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BABSTRACTIl Resonant dielectric gratings have been proposed as promising building blocks for light
control. Here we give an overview of our recent studies on resonant dielectric gratings. Firstly, we present
an asymmetric grating that exhibits unique reflection and transmission characteristics. Then, resonant
modes in gratings coupled to surface modes of specific substrates are demonstrated to control thermal
radiation characteristics. These studies pave the way to novel optical and thermal engineering applications.
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1. Introduction

Gratings are optical devices with periodic ridges
and grooves. They have been commonly used in
spectrometers, because the diffraction angle is
dependent on the wavelength. Owing to advances in
nanofabrication technologies, gratings whose period
is smaller than or comparable to the wavelength have
been investigated, and they are called subwavelength
gratings. Our company has studied subwavelength
gratings"” and they are summarized as reviews.®?
Some subwavelength gratings composed of dielectric
materials exhibit resonant reflection or transmission
characteristics with efficiencies as high as unity.(*®
Such dielectric resonant gratings have been applied to
reflection filters, ! transmission filters,'> lasers,%!7
and lenses,'® taking advantage of simple configuration,
high efficiency, and resonant characteristics.
Furthermore, the resonant characteristics could be
explained as the excitation of a guided mode in the
grating layer.">!® This explanation opens up new
design strategies.

Here we introduce our recent theoretical studies on
dielectric resonant gratings. In Section 2, we briefly
explain a methodology to characterize the optical
response of gratings. An asymmetric
double-groove grating®® that exhibits unique diffraction
phenomena is presented in Section 3. In Section 4,
dielectric resonant gratings are utilized to control
thermal radiation.® The novel coupling mechanism

between guided modes in resonant gratings and
surface waves allows us to actively modulate thermal
radiation. The anomalous properties of the devices
utilizing resonant gratings are summarized in Section 5.

2. Optical Analysis

We develop a modal analysis'*?) to evaluate the
optical responses of gratings. The coordinate system
for the analysis is shown in Fig. 1. For simplicity, we
limit the p-polarized incidence in the xz plane. As a
result, the following condition is satisfied:
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Fig. 1  Configuration of the Littrow mounted double-groove
grating. (dimensions: p = 895 nm, w, = 200 nm,
w, = 300 nm, d = 360 nm, and hg = 1030 nm;
refractive indexes: n,=1.45 and n,=3.48; diffraction
angles: ,, = 6., = 60°and 6,, = 0, | = 36.7° at
A, = 1550 nm operating wavelength).
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where H, is the j-component of the magnetic field and
E, is the j-component of the electric field. Since £, and
E_are derived from H, only H, 1s considered in the
following discussion. In the grating layer, the magnetic
field (¥ is decomposed by eigenmodes as follows:

H/9=%,X,x) [U, Yexp (id,2) + D, “exp (=i, Z?],)
2

where 4, and X (x) are the mth eigenvalue and
eigenfunction, and U,© and D, are amplitudes of
the mth mode. In the other homogenous layers, the
electromagnetic field is decomposed by plane waves,
i.e., Rayleigh expansion. In the semifinite input layer,
the magnetic field H " is written as the sum of the
incidence and the reflection:

[—[y(IN) = H,, exp (—ifjyx — iy, "M 2)
+ En]—IRn exp (_iﬂn‘x + iyn(IN)Z)a (3)

where H,, is the incident magnetic field, H,, is the
reflected magnetic field of the nth order diffraction,
B, 1s the x-component of the incident wavevector, f, is
the x-component of the nth diffracted order wavevector
B, =p, +n (2xnlp), p is the period of the grating, and
7,0 is the z-component of the wavevector of the nth
order diffraction. In the semifinite substrate, the field
H " is written as the sum of the transmission in a

similar manner:
Hy(SUB) = Z" HT” exp (_iﬁn X — iyn(SUB) 2), 4)

where H,, is the transmitted magnetic field of the
nth order diffraction. Four variables, namely, the
optical responses of the structure H,, and /,,, and the
internal magnetic field U (© and D, ), are determined
by solving four equations derived from boundary
conditions at the two interfaces of the three layers. A
similar procedure is applied to structures with more
layers. The calculated optical responses are verified by
using the commercial electromagnetic simulator CST
Microwave Studio™.*?

3. Asymmetric Double-groove Grating for Light
Manipulation

Reflection gratings coupled to nonzero-order diffraction
beams are key devices for applications requiring angular

dispersion, e.g., spectrometers, lasers, and filters.
They are commonly realized by metallic gratings or
dielectric gratings attached onto multilayered dielectric
mirrors®?% or metallic mirrors.?” We have reported a
resonant grating coupled to the —1st-order diffraction
with an efficiency as high as unity,® unlike other
resonant gratings,'*'® which focus on the Oth order.
It consists of two silicon ridges with different widths
placed on a fused quartz substrate. Reflective coupling
is achieved without attaching a mirror on the backside
as in other studies.*?2% Another unique feature of this
device, the alternation of reflection and transmission
by changing incident angle from +60° to —60°, is
discussed at the end of this section.

The configuration of the silicon double-groove
grating on the fused quartz substrate is shown in Fig. 1.
The geometry of the grating is optimized so as to
achieve unity efficiency for 1550 nm signal light
incident at 60°. The angle of the —1st-order reflection
is designed to be the same as the angle of incidence,
i.e., Littrow mounting is utilized. Thus, the incoming
light is reflected back in the incoming direction.

The wavelength characteristics of the diffraction
efficiency calculated by the modal analysis are shown
in Fig. 2. As mentioned above, the efficiency for
the —1st-order coupling at 1550 nm is almost unity. The
spectral bandwidth is relatively narrow, which implies
a resonance in the structure. The simulated results
obtained by CST Microwave Studio™ are shown as
dots in Fig. 2 and capture the calculated efficiency by
the modal analysis.
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Fig. 2 Wavelength characteristic of diffraction efficiencies
in the Littrow mounted double-groove grating.
Curves are obtained using the modal analysis.
Data points are the results of the CST Microwave
Studio™ simulation.
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The angular characteristics of the diffraction
efficiency at 1550 nm are shown in Fig. 3. A high
efficiency of over 70% is obtained for incidence from
50° to 75°. The efficiency is zero at angles below 47°
because the —Ist-order diffraction does not propagate
into the free space, i.e., the —1st-order diffraction is
evanescent wave.

The electromagnetic field in the grating is shown in
Fig. 4. As mentioned above, the incidence from +60°
couples to the —Ist-order reflection. Simultaneously,
the incidence excites a strong magnetic field inside
the wider ridge, as seen in Fig. 4(a). By contrast,
the incidence from —60° couples to the —Ist-order
transmission with high efficiency (Fig. 4(b)). This
switching between reflection and transmission cannot
be achieved by gratings with backside-attached
mirrors.

4. Resonant Grating for Thermal Radiation Control

Thermal radiation has been considered to be
a broadband phenomenon since the complete
explanation of the blackbody radiation by Plank.
From a realistic non-blackbody structure, the spectral
radiance of thermal radiation B, (4, 6, T'), measured in
units of W-sr!-m3, can be expressed as the product
of Planck’s oscillator and the emissivity (4, 8) at a
specific wavelength 4 and angle 6:

2hc? 1

B,(4,0,T)= e(4, 0), (5)

A exp(he/lk,T)—1
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Fig.3 Incident angle dependence of diffraction
efficiencies in the Littrow mounted double-groove
grating. Curves are obtained using the modal
analysis. Data points are the results of the CST
Microwave Studio™ simulation.

where 4 is Planck’s constant, c is the speed of light, %,
is the Boltzmann constant, and 7 is the temperature.
Tailoring emissivity by subwavelength structures for
thermal radiation control is currently attracting much
interest. Several applications have been proposed,
including chemical analysis,®® cooling systems,®-?
and thermophotovoltaics.®”  Various types of
structures including photonic crystals,*? surface
relief gratings,**2% and metamaterials®>*® have been
investigated both theoretically and experimentally.
We have reported that resonant gratings coupled to
surface phonon polaritons on the SiC substrate achieve
spectrally and angularly sharp thermal radiation
characteristics.® The characteristics of the proposed
structure are analyzed according to Kirchhoff’s law.¢”
The absorptivity a (4, 8) at a specific wavelength and
angle is calculated analytically or numerically. Then,
emissivity is derived via the equation a (4, 8) = ¢ (4, 0).

The configuration of the proposed thermal radiator
is shown in Fig. 5 (a). The thermal energy from the
SiC substrate excites surface phonon polaritons on the
substrate. Surface polaritons couple to the guided modes
in the dielectric resonant grating. The guided modes
couple to the propagative wave above the grating,

(©) (d)

Fig. 4 Snap shot of electromagnetic field distributions at
1550 nm obtained by the CST Microwave Studio™
simulation. (a) +60° incidence (magnetic field)
(b)—60° incidence (magnetic field)(c)+60° incidence
(electric field) (d) —60° incidence (electric field).
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and thus thermal radiation is observed at a specific
wavelength and angle where the surface polaritons are
excited and the coupling condition is satisfied. Such
properties are observed in the spectral and angular
emissivity plotted in Fig. 6. A near-unity emissivity
is achieved around a wavelength of 12.13 pm and
the normal direction. There are also lines with high
emissivity related to the guided modes or the surface
phonon polaritons.

Next, we discuss the active modulation capability of
the proposed structure. The emissivity is modulated
by tuning the distance between the substrate and
the grating, shown as the red line in Fig. 7. The
emissivity is reduced from almost unity to zero by
increasing the distance from 36.15 pm to 37.3 um. To
elucidate the dependence on distance, we employed
an approximation that disregards the propagative
wave between the grating and the substrate. This
approximation, which is represented by the blue dashed
line in Fig. 7, shows the contribution of the evanescent
wave. The approximation captures the envelope of
the emissivity, which indicates that the coupling is
dominated by the evanescent wave. The dip could be
explained as the interference of the propagative and
evanescent waves.

Furthermore, we achieved spatially asymmetric
thermal radiation by utilizing the asymmetric
double-groove reflective grating discussed in Section 3,
as shown in Fig. 8(a). We modified the geometrical
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Fig.5 (a) Sketch of a thermal emitter. It consists of a
silicon resonant grating positioned above a silicon
carbide (SiC) plate. (dimensions: p = 11.9 um,
w =57 pm, A, = 1.01 pm, d, = 362 pm;
permittivities: e, = 12.1, g is given in Ref. (31))
(b) Dispersion curves of surface phonon polaritons
on the surface of a SiC plate (green solid line)
and the guided mode of the resonant grating (blue
dashed line) and the light line (gray dotted line).

parameters so as to satisfy the coupling condition,
and achieved almost unity emissivity toward the right
hand side (Fig. 8(b)). This is due to the excitation of
the surface phonon polariton and the guided mode.
Toward the left hand side, the emissivity is almost zero
(Fig. 8(c)). This asymmetry is visualized in Fig. 8(d) in
terms of the spectral and angular characteristics.
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Fig. 6 Spectral emissivity with variation of the angle 4 in
the xz plane for p-polarization. The graph on the
bottom plots emissivity vs. angle 6 at 12.13 pum
(blue solid line) and 12.4 pm (green dashed line).
The graph on the right plots emissivity vs. 4 at = 0°
(blue solid line) and 8 = 2° (green dashed line).
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Fig.7 Emissivity as a function of distance, d, at A=12.13 pm
and 0 = 0°. (Red solid line: modal analysis; black
circles: CST Microwave Studio™; blue dashed
line: approximation.)
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5. Summary

An asymmetric optical component and a thermal
radiator based on resonant gratings were reviewed.
The optical responses of the both devices were
analyzed by the modal analysis. The reflective or
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Fig. 8 (a) Sketch of the thermal emitter having a silicon
double-groove grating with two different groove
widths per period. (Dimensions: p = 154 um,
w;= 6.8 um, w, = 2.8 um, s, = 3.5 um, g = 0.8 pm,
and d, = 6.3 um.) Magnetic field intensity |H ]
distributions for (b) & = +21° and (¢) 0 = -21°,
obtained using the CST Microwave Studio™
simulation. (d) Spectral emissivity with variation
of the angle € in the xz plane for p-polarization.
Emissivity vs. angle 0 at 11.32 um and emissivity
vs. A for 6 = +21° (blue solid line) and 6 = -21°
(green dashed line) are plotted in the bottom and
the right graphs, respectively.

transmissive coupling to the —1st-order diffraction was
observed on the asymmetric double-groove grating.
It finds applications such as signal routing based
on light switching, laser pulse compression, laser
cavities, and so on. The sharp spectral and angular
radiation characteristics as well as the modulation
capability were investigated on the thermal radiator.
Spatially asymmetric thermal radiation was also
demonstrated. It is applicable to thermal management,
thermophotovoltaics, and mid-infrared optical sources.
The methodologies for designing and analyzing
dielectric resonant gratings contribute to the fields of
optics and thermal radiation.
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051127, Ito, K. et al., Thermal Emission Control by
Evanescent Wave Coupling between Guided Mode of
Resonant Grating and Surface Phonon Polariton on Silicon
Carbide Plate, © 2014 AIP, with permission from AIP
Publishing LLC.

© Toyota Central R&D Labs., Inc. 2015

http://www.tytlabs.com/review/



7L R&D Review of Toyota CRDL, Vol.46 No.1 (2015) 57-63

63

Kota Ito
Research Fields:
- Nanophotonics
- Nanoscale Heat Transfer
Academic Societies:
- The Japan Society of Applied Physics
- The Institute of Electrical Engineers of Japan

Takayuki Matsui
Research Fields:
- Optics
- Nanophotonics
Academic Societies:
- The Japan Society of Applied Physics
- The Optical Society of America

Hideo lizuka
Research Field:

- Electromagnetic Analysis
Academic Degree: Dr.Eng.
Academic Societies:

- IEEE

- The Optical Society of America

- The Institute of Electronics, Information and

Communication Engineers
Award:
- IEICE Young Engineer. Award, 2001

© Toyota Central R&D Labs., Inc. 2015

http://www.tytlabs.com/review/



