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How to split water with low energy photons?

MODIFY!
- WATER,
- SURFACE,
o mm PRODUCTS o,
: s INgh - co\ T /
iimn 1 ™+ + Q
HEEe ()

-20 -15 -10 -5 0 5 10

Rl

S A

Light Products
capture capture



CHALMERS Chalmers University of Technology

Outline
PART II - Nanotech approaches:

e Tuning of optical and electronic properties

e Micro - and nanostructures for light management

e Control of structure and morphology

e Control of the reaction environment and volume

e Fabrication of model systems & theoretical modeling
e Progress in R&D;

e Summary
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Tuning of optical and electronic properties

“The absorption spectrum of the
system must overlap the emission

spectrum of the sun’.
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PHOTO DESORPTION/ PHOTO MANIPULATION
OF ALKALI ATOMS
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Light on Surfaces ("nano”)

(i) the wealth of new, often of e wtnen 0
resonance character phenomena, e g e | wnEnemyied
observed when the object size and the = S '
electromagnetic field periodicity ml
(Si)
(wavelength) match. - =
50l _Cu Reflectance ‘5
(ii) the energetic of important chemical ;sf
transformations, e.g. bond breaking 2T e
and bond formation, are in this range ‘é 12 o,s‘g
- [
(0.5-6.5¢V). H =
g
< 8r 0.4
(iii) ability to manipulate materials on
nanoscale. ir 0.2
i
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Tuning of optical and electronic
properties

e Bandgap engineering,

* Doping,

e Multiple excition generation,

* Charge carrier separation and transport,

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

e Co-catalysts...
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Tuning ... ”
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at UiO: - Developing a synthesis technology for growth
© A. Kuznetzov et all. of ZnO nanorods arrays with engineered band gaps.
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Na+H20
(a) (b) s co, s
. 80 -| @ CH4 .
A ®
- A " :
= ( I\ % 60 |- _
c . f\ ; *
: :!' .\" "I '\‘ % [ ] ° [ ]
. [ \ s §" w0 | _
'e /| . \»l H . \ é 0 : : ° ¢
g ." % . . . 2 ;f .\\ _-" H E LY
° 1o - . .- 2 E ol 8 i
o i P e * e
2 o O
8\ /.’ O"O--- ) CO zI W o 5 CO . _.:bo A ° ° o |
S | pa 90 g
-8 Q FASewa L A LI Q ~022
: H V - 1 1 1 1 1
E 300 A COZ D{; / CO 0 05 1 1,5 2 2,5 3
© ' = .
s | Ay o AN 2
E o ’% o CH4 v_vya é‘% g % Na coverage, ML
- ?v / - VN __"7 L‘.LL\' CH4 50
[T RPN NP BT | [RRPEE RPN BT B : Do = Ea
4.5 o
00 02 04 06 08 00 02 04 06 08 =
()
~— -0_
K coverage (ML) Cs coverage (ML) s’
S 55
FIG. 4. Variation of the initial photo-yield of H,. CH4. CO, and CO, as a E
function of the AM pre-coverage for K (a), and Cs (b) co-adsorbed with < 3.0
H,0 on graphite (0001). = - P,
. - | ¢K
2.0 . T . . . . CI)('S

T T T T T T T T T
0.00 0.25 050 0.75 1.00 1.25 1.50 1.75 2.00
Alkali Metal Coverage (ML)



CHALMERS Chalmers University of Technology

*Micro- and nanostructures for light management

* Optically active metal nanoparticles (plasmonics),
e Waveguiding, Fﬁ
* Whispering gallery modes, .

g

o

e Scattering structures / centers
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Optical processes ...

elastic P N inelastic
7~ N

e N
a/ T

Reflection Sompton
Refraction _ecatioring

d < A: Rayleigh-Scattering
isotropic distribution

d = A: Mie-Scattering
in forward and backward directions

* For large objects each effect is distinct;

d>X:Mie-Scatteing o« For small lengths (objects) the difference
predominantly in forward direction

s, between these effects is blurred!!!

h-v \,/ d >> A: Mie-Theory approaches laws
of geometric optics
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Beginnings of nanoscience and technology...

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

d h ]
tne promises...

SPEKTROSKOP!: Finns .

Plasmoner kan férstirka
Energin fran ljus, fingad i en 3

plasmon, kan driva olika

SENSORER: Finns kemiska reaktioner. Exempelvis
Kan anvindas som ytterst  kan solenergi anvandas fér att
sma och extremt kiinsliga  sonderdela vatten till syre och
sensorer. Plasmonen skiftar Vitgas ett slags konstgjord
férg nar molekyler fastnar  fotosyntes. \ it S'fi‘:";"sﬂ"g:ji;"“
pé dess preparerade yta. exklusiv
En biosensor kan upptécka Catar
enstaka biomolekyler. Mot

géinger. P4 s3 sitt kan extremt KOSMETIKA: Finns

sma provmangder analyseras. Genom att blanda in plasmon-
partiklar i kosmetiska kan exem-
pelvis en hudkrém eller

TERAPI: Testas
Cancertumdrer kan behandlas
hjlp av plasmoner som
injiceras i kroppen och faster pA
tumbdren. Tuméren belyses med
rétt eller infrardtt
ljus och plasmo-
nerna hettas upp

Normalt fall strélar i )\ och "kokar".
energin ut pa en ging. :
Forsk drsdker nu

anviinda eller manipulera

energin i olika

tillimpningar.

SOLCELLER: 3-5 &r
Plasmonerna gor solceller
bittre och billigare
genom att samla ljuset
i en liten mangd
material. Det upp-
fangade ljuset kan
ocksa gdras om
Ljuset far metallkulans ledningselektro- g direkt
1 ner att svinga i takt med ljusfrekvensen. A till strém som ett
Kulan kan liknas vid en avstdmd radio- . 3 elektron-hdlpar.
mottagare som, istillet fér radiovigor, fangar % P
upp ljus med en viss firg. Firgen beror
pa kulans material, form och storlek.

PLASMONIK: 5-7 &r
Plasmoniken gifter ihop
elektronikens litenhet med
fotonikens ljushastighet,
och kan hantera savil
strém som ljus. Ljus
omvandlat till plasmoner kan
styras elektriskt med

sm radier. Apeepasadcancse trazmsncwould empioy plasnanic ffocts wdestroy

Tumars. Docors woud hjecc sanashalls—1 00-nananevsr-widosilca
Parckds wich 2 ouse Layorof gold (fnssc) —imocha bicodsuaam. The
sat0shallswouldanbadthansahas h aFast growg wmar.

Vo
nfrarad lasor Aghtworo peisd a thears3, Fwould TavelchOUEh he skin
‘and Induca rasarase lscanoseilaons inha namshells, haachgang
Ailing wncr cols wKAaut harming the surrounding hasichy tssus.

OSYNLIGHETSMANTEL: Experiment pagar
Ting omsvepta av plasmoner kan goras
osynliga fdrstrdlning.”Osynlighetsmanteln
"fangar upp ljuset pa ena sidan, leder
det i form av elektronsvingningar
till andra sidan och skickar ut det som ljus.

Harry Atwater, Sci American 56
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What is the origin of the color?
Answer: “surface plasmons” Bulk plasmon

Dipolar (/=1) Quadrupolar (/=2)

A plasmon is an incompressible + -
self-oscillation of the conduction + -
electrons in a nanoparticle + Metal = -
Sphere plasmons + ions + -

+

+

©OP. Nordlander

For small nanoparticle, incident E&M wave
‘ looks like dipolar field and only couples to
plasmons with a dipole moment (/=1).
Since all conduction electrons are involved in the oscillation,
plasmons interact strongly with resonant light.

The surface Charies can induce Iarie local electric fields at (L)i‘

@ Ery -4
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Decay ch
life times

Initial excitation

radiative decay

field enhancin%

photon
t

Compilation after:Kreibig, U.V., M.,
Opical Propeties of Metal Clusters.
1995, Berlin: Springer.and other sources

nonradiative decay

O

annels and typical
after plasmon excitation

R >20nm: radiation damping is dominant
R<5 nm: Landau damping

5<R<20: both effects compete

R<Inm: direct coupling to nuclear motion

E 4
interband
excitation

Er

intraband
excitation

andau damping

-~10-500 fs

conduction band

te pn~1-5 ps

s

Ground state/equilibrium
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[ o
Plasmon mediated desorption of NO [ NO/Ag/Graphite(0001)
I A= 355 nm I
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£ ol -
Ag/ Graphite: STM images (150x150 nm) taken = 10 - 4 10
from H.Hovel et al Appl. Phys. A72, 295 (2001) g : ® : Ag(111)
.E | § 1 _h
. o |
18000, hoto-desorption as a function of Ag coverage i H + i
I Clean J [ 1 1 === 5
. 16000 Graphite (0001) [ == il
= I Irradiation: 355 nm / 3.3 mJ =10 i - — - y
O 14000 - —_ g
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) 1 —0,3ML :
S 13 ML Coverage, number of silver atoms/cm” (x10°)
o ! —22ML
Z 6000
] Non-treated Laser irradiated
4000 , g
= [WHARS
0 I'Ql“'”l‘\f"l“/'!'l.’"
25 0 25 50 75
Time (sec)
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.
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Gold nano discs on Titania(~25nm)on

pyrex glass
100
90
80 === 190nmgold discs
= 70
g 60 === 140nm gold disc
& 50 110nm gold disc
E .
= 40 === 80nm gold disc
«
= 30 == 35nm gold disc
ig 250nm gold disc
0 300nm gold disc
300 500 700 900 1100 1300 1500 = ==-Titania 25nm thin film

Wavelength(nm)
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Reflectance [9%]

20 g f | = ==HOPG, etched 0 min
; A LLLLL HOPG, etched 10 min
5 | | == HOPG + Au-discs, etched 0 min
15 L& /o f.f..i|===HOPG + Au-discs, etched 2.5 min
| | == HOPG + Au-discs, etched 5 min

| e HOPG + Au-discs, etched 10min
10 ' Lf s HOPG, etched 10 min,
Au-discs removed

250 500 750 1000 1250 1500 1750 2000
Wavelength [nm]

H. Fredriksson et al.
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s LASER NANOPATTERING
=200mme— >

Focused
laser beam

L. Eurenius, Nature Photon. 2, 360 (2008).
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T — Table1 Observed grating periods in gold nanoparticle films formed for different
: \ ’ / irradiation wavelengths. No pattern formation was observed after irradiation
AU i N S with 355-nm photons.
ol o0 0o oo~ SO ocaoce O Wavelength (nm) Grating period (nm)
Sig, :—» ‘B— TE mode T™ mode

p—— 532 460 520
“\A Pt 590 510 630
640 560 680

Table2 Observed grating periods in gold nanoparticle films formed for different
angles of incidence at an irradiation wavelength of 532 nm.

Incident angle (°) Grating period (nm)

Far edge  Near edge

15 360 600
30 320 780
45 280 860-1,200

EHT = 2.00kV WD= 2mm Signal A = InLens
InterferenceFringes200kx06 bf Mag =200.00 K X Signal B = InLens
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L. N. Ng et al, J. LIGHTWAVE TECHNOLOGY/VOL. 18, NO. 3, 388, MARCH 2000

Vacuum

CHALMERS
Mechanisms ...
Vacuum
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Plasmonic photon sorters for spectral
and polarimetric imaging

ERIC LAUX', CYRIAQUE GENET', TORBJORN SKAULI? AND THOMAS W. EBBESEN'*

1IS1S, Université Louis Pasteur and CNRS, 67000 Strasbourg, France

2Norwegian Defence Research Establishment (FFI), PO Box 25, 2027 Kjeller, Norway
*e-mail: ebbesen@isis-ulp.org

4
u Published online: 24 February 2008; doi:10.1038/nphoton.2008.1
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e Metamaterials for enhanced
photon capture - PLEXITONS

{
2 Ay (\\,?

METAL
NANOPARTICLE

GRATING

A

PLASMONS

SEMICONDUCTOR
OR

INSULATOR
MATRIX

QW/QD

EXCITONS

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

» Confinement of reactants and reaction products,

e Nanoreactors
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Single or multiple
graphene sheet i BRSO,
DIR: ->

AFM scan over exfoliated HOPG surface obtained by irradiation with a single 4 ns laser pulse (0.8 mJ/cm?
290 nm photons). SEM images of nanofabrivcated graphite samples (H. Fredriksson): 190 nm pits (bottom
left) and cones.
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0'6"I""l""l""l'

— 5 nm Au on HOPG with 190 nm holes

Same, after annealing to 800°C

0.4

0.2

Absorption

-0.2

_,-n‘F‘.

-04 - PR i S RS SR R S SR
. 500 1000 1500 2000 2500
After annealing, 800°C Wavelength [nm]
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Control of structure and morphology

* High surface area structures,
* Nanotube arrays,

e Core-shell architectures,

* Controlled wetting properties,
e Controlled porosity
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Schematic of the sample Sellzppan

fidTi02=25-100nm
' Why thin film?
ez @ Reduced recombination
- : probability
Fused silica Aps=0.Smm @ Less transport path for
charge carriers

Titania
CARBON | DC reactive magnetron
E-beam evaporation sputtering

Source material= Graphite
Post-deposition annealing=
800°C in Argon atmosphere.

Post-deposition annealing=
500°C in Argon atmosphere.
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Thickness dependence of the
photocatalytic results

T T T T T T | T T T T T T r——r— T T T T T T T

--4--Ti02 35 :
—#--TiO2 50nm @ Fsmio2
ZT T 102 dsnm 3L + A FS/C(20nm)/TiO2

==v=-=TiO2 100nm

20+50nm J
--- C+Ti02(20+100nm) L

20+35nm§ 1

N
(o 0]
T

1

CO2 mass signal(a.u)
Qualitative CO2 evolution(a.u)
N
o

:
@
.
b»—Q~
@~

AAAAAAAAA

N
N

Time(min) Thickness of TiO2(nm)

FS= Fused Silica (substrate)
C=carbon
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Optical absorption

----&--- Amorphous Carbon(20nm) absorption
----m--- Annealed Carbon(20nm) absorption
----+--- Amorphous TiO2(35nm) absorption

----&--- Annealed TiO2(35nm) absorption

>
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.'\—.
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32 o A <) h
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S 60 e o = 30 7”4 oA T T 7 Fedie. .
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Optical absorption

o0
o

:“::' fy":ga'gg SiI 8?'393”‘,3?_’“ ’}? ®Increase in absorption in the
TR aensn S a e visible regime as well as in the
UVv.

@ Absorption tail of TiO,
redshifts for the combined
films.

€ Correlation between the
increase in absorption and
enhanced activity.

€ Availability of more optically
active volume

~
o

(o))
o

o)
o

Absorption(%)
W Bas
o o

N
o
T
1

b
o
1

|

\-n--a.

"""‘--—-.-._.

] [P T e e e e o o |
320 400 480 560 640 720 800 880

wavelength(nm)
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Composite TiO,/carbon nanofilms: PL

5 Photon IZEnergy (eV)

4 35 3 2. 15 A. Kuznetzov et al.
10000 prrer e T T T
Substrate . PL300K
(fused silica) TIO2 .
——#1a TiO2+C
8000 - —— #1b TiO2+C
—#2 TiO2
#3 FusedSilica
)
C 6000 [ -
Q
> i
=
c
& 4000 | TN .
{ A}
E ‘f)‘ l\'
- A"‘-‘.M"“-. ,/" \ b
Q l‘."\q‘."#\- ’»/ \ \.\\
. \ iHR320:
2000 - j o N Gr#2 (150mm-1)
|y P\ NN Slit 0.2/ IntTime 1s
,‘-'".‘« : M, N Binning 1x100
'_'W*'._';:Mf:'. /.""f.v" - _..\7*‘ ‘r; . —
0 L | 1 | | 1 "r»..&-«....-

300 400 500 600 700 800 900
Wavelength (nm)



CHALMERS Chalmers University of Technology

Photocatalytic measurement

“*Hg lamp =100W

“*Focused UV light(385nm)
=120mW/cm?

“*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

2CH,0H+30,—>2C0,+4H,0
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Photoelectrochemical measurements

-
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Fabrication of model systems & theoretical
modeling

Fabrication methods ...
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Fabrication of model systems & theoretical modeling

E-BEAM LITHOGRAPHY COLLOIDAL LITHOGRAPHY

e Superb control of feature * Not so good control on
size and spacing; particle size and
distribution;
* Possible to fabricate
ordered arrays of e« Random arrays only;
nanoparticles;

e Fast and cheap.
* Slow and expensive.
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e e-beam lithography

(a) 2250 (b)
& Y T T T T T T T T T e — Condenserlens
Wy i
= = . -t — ._._._-._—c-g_t-:-D: = = Sample (Natural mask)
Y 3 ] Olbjjective lens
T T — — Intermediate Ie"ﬂ,Patteming
== oo = '
— e % ——————————————— ——_—g— — Projectorlens lens
— = il _—__T__—C_-}_ - == '_7— Lithography stage
' X 2™ QObjective lens
- ‘s -——————— —— = — 2™ |ntermediate lens
oll® = 1
''''''''''''''' — === ="—'—'— 2 Projectorlens

EBL - JEOL JBX-9300FS A\ ' !

._'_._.,_.—._Screen
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0
—

100nm Cr disks
200nm lattice

I min etch, CF4,
150W

02/06/2010
© R. Martins
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Preparation-3

al PS-spheres b) Gold film

Colloidal
Lithography rae e

Oxygen plasma Ar-etching

Adsorb reactants,
f)  Cover with silver 9 ife off

(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.
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How to nanostructure Fe?

—> additive process with Colloidal Mask Lithography

1. resist spinning & baking 2. colloidal particles deposition 3. Cr mask deposition
I [ Il
4. collodial particles removal by 5. resist etching 6. Fe and noble metal deposition

tape stripping

i Wm0 AELE

7. liftoff

l I l I ——> to final oxidation
. |
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NANO photoelectrochemical cells

Fe,0; films with metallic nanoparticles in nanocavities

HO H g
conductive layer noble metal —_— %
I

isulating layer
conductive layer

substrate

©Beniamino landolo
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. G : — 53 nm Preparation-2
Dimers:

L G1
% G2 = 118nm
‘ Made so far: 25nm < G < 300nm

‘“—— P ¢———— > —>
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ChainS (Au-Ag)n or (Au_Au_Ag_Ag)m: reparation-

o

B gg .
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. 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

e 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...

.... T'he 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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