 1/2, the ridge of the grating can affect the
field distribution significantly, which is different from the shal-
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low grating (h/a < 1/20) demonstrated in Fig. 2.
When f < 0.5, the interaction between the two corners of

the same ridge is dominant. Under this situation, the ridge can
be approximated as a metallic nanorod. With an increase of
the filling factor, the ridge is widened and the aspect ratio of
the nanorod is increased. Thus the resonant wavelength is red-
shifted due to the increased retardation.[27] For f > 0.5, the in-
teraction between the two adjacent corners across the air gap
starts to appear and becomes dominant gradually. From the
field intensity map shown in Fig. 4(c), we can see that the field
is localized around the ridge corner and they attract each other.
The field intensity decays faster away from the grating inter-
face than at 4 µm. When f = 0.7, the attraction is strength-
ened, inducing a non-uniform distribution of the field along
the grating plane. This can be observed in the right column of
Figs. 4(d) and 4(e), in which the distribution of the equi-field-
intensity deviates from the vertical white dashed lines (arrayed
with equi-transverse-distance). The obvious difference of the
field distribution from resonance A suggests that resonance B
does not exhibit the SPP feature. Further increasing f can
enhance the attraction and cause the coupling resonance be-

tween the two adjacent corners across the air gap to become
dominant. In this case, the air gap can be approximated as an
air rod[19] and the incident wave parallel to the grating plane
can excite its resonant mode. A narrower air gap corresponds
to a smaller dipole momentum, which induces an increase of
the vibration frequency.[18] Therefore, the resonance peak is
blue-shifted as shown in Figs. 3(a)–3(d).

As has been pointed out in Figs. 3(g) and 3(h), besides
the enhanced broad resonance mode, an obvious narrow reso-
nance mode at 4.0 µm re-appears when f is increased to 0.9
under h = 1.6 µm. We draw the electric field intensity dis-
tributions of the broad and narrow resonances in Fig. 5. At
the wavelength of 8.24 µm, we can find that the electric field
intensity is localized at the corners of the grating, similar to
that described in the above context. For the narrow resonant
mode at the wavelength of 4.0 µm, the electric field intensity
is localized not only on the grating surface showing the SPP
characteristic but also inside the air gap. Therefore, the two
resonant modes are superimposed at around 4.0 µm, which
will be addressed in the following context.
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Fig. 5. (color online) (a) Emissivity spectrum for the grating with h = 1.6 µm and f = 0.9. The corresponding field intensity
distributions at the wavelengths of (b) 4 µm and (c) 8.24 µm.

3.3. h/a≥ 1/2

When the grating depth h is larger than half of the pe-
riod (here h ≥2 µm), it can be defined as deep grating.[28]

Due to the large depth, the two walls of the air gap on the
grating can form a metal–insulator–metal (MIM) structure,[29]

in which the wave-front and wave-end of the traveling wave
can interfere and form surface plasmon standing wave (SPSW)
modes.[28,30–33] The SPSW can localize energy inside the air
gap and enhance the absorption and thus the emission of the
grating. With an increase of f , the coupling between the two
walls can be strengthened and lead to stronger emission.

To identify the order of the SPSW modes, we choose the
depth of the grating to be as high as 6.0 µm in order to il-
lustrate the antinodes and nodal points of the standing wave
modes obviously. Figure 6 illustrates the emission spectrum
and the corresponding field intensity distributions at different
resonances with f = 0.7, in which white circles mark the nodal
points. As can be seen, there are three distinct resonance peaks
in the emission spectrum. From the field intensity maps, ob-

vious standing waves corresponding to different orders can be
observed inside the air gap of the grating. The resonant wave-
length of the standing wave (λsw) is given by[34]

λsw =
2
m

hn, (6)

where hn is the distance between two nodal points and m is the
ordinal number of the nodal points within hn (starting from
zero). The field intensity maps in Fig. 6(b) show that there
are two nodal points, thus the SPSW mode is the first order
(i = 1). As hn is measured to be 4.4 µm, λsw can be calculated
to be 8.8 µm, which is consistent with the value obtained in
Fig. 6(a). Similarly, for the second and the third orders, i.e.,
i = 2 and i = 3, λsw can be calculated to be 5.3 µm and 4.0 µm
from Figs. 6(c) and 6(d), respectively. The field intensity dis-
tribution for i = 3 shown in Fig. 6(d) seems different from that
for i = 1 and i = 2. This is because the wavelength is close
to the SPP resonance ( j = 1). At this point, SPP and SPSW
resonances can be observed simultaneously.
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The wavelength of the SPSW resonance is closely related
to the depth of the grating h and the filling factor f . As shown
in Fig. 7, the SPSW resonance of the same order red-shifts
when h is increased from 4.0 µm to 6.0 µm. Increasing f ex-
hibits a similar trend while the resonance of the lower-order
mode shifts faster. If f ≤ 0.4, the field coupling between the
adjacent corners across the air gap of the grating becomes very
weak, thus SPSW modes are difficult to be excited. The cor-
responding emission curves are almost flat within the whole
monitored wavelength range. Moreover, unlike the low-order
mode, the intensity of the SPSW mode close to 4 µm is not
very sensitive to f due to the influence of the SPP mode.

4. Conclusion
We studied the influence of the geometric parameters of

the tungsten grating on its thermal emission properties. It was
found that when the ratio between the depth and the period is
smaller than 1/20, only SPP modes can be excited. The emis-
sion intensity is related with the filling factor. By increasing
the grating depth, besides the SPP resonance, the field between
adjacent corners can be coupled across the air gap of the grat-
ing when the filling factor is larger than 0.5. Further increase
of the grating depth can induce surface plasmon standing wave
modes because of the formation of the metal–insulator–metal
structure when the filling factor is larger than 0.5. Our investi-
gations will help understanding the mechanism of the geomet-
ric parameters affecting the emission properties of the periodic
structures. Multiple resonances occurring on the tungsten grat-
ing can afford a platform to manipulate the thermal emission
properties and thus offer the possibility to choose appropriate
thermal emission sources according to applications. Further-
more, as the emission from the metallic grating is consistent
with the absorption, our conclusions are applicable to photo-
voltaic and photoelectronic conversion applications.
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