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Phonon’s Optical Vista (1)
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PZT: Direct Phonon Tuning () i
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Modulating Phonons in PZT (1)
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Exciting Plasmons in PZT
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Tunability: Consequence (1)

Laboratories
o)
%
© 10 kHz
c 0
k=2
g o 200 400
Time (us)
T T

1.0 |
S 08}
<
g
o 06F
)]
)
Q
© 04}
@
=
[0)
[h'4

02}

00 |

1 " 1 " 1 " 1 " 1 " 1 " 1
-150 -100 -50 0 50 100 150

Electric Field (kV/icm)
S Witeh:
er Chin
\,O\N’POD SPeeq ©
Latchable

Scalable
Fabrication

* No other approach offers this suite of capability.
* May enable tunable phonon-polaritons

Ferroelectric
Advantage




g Sandia
Tunability: Cause =

. Il ‘ ) N ‘ “”” Where do the standing waves come from?
c
gg H H \. "i. ‘ H Constant Period Constant Finger Width
b4 "/ / Wavelength (um) Wavelength (um)
(14 ‘{, f( 2 ‘ 1816 14 12 10 8 6 181614 12 10 8 6 Reflectance
HN—— S PZT v 0.9
6 6.5 08
o I I —I-333kwcm . o7
—— 0 kV/em € _ 80 ’
0.8 E \% 06
[0} g -§ > 04
o IS [0} -
E 06 | g * 5.0 03
3 .
2 04} 45 02
I 0.05
0.2 u 600 800 1000 1200 1400 1600 1800 40 600 800 1000 1200 1400 1600 1800 2000
- Bl %395 500 810 820 830 840 850 Wavenumber (cm™) . Wavenumber (cm™)
00 Bl‘l.)O 850 10I00 12I00 14I00 16I00 18I00 2000 : P
.Mgaée?::)ber (cm™) o 2 47Tw1'r@7’€ff
(7))
o © n.' Depends on optical
Q ‘ ‘ ‘ J \ E E, properties of PZT
s E I ;,1; MM /IJ L 0 . .
o \d LA I I I /' Q. s Optical properties depend on phonons
2 \\\\\.)\ U[{'”*‘/// 94 \ A \\\‘\} (fw i Lcl_u
\ \\‘ | /“ ’/, A \ ]\ L ’/ / . . upn .
= L) |\l )|\l Q) » Field induced modifications of phonons tune plasmon




Sandia
Take Home Message @[‘:&L‘:Q%‘Aﬂes

i
Phonqn Modulation J

Nanoantenna Enhancement Tunable IR Plasmonics

“PZT Bilayers

tive phonons change with domain reconfiguration
on changes alter optical properties

ges amplified in plasmonic systems. Phonons for tuning.

Takeaways




Sandia
What makes me, me? @[‘:g:::g?:,ﬂes

iIc. Intrinsic

We aﬂe who we are AND what we're around._ h




Sandia

Graphene DNA & the Hype Train Natonel

Iron Man

N

[ Wlorvie e s s e
; [ [ :
sttt Why Iron man ditched iran far  Jionqer materal coud hanvest energy

By Nicola Davison, CNN
R By Peter Shadbolt, video produced by Curtis Brown and Jackson Loo, CNN
commendea foryed ® Updated 9:59 AM ET, Tue November 3, 2015 @ ° o 0 °
[——
Top stories
wnosae S News anchor leams her
e R -

© Updatad 833 AM ET, P January 13,
husband died in story she's
3 reporting

3l Chicago judge killed outside.
home
-

o | TS CALLED
GRAPHENE,

STRONGER THAN
OST STEELS

Protos: ncrctb

Graphene-gyroid -

) heve csignedt a now material

Why the graphene light bulb could switch on
a new era of innovation

By Dominic Basulto = Follow Gdominebasuto
Story highlights Editor's Note: Originaly published December 2014, updated
November 2, 2015
Researchers n the UK say a discovery
invoiving wonder material graphene could (CNIN) — Bold claims for new battery technology have
revolutionize batteries. been around since the invention of the lead-acid battery
Graphene is 200 times stronger than steel more than 150 years ago.

and a millon times thinner than a human hair
But researchers at Manchester University in the UK say

The materal which has the same atomic their latest discovery involving the new wonder material

structure as the lead in pencis, is

impermeable to atoms and molecules graphene could be the most revolutionary advance in

Scientists found that positvely charged battery technology yet.

hycirogen atoms could pass through it with

implications for fus cel eficiancy According to a study published in the journal Nature,

theguardian %
A US poltis world opinion sports soccer tech arts lfestyle fashion business travel environment = sllsections B ls @he Newﬁork @imes

home ) science

Graphene Origami

Graphene is a thin material with tremendous potential. Measuring
only an atom-thick, it is harder than diamond, a better electrical
conductor than copper, and 200 times as strong as steel.

Graphene - the new wonder material

Scientific interest roll in for a material that s more solid than steel and a better
‘conductor than copper

Graphene Could Usher in Flexible, Ultra-Slim Gadgets

AN et s a1 i e Graphene is so strong that a sheet of it stretched across a coffee-cup
y [OBER 12, 2012 5:54

B should be able to support the weight of a truck bearing down on a
David Larousserie You've probably pencil point. Some researchers call it a “wonder material” that could
—— Emall never boardof be used in everything from batteries and biosensors to computers
and condoms.
graphene, a

be folded and cut into

B share

carbon-based

Now researchers have di another one of graphene's feats:
- material, but it It's as flexible as paper. Not only can graphene be crumpled and
MostpopularinUs W Tweet might be stuffed - then perfectly flattened, but it can also be folded like origami,
R H ritish spies were first to i .’ i 1 i
{ E b Lo - & into your pocket @he N ew ﬁ nrk e/lmes according to a report published Wednesday in Nature.
e ——— i Russa ave —— ) R -
;’P o Using a style of origami that involves cuts and folds called kirigami,
= around YOur wris' . . . .
e molecule i priceless but it s nota matterof cost - e hundred Ademesly Vilges g in the not-too- the researchers fashioned a sheet of graphene into a tiny spring.
| dollars per kilo. The value lies in its potential, The molecule in question is “Tum offyour According to Nature, researchers may one day use kirigami to craft
called graphene and the EU is prepared to devote €1bn (§1.3bn) to it goddamned lights' distant future.

‘between 2013 and 2023 to find out if it can transform a range of sectors such as. 4 g'aphene sheets into MICTOSCOopIC we!g,hmg scales or nets small
electronics, energy, health and construction. According to Scopus, the United States first A . th Geaphene is a fully flextble material. Ji Hye Hong enough to wrap around living cells.
bibliographic database, more than 8,000 papers have been written about female Muslim judge. ccording to the - . i | e g
ooy Shlla A S mg —NICHOLAS ST. FLEUR
found dead in New York .




DNA:Origin of Properties () i,

Periodicity

Bandstructure

Properties
Tunable

<>
NS/

|Optical Response




DNA: Graphene Tunability ()

Graphene Transistor _ Tunable Interband
s Tunable ' T=300K
<D

ical Response)

Absorption [73

Top-Gate
s Top-Gate Dielectric
Back-Gate Dielectric

5 10 15 20
Cond. Substrate Wavelength [ ;m]

Tunable Resistance Tunable Intraband

3 { ] T
=300K
o \ . 57 -
2 4

'o\? y
<
3 Io
= =
(%2} e
a
- 2 8
e}
<

f=100meV

5 10 15 20
VG A Wavelength [ xm]

Leonard, Spataru, Goldflam, Peters, Beechem. Sci. Reports. (7) 45873. 2017



Env:Graphene & Peer Pressure () éim

..........................

10% prozr==r

Mobility [cm 2/Vs]

102 p-------

kK (WmTK)
Diamond ' Bl
Graphite (in-plane) |G
CNTs ;I
Graphene (suspended) L

Graphene (supported) i
f: Graphene (encased)

Dean et al. Nature Nano. (5) 722, 2010
Pop et al. MRS Bull. (37) 1273. 2012
Il L Il

1 I 1 0 L L L




How to increase light-matter interaction? @ Nationa

Sandia

Laboratories

m Cre

ate a tunable IR filter

Absorption [%]

/ Problem: 5% Not Enough \ / Tool: Graphene Plasmons \

=300K
. 1400

1600

[y
N
[=3
(=]

Frequency (cm
=
[=]
[=]
[=]

800

600

1 2 3 4 1 2 3 4

( : : : » q(10% ecm Y q(10% cm Y
10 15 20 "’«;f oo . . .
Wavelength [ ;:m] W\, Field Confinement + Tunability

(Existence Proof: Home Pregnancy Tests...err...Lateral Flow Assays\




Method & Approach

Sandia
National
Laboratories

s

Multiphysics Materials \

Graphene

/ Electromagnetic Modeling \

.




Tunabilty via Graphene and...? ()&=

National

Lahorataries

02+

Absorption

0.0

0.2+

Absorption

0.1F

sLG+si0, 5@ | [P) SLG+HfO, &V | |©) sLG+Mgo )
: —o03 .

—04 ] [ —o04 | | —04

—0.5 —05 —0.5

— 06 —06 | —06 |

07 07

d)

BLG+SIO, & (V) | |€) BLG+HfO, E v | |f) BLG+MgO E: (eV)
—026 | | —026 | | ——0.26 |
—0.36 —0.36 —0.36
—0.44 —0.44 —0.44

—0.51 L —0.51 | —0.51

s 10 12 s 8 10 12 s 8 10 12
A (um) A (um) A (um)

Graplh%ne absorption can be tuned. Dielectric dictates.




Laboratories

“Surrounding” Absorption () deorm

0.25
C
ke
=3
2
O
<€
[}
C
[}
<
o
©
O

0
Im(R )

_ 5

" 1500

S —

21000 10
o
L 0
. : : 15
SLG+SIO, i SLG+HfO, ' SLG+MgO 20
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
q (10°ecm™) q (10° ecm™) q (10°cm™)

Plasmon defines absorption. Dielectric PHONON defines plasmon.

Goldflam, Fei, Ruiz, Howell, Davids, Peters, Beechem. Optics Express (25) 12400. 2017 21



" Sandia
Real-World Demonstration @ Neional

5000

4500

4000

(@p)

S
q i 03500}
scalable (continuous/unpatterned) graphene 3

3000F

Protected graphene

2500

No contactto graphene in active area | e

2000
-6




Sandia
Gate Tunable Reflectance @[‘:gg:g?:,ﬂes

Wavelength (um)

Wavelength (um) 12.5 10 8
10 6.25 T T T T T T 1

12.5

0.9 0.7
0.8
0.6
10.7
3
| [h} cC
0.6 é S 0.5
05 @
5 04T
04 o

o
w
©
w

0.2 E_ (eV)
0.1 2 —0.2
—0.8
0 0.1 : : : . . : :
0 800 1000 1200 1400 1600 1800 600 700 800 900 1000 1100 1200 1300
Frequency (cm'1) Frequency (cm'1)

Dual-Band Shifts>\ Dependent upon
Tuning T um (90 cm™) . \Dielectric phonon




Why does it work? (i) o

Laboratories

Wavelength (um) 0.4 eV 0.8 eV

12.5 10

o8 1260 cm (7.9 pm) 1260 cm! (7.9 pm)
08r T A T .
%0.5
g | 0
R 0.4 eV 0.8 eV
03T 1050 cm-! (9.5 ym 1050 cm-"! 9.5 Hi
0.2F
| IS B
0'%00 700 800 900 1000 1100 1200 1300

Frequency (cm'1)

| ] _
I |
HfO2 Graphene

1600

1400 c_u E
£ g ) 'uning occurs when plasmon is excited
~ 1200 - —
o '-‘_E % lasmon dispersion defined by surrounding
ol . .
g o L
e - 8 ielectric
OQ-E pectral selectivity based on dielectric phonons
600 Plasmon Dispersion

1 2 3 4
q(10°ecm ™




n Sandia
Phonons for Infrared Tuning @gagg:gﬁgﬂes

phonons for reconfigurable plasmonic devices

PZT:

Tune Directly

| Graphene:
A% \ Tune Around It

|

onon Control

Tunable IR Plasmonics




Sandia
L O O k u S U p @ LNaaI}g)rgallries

@ Sandia National Laboratories

Thomas Beechem sandia.gov/careers
Google Scholar: http://goo.gl/96jGN Staff, Post-Doc, Fellowships, Internships
tebeech@sandia_gov and Collaborations

505-284-3503

Wanted\ Wanted:
Thermal Physics Optical Physics
Post-Docs Post-Docs




