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Nanoplasmonics and its applications

Areas and applications of
nanoplasmonics:

Surface Enhanced Raman Scattering

Near-field microscopy and
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spectroscopy o6 |
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Applications of nanoplasmonics

Many existing and potential future applications of
nanoplasmonics suffer from damping caused by
metal absorption

Theoretical predictions

| ocalized SPs:

Lawandy, APL 2004: Compensation of loss by gain
Bergman, Stockman, PRL 2003: SPASER

Propagating SPPs:

Sudarkin, Demkovich, Sov. Phys. Tech. Phys., 1989
Avrutsky, PRB, 2004; Nezhad, OE, 2004
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Applications of nanoplasmonics
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metal absorption

Theoretical predictions
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pump

|_ocalized SPs and gain

R6G laser

N

N

o \
E N

R6G&Ag

H\

mirror  mirror filter

pinhole

N

The mixture of Ag
aggregate and rhodamine
6G dye was pumped at 532
nm and probed at 560 nm.

The scattering of the 560
nm light was studied as a
function pumping.

The enhanced scattering
was used as the evidence of
the plasmon enhancement.
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Enhancement of SPs by optical gain
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{ Scattering enhancement = =
| plasmon enhancement

OO B N W &~ 01 O N
] ] ] ]

.001 0.01

Pumping (mJ)

pumping.
[Noginov, ..., Shalaev, Opt. Lett. (2006)]
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Surface Plasmon Polaritons (SPPs)

Surface Plasmon Polariton (SPP) is an dielictric
electromagnetic wave propagating at \ .
the interface between metal and SPP 2
dielectric. N €
Reflection is measured as the function N\ gg=N?
iti : metal (A

of angle 0. At crlt_lcal angle 6,, _vvhen glass prism i (Ag)
KpnotSING= Kgpp , light wave excites SPP |
= there is a “dip” in the reflection e0 :
curve. |

1.2E+00 :
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1.0E+00 . blue line - theory k k
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Theoretical modeling of SPPs

Following H. Raethner dielectric
“Surface plasmons”, Springer, 1988 \\
€
reflection in three-layer “sandwich” >, 2
structure N &
k. =k, sind i
x = photsm 0

glass prism

2 \ i
[ (0 AN !
kZi — i K = i\/gl(_j - k)? ) i — 0,1,2 \e‘g-___-:

C

_ (kzigk - kzkgi)

p

2 Note the square root dilemma!
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What about active systems?

Square root dilemma is eliminated in slab geometry, where both directions of k, coexist
and their coefficients are defined through boundary conditions

Note: figguency domain-simulations are valid only below lasing threshold
15F; - ' - § 15f; | -

_15L! . ; . i —151! : . - g
~10 0 10 20 30 ~10 0 10 20 30

X/ A X/A
Transp.are.nt systems: enhanced K Im Complex plane
transmission should be cut along
Active “metals”: zero transmission, but \ Re the negative

enhanced reflection Imaginary axis
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Modeling of SPP

pumping
AZ

E

with gain

z

Y X<

—e"=0
—e"=-0.001
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—e"=-0.006
——e"=-0.008
e"=-0.0125
——e"=-0.0135
—e"=-0.02
—e"=-0.015
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50 50.5 51
Angle (degrees)

4y.y|+0(0)
(k. —k! =AY +(r, +7,)

R(H) x ‘rm‘z 1-

Glass: g,=1.7842

Silver: g," =-16.06, &,"=0.44, d=55 nm

R6G in methanol: g,” = 1.3292

Compensation of propagation loss:
8

T —0.0053 = gain=422 cm'*
1
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0.0025 0
: reflectivity kinetics under pumping S P P expe riime nt
0.002 } x (luminescence is subtracted) - - -
; N with optical gain
0.0015 v Thinfilm
] '\ d=39nm 0.007
0.001 + 0.006 - MWWWW
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Angle (0) Real silver is different

N§U [Noginov, Podolskiy,
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... Opt. Express 2008]
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Excitation of SPPs via emission of dye molecules

pumping
AZ
€

SPP spectra recorded at different ‘. s N\E
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Stimulated emission of SPPs

pumping
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Back mirror R,
(normally R;=1)

Laser - size limit

v [

Output mirror R,
Flashlamp o /n O
7 | Laser beam
Flashlamp Laser rod
200
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[ Hill et al.,
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SPASER - stimulated emission of localized
surface plasmons

Optical Gain + SP resonator = SPASER
[Bergman, Stockman, PRL, 2003]

Z
30 1

20 1
10 1

O"! t t t
0 10 20 30

[Stockman, Nature Photonics, 2008]

NQDs

X

e-h pairs

e —

l Exciton

Dielectric core
Plasmon

Energy transfer

A

Silver shell

Outcoupling of SP oscillations to
photonic modes — laser [Zheludev et
al., Nature Photonics, 2008]

NQD Nanoshell



SPASER design

0G-488dye

doped E o
\ /Silica shell @
Sodium/

silicate shell

a) Gold core

Calculated SPP mode,
A=525nm and Q = 14.8.
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Absorption, Emission and Excitation

A=521 nm
Q: 13.2

0.8 - SP absorption overlaps
with emission and
0.6 1 excitation (absorption)
0.4 - of the Oregon Green 488
' dye.
0.2 -
O ! ! !
300 400 500 600 700

Wavelength (nm)

Absorption (1), excitation (2), spontaneous emission (3),
and lasing (4) spectra of Au/silica/dye nanoparticles.

PREM
NSU B B
= Metamaterials

NORFOLK STATE UNIVERSITY




Spontaneous emission Kinetics

Emission decay kinetics
Pumping: 466 nm, 90 ps pulses
Detection: 480 nm

(0 .48e-t/1.6ns+0 ] 52e-t/4.1ns)

0.1

>
oooooo

0.01
Time (ns)

Time (ns)
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Emission cross section and radiative life-time

Absorption cross section Emission cross section
3.0E-16 3.0E-16 -
2.5E-16 ;—GabS:Z.E)SXlO- e 2.5E-16 -_ Gem(max) =~ Gabs(maX)
20E-16 | 2.0E-16 1
156-16 1 1.5E-16 1
1.0E-16 -- 1.0E-16 E_
5.0E-17 -- 5.0E-17 é_
COEBFOO —m ]
0.0E+00 +—+—F—"—"—t+———"—"—F+————F+——F
400 450 >00 550 450 500 550 600 650 700

Wavelength (nm) Wavelength (nm)

__ A1)
On (1) 8m’ct,,, | AL(A)A

= 7.,4-4.3ns

= 4.1 ns emission decay is almost purely radiative!

_ PREM
NSU B B
- Metamaterials

NORFOLK STATE UNIVERSITY




Purcell etfect as a possible explanation for the
Kinetics shortening

Wavelength in the medium
~ diameter of the effective cavity

l

2

Effective volume of the cavity

Theoretically
F~1.9 — predicted life-time
I shortening

Experimentally measured life-time
shortening: 2.5 times
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Stimulated emission Kkinetics

Excitation: 466 nm, 90 ps pulses

0.0E+00 t t t :
4 500 550 600 650 700
Wavelength (nm)

~520 £20 nm, 4x10* mW/ Stimulated emission kinetics

1600 - _

1400 1 close to NdAI;(BO,), in random laser

1200 1 the gain

1000 | maximum

800 |

600 |

400 |

200 |

0 b ' I ' ' ' ' ' '
75 80 85 90 95 100 105 U 1 2 3 4 5 6 7 ns
Time (ns) [Noginov et al, JOSA B 1996]
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SPASER effect enables nanolaser

Sample #2, 15 nm silicashell Stimulated emission  Pumping: A=488 nm,

200 257 tpulse =dns

20 ] 7
600 ! S

15 § 600 3 >
500 ] 1 ;5|

o] 500 1o
400 400 1

5 ] 0 10 20 30
300 300 E_ Pumping, mJ

0 i
200 490 510 530 550 570 590 610 200 ]

Wavelength (nm) 100 +
100 ]
O"?llllllllllll: IIIIIIIII
50 100 150 200 250

0
490 510 530 550 570 590 610 630 650 Pumping (mW)

Wavelength (nm)

At dilution, the signal decreased, but its shape and - {mes ditted
the ratio between the spontaneous and the stimulated 1
emission did not = e
Emission occurs in single nanoparticles = SPASER 021

L) [0 J 2P TS B VAV TS AT PN WAV AT
o7 490 510 530 550 570 590 610 630 650

NORFOLK STATE UNIVERSITY Wavelength (nm)




Position of the laser line

1.2
1 _
Calculated threshold
0.8 - number of excited dye
molecules per
0.6 1 nanoparticle: 2000.
0.4 1 , Experimental number of
0.2 - dye molecules per
' nanoparticle: 2700.
0 |
300 400 500 600 700

Wavelength (nm)

At the laser wavelength, dye absorption is low, emission and SP
rgsonance are strong PREM
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Pure Oregon Green 488 dye

1.0E+07

1.0E+06
1.0E+05 OG-488 dye

1.0E+04

1.0E+03 g Sample #2

Wavelength (nm)

1800

1800
1600 -
1400 ~
1200 ~
1000 ~

1600 -
1400 -
1200 -
1000 -
800 +
600 -
400 -
200 ~

800

23mJ ool

400 ~
200

0 5 10 15 20 25
Pumping (mJ)

OG-488 dye
0.15mJ

0

490 / 540 590 640 690

0.05mJ Wavelength (nm)

Emission in OG 488 dye (0.235 mM) is 200 times stronger than in the NP sample.
Still there is a sublinear dependence of emission on pumping. No lasing.
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Compensation of loss by gain Is
possible but 1t Is hard

Easier technological solutions are
desired
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Absorption loss due to surface states

Calculated surface
states in thin Ag Silver
slabs, 7-19
monolayers
1 .
0.9
0.8

0.7 +

0.6+ |7 5

0.5 % NN
0.4 é' v, ‘ \u )

0.3 % ) \ \"\‘v\ A
0.2 ¥ N+ )t

0.1 +Drude and Bulk

o+ttt
7000 12000 17000 22000 27000 32000

Experiment [J&C]

Energy (cm™)

Ab initio calculations PREM [:mﬂ

NSU T,
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Elongation of the SPP propagation length by
high concentration of rhodamine 6G dye

11 1.6
1 R6G=30g/ _ 14 -
0.9 ’ ' °
0.8 1.2 -
0.7 ¢
0.6 1 4
0.5 ®
0.4 081¢ .
0.3 0.6 4
0.2
0.1 0.4 - .
0 oy S Nearly 30% increase of the
61 63 65 67 69 0.2 - .
Angle (degree) O SPP propagation length
With increase of the R6G 0 20 40 60 80 100
concentration (up to 30 g/L), R6G concentration N (g/L)

W decreases = L increases (!!!) WLt [Noginov, Podolskiy,... OE, 2008]
Possible reason: modification of the surface electronic states

- [Noginov, Gavrilenko, et al., PREM ]
N§U Opt. Express, 2008] meee®  Photonic ! [: R
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Shift of the Fermi level and reflectance
spectrum in alloys (n-doping)

E
nerdy Copper doped 10 1 8E_ ..
with Zinc . Pound

5 +

4s lSE )
. T E : ¥
AE +edge of the d -5 + y

band i

"i?eflectance edge shift

Density of states

30 A

N@U [Ehrenreich, Philipp, 1962]  ° S 10
ERS Energy (eV)

' [Simmons, Potter, Optical Materials, 2000]




Reflectance

Reflectance
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the reflectance edge
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i ¥

20000 30000 40000
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5000(

ADb initio calculations

Modification of
the energy band
diagram

18 1
16 +
14 +

ANANNNREN

-
N
%

—
ONP,POOXOO
Il

[ANNRNNNNNN

T T T T T T T T T T T T T T T

10000 20000 30000 40000 50000

Wavenumber (cm™)
0.12
0.10
0.08
g 0.06
0.04
0.02

0.00 ™
10000

rel. units)

Absorpban

Extinction

30000 40000

50000

20000
Wavenumber (cm™)



Outline

Introduction

Gain solution to the loss problem

« Conguering loss of localized SPs

* Low Loss and Stimulated Emission of SPPs
« SPASER and nanolaser

Compensation of gain without loss

» Modification of the surface states

* Alloying (n doping)

* Low temperature

 Sandwich structures

Summary PREM
@ Photonic [:mﬂ
- Metamaterials

NORFOLK STATE UNIVERSITY




Low-temperature measurements in Ag films

Sample on a
rotating shaft

)

HeNe Laser e
=

Goniometer
L

|
Optical
Sample
Holder
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Low-temperature measurements in Ag films

1.2 7 ]
] 1.2 Epy A 40 nm
08 T° g ] .
. 52 nm
_ 0.6 T
04 T 04 1
. Temperature- .
0.2 + independent 0.2 +
0 _ T T T T I T T T T I T T T T |' T T O : T T T T I T T T T I T T T T I T T
0 100 200 300 0 100 200 300

Temperature (K) Temperature (K)

Reduction of the temperature does not lead to the significant reduction of loss In
vapor-deposited silver film.

It may work better in thicker films. PREM

39 Metamaterials

NORFOLK STATE UNIVERSITY




Outline

Introduction

Gain solution to the loss problem

« Conguering loss of localized SPs

* Low Loss and Stimulated Emission of SPPs
« SPASER and nanolaser

Compensation of gain without loss

» Modification of the surface states

* Alloying (n doping)

* Low temperature

« Sandwich structures

Summary PREM
@ Photonic [:mﬂ
e Metamaterials

NORFOLK STATE UNIVERSITY




0.8 —'}
0.6
0.4
0.2 |

04

Au film

J

Silver-gold sandwich

Simulations (transfer matrix method).
1.0;

Ag filmi 08 \Y/ &

\/ o,

%

Angle (0)

A=594.1 nm
(1) 58 nm silver film
(2) 54 nm gold film

34
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(3) Ag(58 nm)/Au(6 nm) sandwich structure

36 38 40
Angle, degree PBEM
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Angular and thickness dependences

37 7

36.5 -
36

35.5 1

35 A

345 - T T T T I T T T T I T T T T | 1 | | ]

500 700 900 1100 540 640 740 840 940
Wavelength (nm) Wavelength (nm)

1.4 5
12 1
o.; ) Total thickness: 64 nm
065 .7 To have the best effective metal
8;2 . properties, the thickness of Au
o should be as small as possible
0 0.5 1

Thickness ratio (Au/T otal)



Summary

With Gain

« Conquering loss of localized SPs
« Compensation of the SPP loss

« Stimulated emission of SPPs

« First demonstration of a SPASER

*Without Loss

« Modification of surface states
 Alloying (n doping)

« Au/Ag sandwich as improved Au

« Low temperature (not very efficient)

*Applications include:

« Nanoplasmonic electronics
« Nanophotonics
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