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Infrared Devices
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National Institute for Materials Science 
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NaritaTokyo

Tsukuba

National Institute for Materials Science (NIMS)
特別国立研究開発法人 物質・材料研究機構
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Spectroscopic Thermal 
Emitters

Single Band Low-power 
Consumption IR Emitters
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Ceramics Photothermal Converters
Materials Developments

Nano-Transducers

Multicolor IR Sensor
IR True Temperature Sensor

Spectroscopic IR Sensors

LightThermal 
Radiation

Heat, Phonons
Electricity 

Nanomaterials for Light/Signal (Heat) Transduction

Absorbers         

Emitters
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Selective detection 
of Thrombin

SEIRA（noble metals）

In situ detection for pathogenic 
enzyme (thrombin)
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Heat, Phonons 
Electricity



Finite-size

Confined electromagnetic waves in tiny nano-objects

2D sheet

3D volume
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Flat surface

Open 
structure

Closed 
structure

Propagating-modes Confined-modes

Surface Plasmons, 
Surface Polaritons
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Enhanced (Eloc/E0)  nearfield at 
the two ends of the resonator

Nλ= 4L N: Odd Number, L: Size

Nλ/n* = 2L  N: Integer  L: Size

EM Waves

Organ pipe 
phonon 
mode

L

Standing  Waves, Resonators

Calculation by J. Aizpurua, Donostia, Spain 

Length L= 1.3µm,  Diameter D =100 nm

(Eloc/E0)2   >>  2000

Acoustic Waves

Antenna Resonance 
of Nano-objects

MACRO 
SCALE

NANO SCALE
Metal Nanorods： Nano-resonators

MACRO SCALE
NANO SCALE

Pipe Organ
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Micron-sized optical antenna (for IR spectroscopy)

F. Neubrech, et al., J. Phys. Chem. C114 (2010) 7229-7301

Tuning of  antenna resonance by rod length: by e-beam lithography

N=5

N=1

N=3

Induced surface charge with 
light irradiation

Nλ/n* = 2L, N: integer number L: rod length, n*: constant  
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Tunable Infrared Absorbers for SEIRA

change sphere size

Controllable fine tuning of the resonance by  CF4 dry etching

• Tune the plasmon resonance

• Increase the sensing volume

K. Chen, Sci. Rep., 7, 44069, 2017
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X. Liu et al., Phys. Rev. Let. 107, 045901 (2011)

 2D lithographic patterning: Controllability of transmission, reflection and
absorption of light by sub-wavelength patterning.

Applications: Thermal emitters
and thermophotovoltaics,
radiative cooling of solar
absorbers, NDIR and SEIRA for
gas and molecular sensing,
pyrometer…

K. Chen et al., ACS Nano 6 , 7998 (2012) 

 Perfect absorbers: Near unity absorptivity at desired wavelengths

Spectroscopic
IR emitter

Spectroscopic 
IR detector

Perfect Absorbers: Spectroscopic Light-heat transducer
Photonics Nano-Engineering G
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① LSPR + Mirror：
Image Dipole, Light Trap

② Gratings:
Surface Wave Resonance

③ 1D Cavity: 
Multiple Reflection

Different Designs for Spectroscopic Perfect Absorbers
Photonics Nano-Engineering G



En
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gy
 ħ

ω

light line: ω=cq

0

ħωp
√２

ħωp

Wave Number  q

Ⅰ. Photon coupling 
(polaritonic) region

Ⅲ.  Single particle 
excitation region

Ⅱ.  Pure plamsmonic
(nanoscopic charge 

density ) region

ħωsp

Variety of Plasmonic Materials

Oxide SPPs: Doping

NIR-MIR region
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SPP Engineering: Size, Shape

ħωsp

VIS-NIR  region

Surface plasmon
polariton

q
ħ
ω

Base Metals, Alloys, Ceramics
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Outline

🔴🔴 Exploring the Infrared Plasmonic Materials
(for SEIRA and Thermal Emitters)

Bolometer, Pyroelectric, IR Sensors
Multiband (sub-100 nm FWHM) IR Sensors

🔴🔴 Wavelength-selective (Spectroscopic) 
IR Sensors (and Emitters ..)

Al, Mo, ITO, TiN, doped TiO2, etc
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Multiband (sub-100 nm FWHM) IR Sensors

🔴🔴 Wavelength-selective (Spectroscopic) 
IR Sensors (and Emitters ..)
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ε(ω) = ε1+ iε2
Real part ε1：

Larger negative 
Larger optical response

Imaginary part  ε2：
Larger positive 
Stronger the dissipation

Larger optical response 
and damping even 
larger than Au or Ag!

Suitable for IR absorber 
applications.

A. D. Rakic, Appl. Opt., 37, 5271 (1998)

Ａｌ

Ａｌ
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Effective Materials Working in The IR Region 
Photonics Nano-Engineering G



TiN ZrN

Au Ag Al Cu

Al：ZnO RuO2

Real part
Imaginary part 

Scrutinize the Suitable Material !
Dielectric function of candidate materials: 
（DFT calculations)
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Sputtering deposition
Polystyrene sphere 

self-assembly
O2 plasma 
dry etching

BCl3/Cl2 dry 
etching of Al

Thang Duy Dao, Kai Chen et al., ACS Photonics 2, 964-970 (2015).

Colloidal Mask Etching
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A Device for  Efficient Heat-Light Conversion
Metal-Insulator-Metal perfect absorber (MIM-PA)
 Aluminum - Aluminum oxide –

Aluminum based IR perfect absorber  M1: SP-photonic coupling

T. D. Dao et al., ACS Photonics, 2, 964 (2015). 17



 M1: SP-photonic coupling

 M2: Magnetic resonance

Infrared Perfect Absorbers: Simulations
Photonics Nano-Engineering G

 SP-photonic coupling and magnetic resonances
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Al-PAs based selective IR plasmonic antennas for SEIRA

K. Chen, T. Dao, T. Nagao et al., Adv. Func. Mater. 25, 6637 (2015) 19



• Thiol-based surface functionalization enables wide 
applications of Au nanoparticles

• Can we find a similar strategy for Al?
Phosphonic acid SAM 

on oxide surface

10-carboxydecylphosphonic acid 

K. Chen, T. D. Dao et al., Adv. Func. Mat., 25, 6637 (2015).

Al2O3: Protection & Functionalization: Check by SEIRA 
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In situ Dual-band SEIRA Reaction Monitoring

T. D. Dao, K. Chen, T. Nagao., RSC Nanoscale 11, 9508(2019). 21



SEIRA devices for Selective detection of molecules

T. D. Dao

9

PDMS spin-coated 
on Al
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in situ reaction monitoring using dual-band SEIRA

PDMS spin-coated 
on Al

T. D. Dao, K. Chen, T. Nagao., RSC Nanoscale 11, 9508-9517(2019). 23



Al-PAs Based Selective Thermal Emitters

Scale bar: 5 µm

 Kirchhoff’s law in thermal radiation:

For the condition of thermal equilibrium, the absorptivity 

is equal to emissivity:  λλα R−=1λλ εα =
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T. Dao et al., ACS Photonics, 2, 964 (2015).
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Mo
Mo

Paint drying in 
car industry

IR emitter Operative above 1000 ℃

Food industry

http://voyager.egglescliffe.org.uk/physics/astrono
my/blackbody/bbody.html

Our Single-band  
IR emitter

Planck’s 
blackbody 
radiation

T. Yokoyama et al., Adv. Opt. Mat. 4, 1987 (2016).

Photonics Nano-Engineering G

High-temperature Mo Emitter Operative Above 1000 ℃
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・Defrosting Transparent Heater
・Electromagnetic Shield

Indium Tin Oxide (ITO)：
74% In, 18% O2, 8% Sn

Photonics Nano-Engineering G

TCO for SEIRA sensors and Thermal Emitters

Dielectric in 
UV-VIS

Metallic in 
NIR-MIR
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High-temperature PAs Operative in Air: ITO 

T. D. DAO et al., Opt. Mat. Exp. 9, 2534 (2019). 27
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 Kirchhoff’s law in thermal emission
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Plasmonic Ceramics TiN (TiC)⇒
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Au, Al, Mo

Photonics Nano-Engineering G

High-temperature PAs Operative in Air: TiN (TiC)

T.D. Dao 28



Efficient Light-heat Nano-Tranducer Materials 
Photonics Nano-Engineering G

S Ishii, RP Sugavaneshwar, T Nagao, The J. Phys. Chem. C 120 (4), 
2343 (2016)

M. Kumar, N Umezawa, S Ishii, T Nagao, ACS Photonics 3 (1), 43-50 (2015).
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Plasmonic Nitrides, Carbides： TiN

30

・ Nanoparticle Generator (NIMS-Attotec)
・ Arc discharge method H2-Ar (recycled)
・ No ligands, clean dry synthesis
・ Variety of Materials (alloys, ceramics…)

https://attotec.co.jp/vacuum-device/nano/
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50 nm

TiN NP

Colloid

38%

On Fibers

50%

In Nanopores

92%

Plasmonic Nitrides, Carbides： TiN

31

Water Desalinatoin

・ Complete removal of ions
・ 1.48kg/h・m 2 pure water generation 

from  100mW/cm2 (1.5AM) solar light

M Kaur, et al, ACS Sustainable 
Chem. Eng. 5, 8523(2017).
M Kaur, et al., Adv. Sustainable 
Syst. 3 (2), 1800112 (2018).

S. Ishii               M. Kaur



 Room-tempeatrure deposited TiN films on PMMA exhibits
comparable properties with TiN films on SiO2/Si, as well as
Au

Plasmonic Ceramic TiN: PLD-grown film

R. P. Sugavaneshwar et al  ACS Photonics 5, 814-819 (2017). 

Au-replacing SPR 
device 

S. Ishii

T. Nabatame
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Tamm Plasmon Polariton vs Gires-Tournois Cavity

Edge-localized state Standing wave
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Gires-Tournois Resonator with Metal/Oxide Interfaces

Doan, T. Dao, S. Ishii, and T. Nagao, "Gires-Tournois resonators as ultra-narrowband perfect 
absorbers for infrared spectroscopic devices," Opt. Express  27, A725-A737 (2019). 35
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Gires-Tournois Resonator with Metal/Oxide Interfaces
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Gires Tournois cavity-based emitter

High-T Metal
Substrate

SiCAl2O3
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Spectroscopic IR Emission by Plasmonic Ceramics
Photonics Nano-Engineering G
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Application for Drying Furnaces

Saving Energy by supressing
Unnecessary Emission. 

～70% Reduction of Electricity.
Avoid Burning/Explosion of 

Solvents

Future Perspective 

Photonics Nano-Engineering G

Spectroscopic 
Heater
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Outline

🔴🔴 Exploring the Infrared Plasmonic Materials
(for SEIRA and Thermal Emitters)

Bolometer, Pyroelectric, IR Sensors
Multiband (sub-100 nm FWHM) IR Sensors

🔴🔴 Wavelength-selective (Spectroscopic) 
IR Sensors (and Emitters ..)

Al, Mo, ITO, TiN, doped TiO2, etc
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波長分解機能付与？

Direction of Our Developments in IR Sensors

強度1点計測型：
熱型(熱電、ボロメータ)

強度イメージング型：
熱型(熱電、ボロメータ)

既存技術

・真温度イメージング
(近接2波長型)

・分光イメージング
(ハイパースペクトル)

・真温度計測
(近接2波長型)

・超小型赤外分光器
(マルチバンドセンサ)

波長分解能

多波長・分光型：
量子型(化合物半導体)

Photonics Nano-Engineering G

https://www.ipros.jp

IR Imaging Device (high-end,  
c.a. 10,000 USD)

Small-scale IR 
array sensors

Small pixel numbers、
Small arrays 

(〜2000 pixels)
c.a. 500 USD

Nanofabricati
ons, arrays

Multi-band (multi color) IR sensor
Spectroscopic IR sensor

High-Value added

Spectroscopy Information

Mid-IR λ

強
度

Spectrum

https://www.ulis-ir.com

Small-scale 
IR sensors

IR human sensors (low-
end,  c.a. 1.0 USD)

41
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Hybrid Infrared Detectors 
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 Detector + Filter + Amp.

IR Resonator on Uniaxial ZnO film 

T.D. Dao, et al., ACS Photonics 3 (7), 1271–1278 (2016).
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MIM Al Disk Array Pyroelectric Detector

A.T. Doan, et al., “A MEMS-based quad-wavelength hybrid
plasmonic-pyroelectric infrared detector”,
Micromachines 10 (6), 413(2019).
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Multiband Pyroelectric Detector

Doan, et al., “A MEMS-based quad-wavelength hybrid plasmonic-pyroelectric infrared detector”,
Micromachines, Accepted (2019)
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Hybrid Pyroelectric Detector

Doan, T. Dao, S. Ishii, and T. Nagao, "Gires-Tournois resonators as ultra-narrowband 
perfect absorbers for infrared spectroscopic devices," Opt. Express  27, A725-A737 



Non Dispersive IR (NDIR) for Gas Molecule Detection
Photonics Nano-Engineering G

Ultrahigh-Resolution Needed!
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Application in Gas Sensing and Imaging

・Gas Leak Detection: CO2, CH4, CO, H2O
・Leak Detection of Insulator Gas: ＳＦ６

・Toxic gas detection:  Sarin, VX gas

Photonics Nano-Engineering G
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Application in NDIR Gas Sensing
Photonics Nano-Engineering G

NOx

CO2
H2O

Spectrally Selective Emitter

Spectrally Selective Detector
Non-dispersive InfraRed Sensing (NDIR)
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2𝜋𝜋
𝑝𝑝

𝐺𝐺𝑦𝑦

𝐺𝐺𝑥𝑥

𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑘𝑘|| + 𝑖𝑖�⃗�𝐺𝑥𝑥 + 𝑗𝑗�⃗�𝐺𝑦𝑦
𝑘𝑘|| = 𝑘𝑘0 sin𝜃𝜃

𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆
2

= 𝑘𝑘∥ + 𝑖𝑖�⃗�𝐺𝑥𝑥 + 𝑗𝑗�⃗�𝐺𝑦𝑦
2

Excitation of surface-plasmon polaritons

𝜆𝜆 =
𝑝𝑝

𝑖𝑖2 + 𝑗𝑗2
𝜀𝜀𝑚𝑚

𝜀𝜀𝑚𝑚 + 1
Tune the excitation resonance by 
changing periodicity of metallic 
disks 
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WOOD’S ANOLMALIES 2D GRATING 

Silicon substrate

Au

Si



Hybrid Pyroelectric Detector (with Wood’s 
Anomaly absorber)

52

Dao, Doan, et al. “On-Chip Quad-Wavelength Pyroelectric 
Sensor for Infrared Spectroscopy”, published in “Advanced 
Science” and it “Advanced Science news”



Conclusions

Photonics Nano-Engineering G

T. D. Dao S. IshiiK. Chen

2) Sub 100nm resolution, Spectroscopic IR Devices: 
Thermal Emitters, Ultranarrowband Multiband 
Pyroelectric Sensors, 

1) Plasmonic Materials for IR Signal/Energy Conversion 
(Spectroscopic IR Devices)

T. NabatameAnh T. DOAN

Thank you very much for your attention!!
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 Sputtering deposition of the layered Al-Al2O3-Al films

 Deposition of a monolayer PS spheres

 RIE of PS (O2 gas -20[sccm], 1 [Pa], 200/5[W]) 

 RIE of Al (BCl3/Cl2 – 3/3[sccm], 0.15 [Pa], 50/10 [W])

 Remove PS (sonication and toluene solution)

 Al disk-100nm/Al2O3-200nm/Al film-100nm.

Colloidal lithography and RIE

MIM Emitter fabrication process

T. Dao et al., ACS Photonics, 2, 964 (2015).
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