
1 	

 	

 	

 	

 	

 	

 	

 	

 	

dinko.chakarov@chalmers.se	



Chalmers University of Technology 

Dinko Chakarov	



Department of Applied Physics	



Chalmers University of Technology, Gothenburg, Sweden	



2010-08-17	



PHOTOINDUCED  PROCESSES  AT	



 SURFACES  AND  NANOSTRUCTURES 	



UNIVERSITY OF ICELAND 



2 	

 	

 	

 	

 	

 	

 	

 	

 	

dinko.chakarov@chalmers.se	



Chalmers University of Technology 

+ +

MODIFY!	


 - WATER, 	



	

 - SURFACE,	


	

 	

 - PRODUCTS 	



Light 
capture	

 Products 

capture	



 

How to split water with low energy photons?	
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Outline 	


PART II - Nanotech approaches:	



•  Tuning of optical and electronic properties	



•  Micro - and nanostructures for light management	



•  Control of structure and morphology	



•  Control of the reaction environment and volume	



•  Fabrication of model systems & theoretical modeling	



•  Progress in R&D;	



•  Summary	
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“The absorption spectrum of the 
system must overlap the emission 
spectrum of the sun”.	



Tuning of optical and electronic properties	
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Bo Hellsing et al., J. Chem. Phys. 106 (3), 982, 1997	



PHOTO DESORPTION/ PHOTO MANIPULATION 	


OF ALKALI ATOMS	



Graphite	
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(i) the wealth of new, often of 
resonance character  phenomena, 
observed when the object size and the  
electromagnetic field periodicity 
(wavelength) match. 	



(ii) the energetic of important chemical 
transformations, e.g. bond breaking 
and bond formation, are in this range 
(0.5 – 6.5 eV). 	



(iii) ability to manipulate materials on 
nanoscale.	



Light on Surfaces (”nano”) 	
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Tuning of optical and electronic 
properties	


•  Bandgap engineering, 	


•  Doping, 	


•  Multiple excition generation, 	


•  Charge carrier separation and transport, 	


•  Nanocomposites (e.g. semiconductor-semiconductor, 
semiconductor-metal, …), 	


•  Co-catalysts…	
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Tuning …	
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holes

Solar lightCdZnO absorber

© A. Kuznetzov et all.	

 at UiO: - Developing a synthesis technology for growth  
of ZnO nanorods arrays with engineered band gaps. 

J. Phys. Chem. C, Vol. 
111, No. 35, 2007	



Appl. Phys. Lett. 89, 131919 (2006)	
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• Micro- and nanostructures for light management	



•  Optically active metal nanoparticles (plasmonics), 	



•  Waveguiding,	



•  Whispering gallery modes, 	



•  Scattering structures / centers	



•  …	


e h
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•  Absorption	


•  Reflection	


•  Refraction	


•  Diffraction 

•   For large objects each effect is distinct; 
•   For small lengths (objects) the difference 
between these effects is blurred!!!	



Optical processes …	
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The Lycurgus Cup (British Museum; 4th century A. D.) 

The birth of Sant 
Eligio – patron saint of 
the goldsmiths.Niccolo 
da Varallo, 1480-1486 
(Fabbrica del Duomo di 
Milano)	



Beginnings of nanoscience and technology… 	
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and the promises… 
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What is the origin of the color?  ���
Answer: “surface plasmons”	
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Since all conduction electrons are involved in the oscillation,  
plasmons interact strongly with resonant light. 

The surface charges can induce large local electric fields at ωPL 

 A plasmon is an incompressible  
self-oscillation of the conduction 
electrons in a nanoparticle 

Bulk plasmon 

Dipolar (l=1) Quadrupolar (l=2) 
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For small nanoparticle, incident E&M wave 
looks like dipolar field and only couples to 
plasmons with a dipole moment (l=1). 

Sphere plasmons 

©P. Nordlander	
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Decay channels and typical 	


life times after plasmon excitation	



radiative decay 
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particle  
plasmon 

photon e-h pair 

nonradiative decay 

Initial excitation 

field enhancement Landau damping	



Hot e- 

phonons 

t e-e~10-500 fs	



te-ph~1-5 ps 

Ground state/equilibrium  

R >20nm:  radiation damping is dominant	


R<5 nm: Landau damping	


5<R<20: both effects compete	


R<1nm: direct coupling to nuclear motion	



Compilation after:Kreibig, U.V., M.,  
Opical Propeties of Metal Clusters.  
1995, Berlin: Springer.and other sources 
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Ag/ Graphite: STM images (150x150 nm) taken 
from H.Hövel et al Appl. Phys. A72, 295 (2001)	
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Surface Sci. 593 (2005) 235	

 TEM images (L: Eurenius)  of Ag clusters  before and after irradiation  
with 355 nm pulsed laser  irradiation with subthreshod intensity.	



Plasmon mediated desorption of NO	
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H. Fredriksson et al.	
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€ 

E0
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+ E0Ewg cos k0x − kwg( )x+ϕ0 − ϕwg[ ]

€ 

Λ = 2π | k0x − kwg |
Λ Au 

Λ 
Ag 
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L. N. Ng et al, J. LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 3, 388, MARCH 2000 

Mechanisms …	
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Bryce E. Bayer"
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•  Metamaterials for enhanced 	


photon capture - PLEXITONS	



Ag clusters on HOPG	
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• Control of the reaction environment and volume	



•  Confinement of reactants and reaction products,	



•  Nanoreactors	
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AFM scan over exfoliated HOPG surface obtained by irradiation with a single 4 ns laser pulse (0.8 mJ/cm2 
290 nm photons). SEM images of nanofabrivcated graphite samples (H. Fredriksson): 190 nm pits (bottom 
left) and cones. 	



P. Hyldgaard et al.	



LASER	
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As prepared	



With 5 nm Au	



After annealing, 800°C	



120 nm holes in HOPG + Ag	
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Control of structure and morphology	



•  High surface area structures, 	


•  Nanotube arrays, 	


•  Core-shell architectures, 	


•  Controlled wetting properties, 	


•  Controlled porosity	


•  …	
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Schematic of the sample	



CARBON "
E-beam evaporation"
Source material= Graphite"
Post-deposition annealing= 
800°C in Argon atmosphere."

Titania "
DC reactive magnetron 
sputtering"
Post-deposition annealing= 
500°C in Argon atmosphere.	



Why thin film?!
 Reduced recombination 
probability	


 Less transport path for 
charge carriers	



dTiO2=25-100nm	



dcarbon=20nm	



dFS=0.5mm	



R. Sellappan	





29 	

 	

 	

 	

 	

 	

 	

 	

 	

dinko.chakarov@chalmers.se	



Chalmers University of Technology 

Thickness dependence of the 
photocatalytic results !

FS= Fused Silica (substrate)!
C=carbon!
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Optical absorption	
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Optical absorption!
 Increase in absorption in the 
visible regime as well as in the 
UV.!
 Absorption tail of TiO2 
redshifts for the combined 
films.!
 Correlation between the 
increase in absorption and 
enhanced activity.!
 Availability of more optically 
active volume!
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Composite TiO2/carbon nanofilms: PL 	



A. Kuznetzov et al.	
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Photocatalytic measurement	


 Hg lamp =100W"
 Focused UV light(385nm) 
=120mW/cm2"
 Temperature= 16°C under dark 
and 5°C increase during illumination"
 Batch mode"

Reactants= Methanol and oxygen"
Products= carbon dioxide and water 
(not  shown) "
In-situ mass spectrometer "

2CH3OH+3O2           2CO2+4H2O	
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Photoelectrochemical measurements	



Xe lamp	



Aperture	



UV filter	



PEC Cell	
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Fabrication of model systems & theoretical 
modeling	



Fabrication methods …	
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Fabrication of model systems & theoretical modeling	
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•  e-beam lithography	



EBL - JEOL JBX-9300FS 	
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1 µm	



100nm Cr disks	


200nm lattice	


1min etch, CF4, 
150W	



02/06/2010	


© R. Martins	
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(a) Electrically charged, self-assembling polystyrene spheres are adsorbed 
on  spin  coated  over  substrate  polymer  film.  (b)  A  thin  Au  film  is 
evaporated. (c) The polystyrene spheres are removed with solvent or tape 
stripping leaving a thin perforated film on top of the polymer. (c2) SEM 
image of the perforated film. (d) The sample is etched in directed oxygen 
plasma that removes the polymer not covered by the thin film. (e) Pits are 
dug into the substrate using ion etching. (f) One or several reactants are 
adsorbed  on  the  surface,  followed  by  evaporation  of  a  metal.  (g)  The 
polymer film is lifted of in a solvent leaving the reactants trapped in little 
cavities sealed with a metal particle. 	



Colloidal 	


Lithography	



Preparation-3	
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How to nanostructure Fe? 	



to final oxidation	



1. resist spinning & baking	

 2. colloidal particles deposition	

 3. Cr mask deposition	



6. Fe and noble metal deposition	

5. resist etching	

4. collodial particles removal by 
tape stripping	



7. liftoff	



additive process with Colloidal Mask Lithography	
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NANO photoelectrochemical cells	



substrate	



Fe2O3 film 	



conductive layer	


conductive layer	


insulating layer	



noble metal	



H2O	

 H
2	



H2O	


O2	



Vbias	



Fe2O3 films with metallic nanoparticles in nanocavities	



©Beniamino Iandolo	
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T2 

G1 = 53nm 

G2 = 118nm 

Made so far: 25nm < G < 300nm L L G2 

T1 

Ag Au 

L L G1 

Dimers: 
Preparation-2	
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Chains (Au-Ag)n or (Au-Au-Ag-Ag)m: 

Tetramers: 

Preparation-2	





44 	

 	

 	

 	

 	

 	

 	

 	

 	

dinko.chakarov@chalmers.se	



Chalmers University of Technology 

•  	

Progress in R&D;	



•  	

Summary	
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Nanotechnology enables new hydrogen 
production methods	



•  More efficient use of diffuse solar energy	


•  Spill over to solar electricity production	


•  Potential applications in wind farms, and other 

renewable sources	


•  Improvements on cost in traditional methods	


•  Much applied research needed to bring these new 

application to economic reality.	
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… It seems clear that a creative breakthrough will 
result from the the intriguing basic research 
conducted over the last decade in the nanotech 
area…	



…. The countries having access to this PEC technology 
are likely to form the OPEC of the near future… 

U.S. DOE Energy Efficiency and Renewable Energy 	


(EERE) Home Page: http://www.eere.energy.gov/	
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THANK YOU FOR YOUR ATTENTION!	





49 	

 	

 	

 	

 	

 	

 	

 	

 	

dinko.chakarov@chalmers.se	



Chalmers University of Technology 

Specific references, part II	



D. V. Chakarov, Photo induced Processes in Ice Films on Graphite”, Faraday Discussions 109, (1998) 89	



D. V. Chakarov and B. Kasemo, “Photon Induced Crystallization of H2O Ice on Graphite”, Phys. Rev. Lett., 81 (1998) 5181	



B. Kasemo, T. Lindroth and D. Chakarov, Multilayer Water Condensation and Desorption on Hydrophobic and Hydrophilic Surfaces, Bul American Physical Society, 45 803 2000.	



M. Gleeson, B. Kasemo and D. Chakarov, “Photoreactions of water and carbon at 90 K”, J. Chem. Phys., 115 (2001) 9477	



J. Bergeld, B. Kasemo, and D. Chakarov, “Oxidation of CO on Pt(111) promoted by water”, Surface Sci., 495 (2001) L815	



M. Gleeson, Bengt Kasemo and Dinko Chakarov: "Thermal and adsorbate induced plasmon energy shifts in graphite", Surface Sci. Lett. 524 L77 2003	



P. Lövgren, P. Ahlström, J. Lausmaa, et al, Crystallization kinetics of thin amorphous water films on surfaces. I. Experimental characterization”, Langmuir 19, 265, 2003	



P. Ahlström, P. Lövgren, J. Lausmaa, et al, Crystallization kinetics of thin amorphous water films on surfaces. II. Theory and computer modeling”, Phys. Chem. Chem. Phys., 2004, 6, 1890	



M. Gleeson, B. Kasemo and D. Chakarov, “Water co adsorption with Na on graphite”,  Appl. Surface Sci., 235 (2004) 91	



K. Mårtensson, and D. Chakarov, “NO photodesorption promoted by silver clusters” Surface Sci. 593 (2005) 235.; see also APS bul., vol. 49, part 2 2004, p. 874 	



M. Gleeson, K. Mårtensson, R. Riebke, E. Hasselbrink, B. Kasemo and D. Chakarov, Interaction of Na, NO, and water on graphite surface, J Chem. Phys. 119, 6753 (2003)  

J. Bergeld, M. Gleeson, B. Kasemo, D. Chakarov, “Photophysics and photochemistry of water ice films on graphite”, J. Geophys. Res. – Planets, 109 (E7): Art. No. E07S11 JUN 25 2004 

J. Bergeld, B. Kasemo, D. Chakarov, “Photoejection of watermolecules from amorphous ice films”, submitted to JCP May 2006; see also APS bul., vol. 49, part 2 2004, p.1158 	



Sheng Meng, D. V. C., B. Kasemo, Shiwu Gao (2004). "04.02 - Two-dimensional hydration shells of alkali metal ions at a hydrophobic surface." Journal of Chemical Physics 121(24): 12572-12576.	



K. Mårtensson and D. Chakarov, B. Kasemo “Photocatalytic splitting of water for energy production” ISES 2003, p.89 1	





50 	

 	

 	

 	

 	

 	

 	

 	

 	

dinko.chakarov@chalmers.se	



Chalmers University of Technology 

Further reading: 	



* AKIRA FUJISHIMA & KENICHI HONDA, Nature 238, 37 (1972), Electrochemical Photolysis of Water at a Semiconductor 
Electrode.	



* A. Heller, R. Vadimsky, Physical Review Letters, 46 (1981) 1153, Efficient solar to chemical conversion.	



* ALLEN J. BARD AND MARYE ANNE Fox, Acc. Chem. Res. 28, 141-145 (1995)	


Artificial Photosynthesis: Solar Splitting of Water to Hydrogen and Oxygen.	



* M. Grätzel, Nature 414 (2001) 344, Photoelectrochemical cells.


* Zhigang Zou, Jinhua Ye, Kazuhiro Sayama & Hironori Arakawa Nature 414 (2001) 625, Direct splitting of water under visible 
light irradiation with an oxide semiconductor photocatalyst.	



* Nathan S. Lewis, Nature 414 (2001)  589, Light work with water.	



* T. Bak, J. Nowotny,M. Rekas, C.C. Sorrell, International Journal of Hydrogen Energy 27 (2002) 991– 1022 Photo-
electrochemical hydrogen generation from water using	


solar energy. 	



* Daling Lu, Tsuyoshi Takata, Nobuo Saito, Yasunobu Inoue, Kazunari Domen, Nature 440 (2006) 295, Photocatalyst releasing 

hydrogen from water. 	




