2

Nanophotonics
Technical Group




About the OSA Nanophotonics Technical Group

OSA

Nanophotonics
Technical Group

Mission statement

OSA Nanophotonics Technical Group focuses on the study
and design of optics and optical devices that interact with light
on the nanometer scale.



About the OSA Nanophotonics Technical Group

Group Chair Group Chair-Elect
Cheng Zhang Sejeong Kim
Professor, Huazhong University Assistant Professor, University
of Science and Technology of Technology Sydney,
(HUST), China Australia

cheng.zhang@hust.edu.cn sejeong.kim@unimelb.edu.au

Social Media Officer
Sachin Kumar Srivastava

Member

Jinghui Yang

Assistant Professor, Indian Institute

air Post-doctoral Researcher, National
of Technology Roorkee, India E

Institute of Standards and
Technology, USA

jinghui.yvang@nist.gov

sachin.srivastava@ph.iitr.ac.in

Member

Sajid Muhaimin Choudhury,
Assistant Professor, Bangladesh
University of Engineering and
Technology, Bangladesh

sajid@eee.buet.ac.bd



mailto:Cheng.zhang@nist.gov
mailto:sachinchitransh@gmail.com
mailto:Cheng.zhang@nist.gov
mailto:sachinchitransh@gmail.com
mailto:sachinchitransh@gmail.com

Create a community for nanophotonic researchers

OSA Nanophotonics LIVE Nanopho’tonics )
o~ Technical Group ) 3 Nano_photomcs
. ) ] ) Web”']ar Series ‘TechmcalGroup
Plasmonic Nanolasers: Physics, Applications, and —— -
Challenges Aspects of Nanophotonics: Radiative Cooling, Image
Wednesday, September 4™, 8:00 PM EST Processing and Topology
Thursday, February 7', 1:00 PM EST

a

WA . A Y
“_ Speaker: Prof. Shanhui Fan D xl il L\ﬁ 1
Speaker: Prof. Ren-Min Ma B—

Peking University Stanford University

Webinars

‘anophotonics Technica

20x20 Talks - |
Special events

at OSA
conferences

OSA Incubator Meeting

Nanophotonic Devices: Beyond Classical Limits
05A Headquarters « 2010 Mal:;:: rs:itzsn.::e. NW « Washington, DC, USA I n C u b ato r m e eti n g S

HOSTED BY:

Volker ). Sorger, The George Washington University, United States; Jung Park, Intel Corporation, United States;
Pablo A. Postigo, Consejo Superior de Investigaciones Cientificas, Spain; Fengnian Xia, Yafe University, United States




Home / Getinvolved / Technical Groups / Optical Interaction Science

Nanophotonics (ON)

Get Involved

Virtual Engagement
Diversity, Equity & Inclusion
Public Policy
Chapters and Sections Map
Technical Groups =
Bio-Medical Optics
Fabrication, Design & Instrumentation
Information Acquisition, Processing & Display
Optical Interaction Science =
Fundamental Laser Sciences (OF)
Nanophotonics (ON)
Monlinear Optics (OL)
Optical Cooling and Trapping (OT)

Optical Material Studies (OM)

Optical Metrology (OR)

Nanophotonics

This group focuses on the study and design of optics and optical
devices that interact with light on the nanometer scale. This new
field is enabled by newly developed capabilities to fabricate optical
components and devices on a nano-scale.

On-Demand Nanophotonics Webinars

You can watch any of the following webinar presentations, which were hosted by the O5A Nanophotonics
Technical Group, on-demand.

s Plasmonic Manolasers: Physics, Applications, and Challenges

s Aspects of Nanophotonics: Radiative Cooling, Image P sing and Topology

s Enabling Chip-5cale Trace-Gas Sensing Systems with Silicon Photonics

s Photonic Skin-Depth Engineering and Universal Spin-Momentum Locking of Light
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We encourage you to join one or more of O5A's technical groups. These groups are designed to connect you with colleagues and leaders within your subfield
of cptics and photenics. Joining a group ensures that you will receive updates on O5A meetings, publications, activities, and newworking opportunities tailored

to your area of interest. To join a technical group, or to update your selections, click on the edit button below.
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OSA Webinar, May 19, 2021

weoue  [Wlaterials and Devices for Wavelength-
Selective Infrared Devices

Tadaaki NAGAOQ1"2

Photonics Nano-Engineering Group,
Center for MAterials NanoArchitechtonics (MANA )
National Institute for Materials Science (NIMS),

Tsukuba, JAPAN

2Department of Condensed Matter Physics
Hokkaido University, Sapporo, JAPAN

In collaborations with: T.D. Dao, A.T. Doan,
S. Ishii, D.T. Ngo, H.D. Ngo,
A. Ohi, T. Nabatame, R.P. Sugavaneshwar
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National Institute for Materials Science (NIMS)
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" Nanomaterials for Light/Signal (Heat) Transduction |

Photonics Nano-Engineering G

SEIRA (noble metals) Ceramics Photothermal Converters

Selective detection

of Thrombin

Thrombin

DNA-TBA 15

25~35 nm

In situ detection for pathogenic

enzyme (thrombin) Thermal Lig ht

Radiation ;,r; ‘1'

1

Heat, Phonons ——m Heat, Phonons e el
Electricity " Electricity :

Nano-Transducers 08
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Single Band Low-power Multicolor IR Sensor R R

Consumption IR Emitters EL*"’ IR True Temperature Sensor Wavelength [pum]

Spectroscopic IR Sensors 3

Spectroscopic Thermal



Confined electromagnetic waves in tiny nano-objects

Flat surface Finite-size

Surface Plasmons,

AR

‘\\ 3D volume

Open Closed
structure structure
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2D sheet Tl L

Propagating-modes Confined-modes
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Acoustic Waves
MACRO NANO SCALE
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, MACRO SCALE

NANO SCALE

Antenna Resonance
of Nano-objects

hl| AN i
/

NA/n* = 2L N: Integer L: Size

Standing Waves, Resonators

Metal Nanorods: Nano-resonators

Enhanced (E,,.//E,) nearfield at
the two ends of the resonator
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Length L= 1.3um, Diameter D =100 nm
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100
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-100

-200
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% [nm]
(E,./Eo)? >> 2000
Calculation by J. Aizpurua, Donostia, Spain 6



Micron-sized optical antenna (for IR spectroscopy)

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

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

change sphere size
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Controllable fine tuning of the resonance by CF, dry etching

1.0
» * Tune the plasmon resonance
0.9
os * Increase the sensing volume
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K. Chen, Sci. Rep., 7, 44069, 2017 8
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Perfect Absorbers: Spectroscopic Light-heat transducer
- .

> Perfect absorbers: Near unity absorptivity at desired wavelengths

» 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...

I 11 I!

3000 2500 jﬂﬂo 1500
K. Chen et al., ACS Nano 6 , 7998 (2012)

X. Liu et al., Phys. Rev. Let. 107, 045901 (2011)

Spectroscopic @ Spectroscopic
—1 IR emitter < IR detector

9
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Different Designs for Spectroscopic Perfect Absorbers

-
D LSPR + Mirror: @ 1D Cavity: @ Gratings:
Image Dipole, Light Trap Multiple Reflection Surface Wave Resonance
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Outline

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

Al, Mo, ITO, TIN, doped TiO,, etc

@® \Wavelength-selective (Spectroscopic)
IR Sensors (and Emitters ..)

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



Outline

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

Al, Mo, ITO, TIN, doped TiO,, etc
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Effective Materials Working in The IR Region

Real part ¢, :

e(w) = g+ Ig,

Larger negative -
Larger optical response

0 -
-2000 4

-4000 4

1

-6000 4

-8000 4

Real part ¢

-10000 -

-12000 4

~8000

~6000

1
=
]
<
<

““F2000

Wavelength [pm]

Imaginary part ¢,:
Larger positive 2>
Stronger the dissipation

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

2

Imag. parrte

Suitable for IR absorber
applications.

A. D. Rakic, Appl. Opt., 37, 5271 (1998) 14



Scrutinize the Suitable Material !

NIMS

Dielectric function

Dielectric function

Dielectric function of candidate materials:

(DFT calculations)

-15

I I Y PR A B P
0.5 1.0 1.5 2.0 25 3.0 3.5 40 4

Energy (eV)

0.
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Energy (eV)

Dielectric function

Dielectric function

= |maginary part
== Real part

Dielectric function

S A

T3 PN A I P I TP P I P I
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Energy (eV)
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Energy (eV)

Dielectric function

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 50 55 6.0
Energy (eV)

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 55 6.0
Energy (eV)




_ » Polystyrene sphere O, plasma
Sputtering deposition self-assembly dry et chin g

BCl,/Cl, dry
etching of Al

16



A Device for Efficient Heat-Light Conversion
- Metal-Insulator-Metal perfect absorber (MIM-PA)

> Aluminum - Aluminum oxide —

T. D. Dao et al., ACS Photonics, 2, 964 (2015). 17
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,’, Infrared Perfect Absorbers: Simulations

- .

» SP-photonic coupling and magnetic resonances

Absorptivity 1 - ()

4.0
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3.0

2.5
2.0

1.5

Disk diameter [pm]|

1.0
6.0

3.3

3.0

4.5

Periodicity [pm]

4.0
123435678 9101112

Wavelength [pm]



Al-PAs based selective IR plasmonic antennas for SEIRA

k Wavenumber [cmfl]
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K. Chen, T. Dao, T. Nagao et al., Adv. Func. Mater. 25, 6637 (2015) 1 9



Al,O,: Protection & Functionalization: Check by SEIRA

* Thiol-based surface functionalization enables wide
applications of Au nanoparticles
« Can we find a similar strategy for Al?

: : R . 10-carboxydecylphosphonic acid
Phosphonic acid SAM 0'_,._:%.,5!0 . S
on oxide surface b P NN
"~OH

o
o
e
(&)

o
o
a
o

0.005 -

Absorbance (-log(R.,,,/R,))

0.000 F

1840 1820 1800 1780 1760 1740 1720 1700

Wavenumber (cm™)

K. Chen, T. D. Dao et al., Adv. Func. Mat., 25, 6637 (2015). 20




In situ Dual-band SEIRA Reaction Monitoring

(b)10 (©) T m
2.5 g I .-‘I 1.0
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T. D. Dao, K. Chen, T. Nagao., RSC Nanoscale 11, 9508(2019). 21



SEIRA devices for Selective detection of molecules

(a)1.0-

Absorptivity
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in situ reaction monitoring using dual-band SEIRA

L OGN, N
W-_}_’q'_:'. B D < PDMS spin-coated y l\ / \ ~

n = ;"F’mtc,eﬂ’" onAl Base polymer Crosslinker
-._,,‘m__, h\- \\ — l
ol - N
_ OIS
AN

PDMS network

3000 2500 2000 1500 1000 0 2 4 6 8 10 12 14
Wavenumber [cm] Curing time [hour]

T. D. Dao, K. Chen, T. Nagao., RSC Nanoscale 11, 9508-9517(2019). 23
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Al-PAs Based Selective Thermal Emitters
NIMS _ R —

%
T

&
. T . T

Reflectance [%o]

Reflectance [%o]

5

> Kirchhoff’s law in thermal radiation:

For the condition of thermal equilibrium, the absorptivity

Emission [a.u.]
(=]

&
()

is equal to emissivity: (X, = &, | |X,; = 1— Rl

0.0 ZF————— T N —
4 5 6 7 8 9 10 11 12

T. Dao et al., ACS Photonics, 2, 964 (2015). Wavelengthiyum] 24
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” High-temperature Mo Emitter Operative Above 1000 °C
NIMS

Infra-red

L2000 K
[ — — Peak Wavelength
Planck’s
blackbody
radiation

~ower radiated at each wavelength

)

1500 K

1290 K

1 2 3 4 s§5 °
Wavelength A [pm)

http://voyager.egglescliffe.org.uk/physics/astro

my/blackbody/bbody.html

Our Single-banc
L1730K R emitter

B
IR emitter Operative above 1000 °C
200 - —
Blackbody
_ (1000 °C)
2150 | "
2
B
C
£ 100 | 1000 °C
= 900 °C
2 740°C
£ 5 570 °C
T 360 °C
0 _—-’/’|\\H""——r —
2 4 6 g8 10 12 14
Wavelength (um)

T. Yokoyama et al., Adv. Opt. Mat. 4, 1987 (221@).
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TCO for SEIRA sensors and Thermal Emitters

Indium Tin Oxide (ITO):

Dielectric in
74% In, 18% O,, 8% Sn UV-VIS
Metallic in
NIR-MIR

Real part - €,

Wavelength [um]

- Defrosting Transparent Heater
- Electromagnetic Shield

26
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High-temperature PAs Operative in Air: ITO

Emitter

L] | L T T
"y .

.. S2

R . . S
2 4 6 8§ 10 12

Wavelength [zam]

NIMSl

NANOSYSTEM PHOTONICS G

=

=

=

=

Measured emissivity
=]

=
(]

Measurement

=
=

2 4 6 8 10 2 4 6 8 10 12
Wavelength [zam]

T.D. DAO et al,, Opt. Mat. Exp. 9, 2534 (2019). 97



Photonics Nano-Engineering G

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

Au, Al, Mo =—> Plasmonic Ceramics TiN (TiC)

100- -1.0
80- -0.8
S o Emis-TiN0O1| 3
3 60- o Emis.-TiN-02 | g.6.5
S =
£ R
g 2
= 40 -0.4°E
w6 8107127 14 2 02
‘Wayvelengthfpmmy, - _ — RefL-TiN-01 B
' —— Refl.-TiN-02
0 . | . | e' IlN'0 I v 1 L | L 0.0
2 4 6 8 10 12 14
Wavelength [pm]

Blue: Absorption
Red: IR emitter

> Kirchhoff’s law in thermal emission

28
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Efficient Light-heat Nano-Tranducer Materials
B

. , EIM Wave

water
Host index: 1.33

'ITa'c

o 1
..-
..
4

8 3

o 2
1
0

1 2324561 234561 234561 238561 23475"%
Energy (¢V)  Energy(eV)  Energy(eV)  Energy (eV) Energy (eV)
M. Kumar, N Umezawa, S Ishii, T Nagao, ACS Photonics 3 (1), 43-50 (2015).
S Ishii, RP Sugavaneshwar, T Nagao, The J. Phys. Chem. C 120 (4), 29
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Plasmonic Nitrides, Carbides: TiN

* Nanoparticle Generator (NIMS-Attotec)
- Arc discharge method H,-Ar (recycled)

[ " i - ] |

O

0
400 600 800 10001200 1400
wavelength [nm]

. O

2 ® "hitps:/fattotee.co.jp/vacuum-device/nanc
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', Plasmonic Nitrides, Carbides: TiN

absorption efficiency
L

1]
400 800 800 10001200 1400
wavelenath [nml

M +2 —
871225

SO* P — 50

£a?? 495
fos
Na'l F 240

Water Desalinatoin

Water
Clt F 220 mSalty mDistilled
0.0

0 2000 4000 6000 8000 10000
Salinity [mg L]

In Nanopores

ions
_ter generation

from 100mWIcm2(1 5AM) solar Ilght

M Kaur, et al, ACS Sustainable
Chem. Eng. 5, 8523(2017).

M Kaur, et al., Adv. Sustainable
Syst. 3 (2), 1800112 (2018).




" Plasmonic Ceramic TiN: PLD-grown film
0% | . )
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-100 - | J—
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Tamm Plasmon Polariton vs Gires-Tournois Cavity

DBR e

Die\ectric
Metal
Standing wave

i TPP structure ; DDM structure i
| ! \ i
| : n i
| \ Ny | ' DBR serves o |
: \ I as asemi- |
| n, | transparent n !
. Tamm f ' mirror of the L _ |
i plasmon z H :i cavity n,; The GT cavity
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| formed at the n | 1 I spectral filter l
o plasmon N | ng :
' interface ——— f . | multiple beam ’ - | elementto .
! n 1! [} : 1
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Gires-Tournois Resonator with Metal/Oxide Interfaces

B
air |
. —partial-reflector . — . —
lossless dielectric
.. 2
refractive index n

metallic total reflector 3

(b) (c) (d)
Dielectric on Metal Metal-Dielectric-Metal DBR-Dielectric-Metal
(DM) (MDM) (DDM)
Metal
Diglgsi
Metal ete! Meta!

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
-

FWHM: 750 nm

(a) Dielectric Cavity on Metal (DM) : SiC on Au
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| E, | | H, | Total absorption FWHM: 120 nm
; : 1.0
- - — 38.1
= :i". E‘ 0.8
ZZ S 06
[T
0.0 227 o4
5 L=
<202
1 8.0 _ 0.0 :
10 105 10 106 10 1040 1.75 2.00 2.25 2,50 2.75 3.00
X (pm) X (pm) X (um) Wavelength (pum)

(¢) DBR-Dielectric-Metal (DDM): 3(Si0,-Si)-Si0,-Au
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Gires Tournois cavity-based emitter

' - . oo - ; _— High-T Metal
—~~Substrate
+ —
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Spectroscopic IR Emission by Plasmonic Ceramics

Wavelength [um]

Wavelength [um]
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Application for Drying Furnaces

B
Future Perspective

_~ @ Saving Energy by supressing
Unnecessary Emission.

® ~ /0% Reduction of Electricity.

- @ Avoid Burning/Explosion of

Solvents

Spectroscopic
Heater
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Outline

@® \Wavelength-selective (Spectroscopic)
IR Sensors (and Emitters ..)

Bolometer, Pyroelectric, IR Sensors
Multiband (sub-100 nm FWHM) IR Sensors
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Direction of Our Developments in IR Sensors

NIMS I

IR Imaging Device (high-end, | Small pixel numbers.

c.a. 10,000 USD) Small arrays

g 1 (~2000 pixels)

| ' - c.a. 500 USD
1002 1
- High-Value added
Small-scale IR
105 M array sensors
oo
ae
LA
15M 3
oo
" a
4 Spectroscopy Information
1000 IR human sensors (low-
end, c.a. 1.0 USD)
: i
& Small-scale ®
ons, arrays
Mid-IR A
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Hybrid Infrared Detectors

| i |
IR rays l
e
- "’gﬂ""'
Absorber Pt \
Thermometer }<Sup®rl'-stmc’r,urg
~
S
Ptput
~
Substrate S
(heat sink)

\
Readout circuit

Heat



oY) o]l o113 [:1:] o] §MPWaVEIEngth 'Selective Pyroelectric IR Detector

> Detector + Filter + Amp.

IR Resonator on Uniaxial ZnO film

B BN P B e

ZnO
Pt
12
S Sectie IR 107 o
oo Selecive IR s A
- O O e e ] > 8- o O
&« O ) =
& O O @ WO W . 6- \
@D cooc oo oo £9 o
JTeoeoooooo g4 5o\
+ + + zn0+ + — / 2 1 / Q >
Pt . - - - - - &)2-. O % o
X y O%G)MCD W

. 5 30 35 40 45 50
T.D. Dao, et al., ACS Photonics 3 (7), 1271-1278 (20167.
NIME/Photonics Nano-Engineering G ( ) ( % Wavelength [l,ll'll]




MIM Al Disk Array Pyroelectric Detector

Al disk array

w

Top electrode

Al
Zn0O

Bottom electrode

A.T. Doan, et al., “A MEMS-based quad-wavelength hybrid
plasmonic-pyroelectric infrared detector”,

Micromachines 10 (6), 413(2019).

Side view

Top view

 thermal
solation arms

Back view
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Multiband Pyroelectric Detector’.

SAMPLE 1D ——3.7um
FWHM [um]: —0—43 pm
1.0 - 0.99 g g g ® Yo
1.49
1.43

1.46

0.8 -

0.6 -

0.4 -

Normalized Responsivity (a.u.)

0.2 .4

——_— T T I T I T I T I T T =
25 3.0 35 40 45 5.0 5.5 6.0 6.5 7.0

Wavelength (um)

Doan, et al., “A MEMS-based quad-wavelength hybrid plasmonic-pyroelectric infrared detector”,
Micromachines, Accepted (2019) 4 5



Hybrid Pyroelectric Detector

o _SI- Y!' _2
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|

--——---—*

Detector
¥

<«— Reference 1 kHz—»

Digital
Lock-in
Amplifier

Doan, T. Dao, S. Ishii, and T. Nagao, "Gires-Tournois resonators as uItra-narrowband46

perfect absorbers for infrared spectroscopic devices," Opt. Express 27, A725-A737
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Non Dispersive IR (NDIR) for Gas Molecule Detection

3 4 5 6 7 8 : 10 11 12 13 14
| | | | a | | | | |
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°2 : &i m
= $0; co . NO, %:‘ @ aromatics i
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. L e & g Y &
-9 o o ) ethylene @ -
H,O0  CO, H,0 S o co,
1 1 | | | | | | |

Ultrahigh-Resolution Needed!
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>
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Application in Gas Sensing and Imaging
.

Wavelength Resolution

1.0
10
0.8- 084 ﬂ o
o
2 g
3= 0.6 Qo
-E 0.6 8 o. Ammonia
e 22 nm 2o
0.4+ —
o - 0
%)
204
< 02
0.2
L e e e Nitric Oxid
325 330 335 340 345 Wavenumber(cm-1)
Wavelength [um]

3.0 35 4.0 4.5
Wavelength [pm]

*ly

*Gas Leak Detection: CO,, CH,, CO, H,O
Leak Detection of Insulator Gas: SF
*Toxic gas detection: Sarin, VX gas 48
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Application in NDIR Gas Sensing

Wavelength Resolution

Wavelength [um]

Non-dispersive InfraRed Sensing (NDIR)

Spectrally Selective Detector
|

Spectrally Selective Emitter
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Excitation of surface-plasmon polaritons

ESPP = l_é” + l(_;)x +]é>y 2T 1 C: ED O
‘E”‘ — kO sin 6 D 1

Gy
O O

— 2 — N - 2
[kspp| = |(ky +iGy) + jG,y |

::> 1 = p €m Tune the excitation resonance by
; ; changing periodicity of metallic
\/12+]2\J5m+1 disks




WOOD’S ANOLMALIES 2D GRATING

Au

- 10 1
Silicon substrate X [pm]




Hybrid Pyroelectric Detector (with Wood's

Anomalv absorber)
(a) (b) (©) (d)

Sim. Absorptivity

N
& (—
L &

-y
tn
'l a

Meas. Responsivity [mV/W] Temp. Increase [K/mW]

45 3.0 3.5

[y
[—]
& L &

Wavelength [zm]

=
n

: e — Dao, Doan, et al. “On-Chip Quad-Wavelength Pyroelectric
0 35 40 45 5.0 Sensor forInfrared Spectroscopy”, published in “Advanced
Wavelength [zm] Science” and it “Advanced Science news” 5

5

Sim. Temp. Increase [K/mW]

S
WS




Conclusions

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

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

SN HIEETA
a0 HERmEamS
2 ; Jagwi Scenes ird Tochaolegy Agancy

Thank you very much for your attention!!



MIM Emitter fabrication process

Colloidal lithography and RIE

» Sputtering deposition of the layered AI-A1203-Al films A]-A?:)(l)l;-t;l].ilgff::ei:lnﬂlms
» Deposition of a monolayer PS spheres
» RIE of PS (02 gas -20[sccm], 1 [Pa], 200/5[W])
» RIE of Al (BCI3/CI2 — 3/3[scem], 0.15 [Pa], 50/10 [W])
» Remove PS (sonication and toluene solution)
> Al disk-100nm/AlI203-200nm/Al film-100nm.
6
100 -
; -5 =
It [ 3
— 804 ° 4 =
s.; 1 + Sim. : Q
g 60 - « Meas. _‘3 %
= 7 . o h—
T 40 - Emit. at300C | E
R 1 2
&2 20- [z
o 5
0 4 T 4 T 4 T v T ¥ T

2 4 6 8 10 12 14
Wavelength[pum] T. Dao et al., ACS Photonics, 2, 964 (2015).
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