Insights from Single Particle Spectroscopy of
Plasmonic Nanostructures

Stephan Link

Department of Chemistry

Department of Electrical and Computer Engineering

I

CHEMISTRY

Optica Webinar April 18, 2025



Acknowledgements

Collaborators:
Christy Landes (UIUC)

Naomi Halas (Rice)

Peter Nordlander (Rice)

Jen Dionne (Stanford)

Tim Lian (Emory)

Greg Hartland (Notre Dame)

Peter Rossky (Rice)

Martin Zanni (Wisconsin)

Sean Roberts (UT Austin

Ben Levine (Stony Brook)

Wei-Shun Chang (UMass Dartmouth)
Many more...

2



Acknowledgements

Collaborators:'
Christy Landes (UIUC)

Naomi Halas (Rice)

Peter Nordlander (Rice)

Jen Dionne (Stanford)

Tim Lian (Emory)

Greg Hartland (Notre Dame)

Peter Rossky (Rice)

Martin Zanni (Wisconsin)

Sean Roberts (UT Austin

Ben Levine (Stony Brook)

Wei-Shun Chang (UMass Dartmouth)
Many more...

3



Link lab research: Single-particle spectroscopy of plasmonic
nanostructures to remove heterogeneities in to gain detailed
insight into structure-function relationships
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Energy Relaxation
in Nanostructures
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Localized Surface Plasmons

Coherent oscillation of conduction electrons
coupled to incident electromagnetic field,
described by an underdamped driven oscillator
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Normalized efficiency

Converting photons to hot electrons with plasmons
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Converting photons to hot electrons with plasmons
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Normalized efficiency
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Converting photons to hot electrons with plasmons

1+ == Extinction
= Scattering

8 = Absorption

6_

4+

2_

P ' erenaapnnpay
500 600 700
Wavelenath (nm)

oo~

800

G. Mie, Ann. Phys. 25, 377 (1908)

900

a‘ '5\“

- \
: s
= ~%2 i00m O
S 0.5k
o
=

0

500 600 700 300

Wavelength (nm)




> rinterband —Extinciipn
O -.-Scatterlpg
08 uwn Ahsorption
O
=
()] L
- 0.6 Intraband
N
5 0.4
-
E 0.2

g

Photon absorption beyond plasmons

£0 500 800 700 800 900
Wavelenath (nm)

G. Mie, Ann. Phys. 25, 377 (1908)

AE

Intraband

Interband

| 4

Govorov, Wiederrecht, Gray, Harutyunyan,
Nat. Commun. 2018, 9, 1853



Outline

1) Charge transfer at metal — semiconductor interfaces

2) Photoemission into water
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1) Charge transfer at metal — semiconductor interfaces

2) Photoemission into water
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Charge transfer at metal-semiconductor interfaces: Overcoming
semiconductor bandgaps with lower photon energy plasmons

energy band diagram
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Advantage: Large tunable cross sections determining hot carrier energies;

band offsets and not bandgaps are important
Disadvantages: Often low yields 12



Charge transfer at metal-semiconductor interfaces: Overcoming
semiconductor bandgaps with lower photon energy plasmons

1) We need more detailed mechanistic insights

2) Does the plasmon play a bigger role than just absorption?
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Plasmon induced charge transfer at metal-semiconductor
interfaces — direct vs. indirect pathways
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BUT, how can we distinguish these mechanisms when both are expected to be less than 100 fs?
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Plasmon dephasing
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Additional plasmon decay — chemical interface damping (CID)
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Additional plasmon decay — chemical interface damping (CID)
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Homogeneous Linewidth from Single Particle Spectroscopy
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Au-TiO, interfaces: Chemical interface damping of gold nanorods
on SiO, and TiO, substrates
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Chemical interface damping reveals plasmon energy
independent charge transfer for the TiO, substrate

After correction for bulk and radiation damping based on SEM correlated nanorod size
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Only chemical Interface damping is insufficient to prove plasmon

induced diirect charge transfer
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Need complementary method: IR transient absorption spectroscopy (to give total charge injection)

Lee and Link, Acc. Chem. Res. 54, 1950 (2021)
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Gold nanorods overcoated with a TiO, shell: chemical interface
damping determines the yield of dlirect electron transfer
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IR transient absorption spectroscopy probes the tota/free
carriers within the TiO, conduction band
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IR transient absorption (TA) spectroscopy probes the tota/free
carriers within the TiO, conduction band
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Injection efficiency as a function of excitation wavelength:
direct decay pathway only possible at plasmon resonance

At plasmon excitation:
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Dynamics of metal excited carriers: Ultrafast visible pump-probe
spectroscopy

Laser Dynamics Laboratory, School of Chemistry and Biochemistry, Georgia Institute of Technology,
Atlanta, Georgia 30332-0400

Z. L. Wang

Relaxation Ieads to thermal ca rriers JOURNAL OF CHEMICAL PHYSICS VOLUME 111, NUMBER 3 15 JULY 1999
School of Materials Science and Engineering, Georgia Institute of Technology,
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Dynamics of metal excited carriers:

Ultrafast pump-probe spectroscopy #
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Visible transient absorption spectroscopy reveals charge
transfer through changes in electron-phonon scattering
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Both direct and sequential charge transfer occur — plasmon
enhancement through chemical interface damping
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Outline

1) Charge transfer at metal — semiconductor interfaces

2) Photoemission into water
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Photoemission can be detected electrochemically

Electron scavengers prevent recombination Photocurrent gives emission yield
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Emission from smooth electrodes follows 5/2 power law

Photoemission spectrum Quantum efficiency depends on excess energy above threshold:
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Nanoparticle decorated electrodes enhance photoemission
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Emission scales with field enhancement

A Roughened Silver

B Silver Nanoparticles

C Gold Nanoparticles

Al-Zubeidi, Roberts, Dionne, Rossky, Landes, Link et al., PNAS 120, e2217035120 (2023)
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Plasmons produce solvated electrons through field-enhanced hot
electron generation in an indirect bulk emission process

Field-enhancement increases generation of hot carriers
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Plasmons produce solvated electrons through field-enhanced hot
electron generation in an indirect bulk emission process
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Conclusions

Plasmons open up direct charge transfer process thereby
enhancing charge injection efficiency

Plasmons drive solvated electron generation through enhanced
fields (indirect pathway)
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