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This paper proposes a 1D plasmonic multilayer structure as a high-contrast mid-infrared thermal

emitter with three distinct resonant wavelengths. The three resonance modes, based on the localized

surface plasmon, provide an omnidirectional thermal emission. The emissivity spectrum reveals high

polarization and strongly angle-independent properties. The resonance-assisted emissivity can be as

high as 19.5 dB relative to off-resonant sideband emissivity. Such extremely low sideband emissivity

makes the proposed plasmonic thermal emitter an efficient, high-contrast emitter, which will be use-

ful for thermophotovoltaic and thermal sensing applications. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4972965]

Coherent mid-infrared (MIR) light sources with design-

able and spectra are in high demand for thermal sensing and

energy harvesting applications.1–3 Multi-band wide-angle

absorption/thermal emission is required for many applica-

tions, such as IR sensors and integrated multi-functional devi-

ces. In the MIR spectral range, the usefulness of quantum

cascade lasers or light-emitting diodes (LED) as radiating

sources is limited by their low efficiency and high cost.4–7

Conventional methods for obtaining coherent MIR light sour-

ces including using introduced filters to pick up narrow-band

wavelengths that are thermally emitted by heated material, as

in the incandescent light bulbs. Nevertheless, only a small

fraction of the energy is extracted from the wide spectral

range of light bulbs, so most of the radiation is wasted. Since

various approaches, such as those that involve microcavity

resonance, nano antennas, multilayer systems, photonic crys-

tals, surface plasmon polaritons (SPPs) and the excitation of

surface phonon polaritons, have been utilized to manipulate

the spectral distribution and polarization of thermal radiation,

coherent thermal emission light sources that are based on the

designed nanostructures have attracted substantial interest.8–19

Plasmonic thermal emitters (PTEs) that are based on a few

layers of a periodic metallic structure provide much narrower

radiation peaks than black-body emitters at the same tempera-

ture.20,21 PTEs have advantages over currently available MIR

light sources, including their low cost, high power, simplicity

of fabrication, high efficiency, and relatively low sideband

emission.22,23 Furthermore, a PTE can be simply heated by

directly applying a DC or AC current, and the electric power

is directly converted into radiation. Metamaterials, which are

electromagnetic media on a sub-wavelength scale, provide

additional opportunities for manipulating light across the

entire electromagnetic spectrum.

After the development of incandescent light bulb by

Thomas Alva Edison, lighting became essential to human

society. The development of LEDs has almost signaled the

demise of conventional incandescent light bulbs. However, if

its unwanted spectrum can be suppressed, an incandescent

light bulb can still be a cost-effective light source. Here, a

one-dimensional (1D) structure is utilized to support triple

resonances. Such a 1D structure is easier to fabricate than a

two-dimensional structure with triple resonances, and it exhib-

its a higher polarization selectivity. In this work, a plasmonic

absorber with three designable resonance modes and a 1D

metallic structure is designed and fabricated. The thermal

radiation properties of a device are directly related to its

absorption features in thermodynamic equilibrium. According

to the Kirchhoff’s law of thermal radiation, the angular and

frequency-dependent emittance of an object is equal to its

frequency-dependent absorptance. The use of a designed

absorber as a functional emitter is therefore straightforward.

The proposed PTE exhibits omnidirectional resonance proper-

ties with a high quality factor (Q-factor). Its simulation agrees

reasonably with experimental results.24–26 We believe that

choosing a suitable material and further reducing the resonance

wavelength to the visible regime, can cause the structure to act

as a high-efficiency light source with the three primary colors.

Figure 1(a) schematically depicts the triple-wavelength

thermal emitter. The structure consists of a 1D grating and a

1D T-shaped grating. The metallic structure is made of gold

(Au). The dielectric material is spin-on glass (SOG), which is

assumed to be SiO2. A substrate is coated with an optically

thick Au film to serve as a semi-infinite mirror. A thin dielec-

tric insulator layer with a thickness of TSOG forms a gap

between the upper metallic structures and the bottom Au film.

The plasmonic multilayer structure can be treated as a cascade

of metal/insulator/metal (MIM) cavities in the x-direction.

The periodicity of the structure is denoted as Kg. The widths

at the top and the bottom of the T-shaped metallic line are WT

and TW, respectively. The width of the metallic grating is

denoted as Wg.

The proposed PTE with triple resonances was fabricated

on a silicon substrate. First, a 100 nm-thick Au film was
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deposited on the substrate by sputtering. Then, a grating,

functioning as the pillar in a T-shaped structure, was formed

on the Au film using electron beam (EB) lithography and

the lift-off technique. To generate a robust dielectric spacer

within the two metallic layers, a dielectric layer was coated

onto the pillar structure using spin-on glass (SOG). The SOG

can fully cover the pillar structure and form a flat dielectric

surface by spin coating method. Finally, the top metallic

structure was made on the dielectric surface using EB

lithography and the lift-off technique. The size of the triple

resonance emitter was 150 lm� 150 lm, which was suffi-

ciently large to obtain clear signals from the structure

using a Fourier-transform infrared microscope (l-FTIR).

Figures 1(b) and 1(c) display scanning electron microscopy

(SEM) images of the triple resonance emitter. The lengths of

the MIM cavities are indicated. The lengths of the three

MIM cavities are Wg¼ 500 nm, (WT � TW)/2� ds¼ 670 nm,

and (WT � TW)/2þ ds¼ 1130 nm.

The optical properties of the structure are calculated

using commercial software that is based on finite-difference

time domain (FDTD). The input light is x- (or y-) polarized,

so its electric field is normal (parallel) to the grating grooves.

The incident light impinges on the structure from the top.

The dispersive complex dielectric constants of Au are taken

from Ref. 26. The dielectric constant of the SOG is assumed

to be non-dispersive with a fixed value of e¼ 1.9309, which

is very close to the dielectric constant of SiO2 at 4 lm.

The emissivity (absorptivity), of the PTE is first charac-

terized. The emissivity is measured with a l-FTIR with a

reflective microscope objective with a magnification of 36�.

A liquid N2-cooled HgCdTe infrared detector is used to

detect radiation. Since the background of the PTE is an opti-

cally thick Au film, its transmission is zero. Therefore, the

emissivity a(x) can be simply obtained as a(x)¼ 1�R(x)

for a sub-wavelength structure. Figure 2 presents the emis-

sivity spectrum of the proposed structure for normally inci-

dent light. Black and red solid lines represent the spectra

under x-polarized and y-polarized illumination, respectively.

Solid and dotted lines represent the experimental and simu-

lated results, respectively. As expected, no resonance mode

exists for y-polarization light, according to both experimental

and simulated results. As shown in Fig. 2(a), under x-polar-

ized illumination, the structure supports the three resonance

peaks at k¼ 2.14 lm, k¼ 3.3 lm, and k¼ 5.95 lm, which

are denoted, for convenience, as D1, D2, and D3, respec-

tively. The peak values of the three resonance peaks are

51%, 79%, and 78%, respectively. The Q-factors of the D1,

D2, and D3 peaks are 10.25, 7.13, and 8.13, respectively. The

emissivity (reflectance) in the MIR range must be suppressed

for a high-contrast thermal emitter. Notably, y-polarization is

associated with low emissivity and x-polarization is associ-

ated with the off-resonance condition. The mean emissivity

for y-polarization within a spectral range from 5 lm to

10 lm can be as low as 0.88% þ 0.28, owing to Au in MIR.

As a result, the difference between the resonance emissivity

and the sideband emissivity can be as high as 19.5 dB. The

extremely low sideband emissivity makes the proposed PTE

an efficient and high-contrast emitter.

Figure 2(b) presents the simulated emissivity spectrum.

The simulation spectrum is similar to the measured one. Three

resonance modes at k¼ 1.9 lm, k¼ 3.5lm, and k¼ 5.9 lm

are observed. However, since the precise dielectric constant of

SOG in the MIR is unknown, it is assumed to be e¼ 1.9309

without loss and dispersion. Consequently, the inherent

absorption at 1.2 lm due to the absorption of SiO2 phonon

vibrations cannot be predicted in the simulation. Additionally,

the resonance properties, such as peak position, contrast, and

Q-factors, cannot be fitted well. Notably, the delocalized SP at

k¼ 3 lm, shown in Fig. 2(b), is difficult to observe under

focused illumination because the delocalized SP is highly

dispersive in both angle and wavelength. The optical response

of the sharp delocalized SP peak is averaged under focused

light.

FIG. 1. Plasmonic thermal emitter. (a) Schematic representation of PTE.

Thickness of SOG layer is denoted as TSOG. Width of Au grating is denoted

as Wg. Widths of top and bottom of the T-shaped metallic line are WT and TW,

respectively. Period of Au 1D nanostructure is denoted as Kg. Geometric

parameters of the structure are Kg¼ 3 lm, Wg¼ 0.5 lm, WT¼ 2 lm, Tw

¼ 0.2 lm, ds¼ 0.23 lm, and tAu¼ 0.1 lm. (b) SEM image of top view of

PTE. (c) SEM image of side view of PTE.

FIG. 2. Emissivity spectrum of proposed PTE. (a) Experimental results.

(b) Simulated results. Black and red spectra were obtained under x-polarized

and y-polarized illumination, respectively.
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To elucidate more clearly, the nature of the triple reso-

nant modes of our designed structure, the distributions of the

magnetic field components at the three resonances were sim-

ulated. Figures 3(a)–3(c) plot the Hy field distribution at the

resonance dips of D1, D2, and D3 (as shown in Fig. 2),

respectively. The Hy field of D1 is localized within the two

open-end MIM cavities that are formed by the metallic grat-

ing. The Hy field of D2 and D3 is localized within the MIM

cavity, with one open end and one opposite-closed end that

is formed by the T-shaped grating. Such resonance modes

are also called gap-plasmon-guided mode. The resonance

properties of the plasmon-guided modes depend strongly on

the separation of the two adjacent metallic structures. Gap-

plasmon-guided modes can be generated at small separations

and highly localized in the tiny gap between two metallic

structures. As mentioned above, the lengths of the three

individual cavities that support D1, D2, and D3 modes are

Wg¼ 500 nm, (WT� TW)/2� ds¼ 670 nm, and (WT�TW)/

2þ ds¼ 1130 nm, respectively. Due to the intrinsic optical

property of plasmon based structures, the resonance wave-

length can be purposely selected by tuning the feature

dimensions of MIM cavity (see supplementary material).

The three cavities with different lengths support reso-

nance modes with different wavelengths, and each cavity

contains a strongly confined field. The localized fields in the

neighboring cavities are not coupled, despite the small sepa-

ration between the cavities. The resonances primarily yield

excitation of magnetic dipole resonance owing to the circu-

lating currents in the top and bottom metallic structures.

Evidently, the electromagnetic energy of incident light can

be confined efficiently within the cavities of the asymmetric

structure at the corresponding resonance wavelength and dis-

sipated by ohmic heating of the metallic parts. Therefore, the

resonance-enhanced ohmic heating loss can result in a quasi-

coherent emission peak.

To identify the angle-dependent properties of the PTE,

two objective lenses with a magnification of 15� and 36�
are simply used to measure the spectral response. The half

collection angles of the 15� and 36� lenses are 16� and 24�,
respectively. Accordingly, the 36� lens can collect and aver-

age a larger solid angle than the 15� one. In Fig. 4(a), the

black and red solid lines indicate the emissivity that is

measured using the 15� and 36� objectives, respectively.

The peak wavelengths and Q-values of the resonance at

k¼ 3.3 lm for the two lenses are almost equal. In the mode

at k¼ 5.95 lm, the peak wavelength is the same while the

Q-value is slightly reduced. In the mode at k¼ 2.16 lm, the

peak wavelength is slightly redshifted to k¼ 2.21 lm, reveal-

ing that the resonance mode at k¼ 2.14 lm is less localized

than that of the other two modes. Figure 4(b) shows the sim-

ulated emissivity as a function of the incident angle. The D3

mode remains almost constant as the incident angle varies.

The delocalized SP peak is close to the resonance wave-

length of the D2 mode. When off-normally incident light

impinges the structure, the delocalized SP peak splits and

shifts. The delocalized SP is coupled to the D2 mode, the

delocalized and localized mode hybridization suppresses the

emissivity, as shown in the range h¼�10� and h¼ 10�,
because the delocalized SP couples out the localized mode

within the MIM cavity at a specific incident angle. As a

result, the resonance absorption is suppressed. However,

since the measured spectrum is angle-averaged, the hybridi-

zation of delocalized and localized modes can barely be

observed. Additionally, the simulation demonstrates that the

wavelength is shifted by 1.5% as the incident angle increases

from 0� to 30�, agreeing fairly well with the measurements.

In summary, this work demonstrated a high-contrast

PTE that is based on a 1D plasmonic multilayer structure

FIG. 3. Hy field distribution at various resonance wavelengths. (a)–(c)

Simulated field at wavelengths of k¼ 2.1 lm, k¼ 3.2 lm, and k¼ 5.9 lm,

respectively.

FIG. 4. Emissivity spectra of PTE. (a) Experimentally measured using

objective lens with a magnification of 15� (36�). (b) Simulated emissivity

spectra. From bottom to top, incident angle increases from �30� to 30� in

increments of 10�.
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that can thermally emit radiation of three wavelengths in the

MIR region. The difference between its resonance emissivity

and off-resonant sideband emissivity can be as high as

19.5 dB. The extremely low sideband emissivity makes the

proposed PTE an efficient and high-contrast emitter, which

will be useful for thermophotovoltaic and thermal sensing

applications. The three resonance modes that are based

on the localized surface plasmon provide omnidirectional

thermal emission. The periodic patterned structures can

be manipulated to realize a triple-band, wide-angle,

polarization-dependent, quasi-coherent light source at three

resonance wavelengths. The resonance modes are not cou-

pled and so can be designed individually, facilitating the

shortening of resonance wavelengths.

See supplementary material for the fabrication process,

numerical simulation, emissivity measurement, the correla-

tion between the resonant frequencies, and the geometry of

proposed plasmonic thermal emitter, and the numerical emis-

sivity spectra at different incident angles.
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