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Single Molecular Science Hou Research Team at USTC

Quantum control at the molecular scale
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Single Molecular Electroluminescence (SMEL)

RO FREA
WHY?
WHAT?

HOW?



Nano-Optoelectronic Integration
Nanoplasmonics: Nano-LED,

WHY Single Molecular Electroluminescence (SMEL)?
Intrachip interconnect,

Energy Sciences
Interface optoelectronics
__p
| Switch, Coupler, Amplifier...
Nanoscale Point-Light Sources
l» Ultrahigh resolution imaging &
spectroscopy, Coherent control
In nano-devices, Spaser...

Solar energy,
| — Quantum Light Sources
I entanglement .
Single photon sources,
Entangled photon sources,
Quantum information processing

Photocatalysis...
Technical Applications |
Electron — Photon: Optoelectronic Conversion at the nanoscale
Electron-hole pairs (Excitons): Formation, Transport, Decay
Quantum Control: Coupling and interconversion among electrons,
excitons, plasmons, phonons, photons... Energy transfer...

Fundamental Understanding
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Optoelectronic Conversion at the nanoscale
Molecular Nanoplasmonics
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Coupling and Inter-conversion “ T
among quantum states Plasmon (“Z*) mediated process!



SMEL Background

Approach 1:
Lateral device configuration

oggooo 88§§§
Dickson et al: Au, Ag clusters.
@ PNAS 2002, PRL 2004
Emission feature: Size-dependent, hard to control
ROUte 1 : Aluminium cathode bm ‘-" I.%:l_ -_ h 5 ; x“;:
o o . . ;‘-= g, | B
Ensemble Excitation -
Instead of excitation on

Glass substrate

a single molecule,
Ensemble excitation, but

selected emission detection
from individual spots Nothaft et al.: OLED of Ir(pig)3

Nature Commun.2012
Single? Background Disturb? Single? Matrix Background?




Backgr'ound Single photon emission from a p-i-n diode
containing a layer of InAs self-organized quantum dots

emission Single QD Electroluminescence
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Sharp Emission!
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Science 2002, 295, 102-105
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SMEL Background

Approach 1:
Lateral device configuration
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Route 2:
Single-molecule excitation

Intensive effort
but
limited well-defined reports

HOMO-LUMO of Neutral Molecules?

IBM: Avouris et al: Single CNT.

Science 2003, 2005
CNT-dependent? Nanoscale? Emission (HOMO-LUMO)?

Marquardt et al.: Single Perylene?
Nature Nanotech. 2010
Single? EL: 1 hour: SNR? Red-shift (HOMO-LUMO)?



SMEL Background

Approach 2:
Vertical STM configuration

Wilson Ho et al (UC Irvine):
Zntiol/Al203/NiAl, Science 2003

Two Claims by Wilson Ho (UC Irvine)
Single-molecule electroluminescence

Intensity (a.u.

Science: Anionic, LUMO+1 — LUMO?
PRL: Neutral, HOMO-LUMQ?

- 88§

Problems: Site-dependent emission;
Don’t agree with neutral PL data (HOMO-LUMO);  wilson Ho et al (UC Irvine):

Bias-dependent energy cutoff MgP/Al203/NiAl, PRL 2010



SMEL Background

Approach 2:
Vertical STM configuration
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Not intramolecular transition!



Single Molecular Electroluminescence (SMEL)
Status Summary

Intensive efforts, but still lack of
well-defined SMEL with clear molecular origin
that IS consistent with standard PL data,

namely, fluorescence originating from
the intramolecular HOMO-LUMO transition

of neutral organic molecules.

Reasons:

Fluorescence quenching
&
Lack of in-depth understanding on the mechanism



Single Molecular Electroluminescence by STM
STM-induced luminescence: Beyond imaging and manipulation

BT Tunneling electrons!
hv STM i i . .
SiE. fEE Highly localized excitation source!
e‘( ET .J"’! 5 t%a'::glt'l'ﬁ .
.....,_._, A ptca etectors
+ Q eranma O Nanotip!

g Nanoantenna effect &
1 Controlled nanoscale gap spacing!

h( HT
éé\. /\g 1
l}_‘,r( Strong plasmonic confinement !

e q'l’ Intense field enhancement (104-109)!
VUV l

Electrodynamic, G Quant. Mech., j New optoelectronic effect?
Inelastic tunneling (IET) New mechanism and understanding?
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Z 751 ~0.01 nm
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Metal Tip

Molecule

Metal Substrate

For a single molecule directly adsorbed on the metal surface,
Any emission? What kind of emission?



Photon mapping with sub-molecular resolution
Beyond the diffraction limit

STM Topograph Photon Map

Resolution: ~1 nm

Beating
diffraction limit?

Raleigh criteria:
R~ A/2NA

Edge-Enhanced Optical Response .. o al. PRL under review.



Photon mapping with sub-molecular resolution
Beyond the diffraction limit

Edge-Enhanced
Optical Response

Plasmonic emission
Molecular fluorescence quenched



Edge-Enhanced Optical Response of Molecular Islands
Probed by Nanoscale Photon Mapping of Tip Induced Plasmonic Emission
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Role of molecules:
Indirect,
LDOS modification! Chen et al., PRL under review.



Challenge:

Fluorescence Quenching

Route 1: charge transfer

Route 2: dipole quenching

Nonradiative damping

_L_ Dipole
&
Molecule Il Dipole
Ce‘ ‘d
Metal 2
Substrate
Qrrdnnnan |mage
dipole

Energy Transfer near Metal Surfaces

Classical electromagnetic theory:

For large distances, the surface acting as a mirror
to cause electric field interference,
the luminescent lifetime oscillates as a function of d.

A

0 250 500 d (hm)

For small distances (<5 nm), via dipole field coupling,
the lifetime goes monotonically towards zero.

damping rate = 1/ T oc 1/d3, bulk transfer
1/ T oc 1/d4, surface transfer

d (nm)




Challenge:

Fluorescence Quenching

Route 1: charge transfer

Route 2: dipole quenching

Nonradiative damping
Single Molecular
> Electroluminescence:

_L_ Dipole
€0

Molecule ‘-‘- || Dipole Feasible?
<t

Metal 1
Substrate




Surface Plasmon (SP): Plasmon Confined to the Surface
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Surface wave of water

Surface Plasmon Wave:
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R. H. Ritchie, “Plasma Losses by Fast Electrons
in Thin Films”, Phys. Rev. 106, 874 (1957)

Surface Plasmon:
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Nanoscale Confinement — Strong Field Enhancement!



Tuning of Photonic States (PMD) by Resonant Plasmonic Fields

S¢: Fluorescence Signal

SF = CKQ C: Collection Efficiency

K: Excitation enhancement

2 2
K — | Eioc B ‘ Eina + Eine | Nanogap effect
| Einc ° | Einc ‘2 K~ 10%°
@ Quantum efficiency Fermi golden rule:
A . 12
Q= I oc | M| p(v z}')

P ( v;): Photonic mode density (PMD), E,.-dependent!



One possible approach to SMEL.:

Play with the competition
between

Quenching and Enhancement

Tuning of quantum states:

H P(t,t) = E Y(t, t)
oo\

BEE ZT (8 K[g]




Absorbance energy

Excitation and Emission of Molecules

Absorption=1015s :
Excited State:

e Population
e Lifetime

S, excited state

A TSI
+ HE

+ Ff

Kasha’'s rule
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Nonradiative
Fluorescence =10°s dissipation
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Single Molecular Electroluminescence?

Starting from simple and easier systems: Thin Film Structures.

Decoupling + NCP enhancement

e Feasibility?
e Mechanism?
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Porphyrin:

Molecule-specific
double Q-band EL!

Beating
Fluorescence Quenching!

Wavelength (nm)
775 689 620 564 517

Q,{0,0} Wr_tiplrrppl.ll,-jﬁu 5 M L TP P on A u

+30V

Layer-by-layer growth
STML acquired

STML (arb. units)

at low current:
' 20 22 2
]'EF‘h:}ign En[é.-rgy (eV) ) 200 pA
Multimonolayer decoupling approach
Dong et al., Phys. Rev. Lett. 2004




New Optoelectronic Phenomena at the Nanoscale

Upconversion
Electroluminescence

y
Q
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Metal Substrate : , /
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Nature Photonics, 2010

Spectral Tunability




Three Conventional Characteristics of Molecular Photoluminescent Spectra

1. Stokes Shifts

Aem > Aex! Energy dissipation via vibrational relaxation,
2. \ Independent emission spectra

Kasha's rule: Emission always occurs from the lowest vibronic level S,(v=0),
the thermally equilibrated state, due to fast vibrational relaxation.

3. Mirror Symmetry

Consequence of the Franck-Condon principle! Similarity in the vibronic structure!

] Q-1 :: 0--0 [\ | —=-0 o
} 2 absorption,,_, /i = emission | (0,0) transition:
" T s _
. _:1] SR e i 3 :': i\ 2 —a) AN E,,., for absorption
39 g O»3 ,”.' g \ E,.x fOr emission
4 "l b .l )
0 o 4 Y] b

5 o~ Could be

1 - 1 different for

0 30 fs-laser

excitation!



“Photonics: Forbidden light” ----- Nature China
Tuning molecular electroluminescence by resonant nanocavity plasmons

New optoelectronic effects: naturecHINAf,

Hot electroluminescence
Upconversion electroluminescence
Dramatic spectral shaping

: B

Plasmonic light:
A coherent optical source! NG e

fo
Metal Substrate SD N

- : W-ti : ! :
+25V, 200 pA | U'P Loy

Nanoscale light sources?

STML (arb. units)

Towards plasmo-electronic integration?

Dong et al.
Nature Photonics 4, 50-54 (2010)  “‘setimes’ ' hoderasien



Role of Plasmons in SMEL?

 Metal Substrate
Strong NCP fields
— Resonant molecular EL

14 16 18 20 22 24 14 16 18 20 2.2 24
Photon Energy (eV) Photon Energy (V)

Is molecular EL still possible?

o Half-metal Substrate, e.g., HOPG
e Semiconductor Substrate, e.g., Si (100’




STM Induced Molecular EL on HOPG: OK

Photon energy (eV)

248 2.07 1.77 1.55
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When tip is plasmonically bright!
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STM Induced Molecular EL on HOPG

(a) (b) ,
Witip Ag(111) Wtip TPP(5ML)/HOPG
) ) +2.5V, 0.4nA, 600s
S +2.5V. 0.1nA. 60s S5 | W rs
o £ B
— — L ~————
= =
— =
n wn
400 500 600 700 800 500 600 700 800
Wavelength (nm) Wavelength (nm)

When tip is plasmonically dark,
no molecular electroluminescence!

g

Plasmon iIs crucial!



STM Induced Molecular EL on HOPG

Spectral shaping:
Matching of the tip-plasmon modes with molecular vibronic transitions

(@)  Photon energy (eV) (b) Photon energy (eV)

2.48 2.07 1.77 1.55 2.48 2.07 1.77 1.55
@ wip 0O g wie g OV
-E | o 'E _ ! _
> -
oS | TPPHOPG (0,1) o | TPP/HOPG
or i O ]
1 ”’I-\\\ 1 ,,f""\\
E - NCAg(111) S E - Ag(111) ot M-
w ’/ . o ) ~

- Tip plasmon mode “~~. ..——’ T|p plasmon mode
500 600 700 800 500 600 700 800
Wavelength (nm) Wavelength (nm)

FRATTHTFEES FREB ARV AFDRY;
EEATENN T o F AT EBERFEREER;

HREBHTEASFREUR LS FEKE.
HOPG: R&t{RMH? C. Zhang et al., APL in press.



STM Induced Molecular EL on HOPG

eV

.‘.. b - -

Y__|.

Tip

\

Mechanism

Er

molecule HOPG

Three Possible Channels (53 F& X B =M AT GEHLFY):

1. Impact lonization (lI) Mechanism);

2. Hot Electron Injection Type OLED Mechanism;

3. Tip Plasmon Mediated Fluorescence Mechanism



STM Induced Molecular EL on HOPG

Mechanism
o \ y Electron
Srpoq >\
= 1
25 _E/\ ,f]_(_t) N[V hv
S > -
eVl T N m\“f Tip Plasmon
S\
Tip plasmon  \~" > I
A, S EF
Exciton
Tip Molecule HOPG

SFEIJe3KiE: Plasmon mediated molecular electroluminescence

s BREMEBEBUTN RTINS ERE A

- HFHBEEBRESTFAREEESTFRE: OLEDEEARBFENEEE S REVEIAER.
C. Zhang et al., APL in press.



Ultrathin Film

spacer

.......

Metal bstrate

STM Induced Molecular EL on Thin Films

|

Single Molecular Electroluminescence (SMEL)?
What are crucial factors governing SMEL?



Plasmon mediated single molecular electroluminescence (SMEL)

What are the key factors that govern the SMEL phenomenon?

Y. Zhang, et al., APL 97 (2010) 243101 Y. Zhang et al., in preparation.



Plasmon mediated single molecular electroluminescence (SMEL)

What are the key factors that govern the SMEL phenomenon?



Single Molecular Upconversion Electroluminescence

Plasmon-exciton coupling and amplification



Single Molecular Upconversion Electroluminescence

Injection barrier independent: Indirect electron excitation
Plasmon-exciton coupling and amplification



Upconversion molecular electroluminescence: Mechanism
Plasmon assisted Raman scattering (PARS)

FE#R 5 F R B L]

HY Gao et al., in preparation.



Two key factors that govern the SMEL phenomenon

STMiE& 5 F&Z KA E

Y. Zhang et al., in preparation.



Summary

Field
enhancement

Oe electron
0 energy

NCP
(plasmon)

Molecule
(exciton, phonon
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Thank you very much!
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