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Design and development of novel and reproducible stratefgie nanopatterning
surfaces became one of the most relevant topics invotve the progress of
nanotechnology. However, interesting patterning approasiees not able to reach
the presumed technological impact as a consequence ohdatke required
combination of reproducibility, accuracy, simplicity and renamportant, suitability
for large scale fabrication.

My dissertation focused on development of novel aditeve nanofabrication
techniques using concepts and tools brought from diverse stingrnelated research
fields like surface chemistry, electrochemistry otenals science.

One breakthrough on the development of alternative ahnicétion techniques was
brought by “soft lithographic techniques” initially developedWiitesides’ group at
Harvard University about a decade ago. Soft lithography ig afgechniques that
rely on printing and molding with rubber stamps to make ori@nd nanostructures.
However, high-resolution patterning is rather problematith welastomeric,

distortion—prone materials, thus limiting the use dt &thographic techniques for

nanoscale patterning.

During my thesis | worked on extending the concept of “Bifbgraphy” to other

stamps different from the traditionally used polydimetilgkane (PDMS) stamps.
This initial framework was motivated by the idea of oweencg the current

limitations of PDMS stamps. In addition, | was mucterasted on exploring novel
nanopatterning routes derived from the use of non—traditgiaaips. Following this
approach, the idea of using metal-made conductive stampesadnsf rubber stamps,
resulted attractive in such a way of exploiting eledtiesoical deposition as a
versatile chemical route to synthesize different ggatd materials, ranging from

alloys to ceramics.



The beginning of my thesis work aimed on gaining insighthr@ensurface chemical

modification of conductive stamps. Direct electrochehdeposition onto the stamp
would result on the irreversible adhesion of the tedsynthesized material.

Otherwise, common release layers, like teflon—ligatings, would hinder the charge
transfer at the electrochemical interface due ty thet as insulating films. Thus,

interfacial electrochemistry and diverse aspects dénads science became of great
importance on understanding the fundamental problems temdirg the concept of

“soft lithography” to electrochemical systems. In paiac, to modify the adhesion

properties of the “stamp electrode” we explored the fisgkanethiol sel—assembled

monolayers (SAMS) as release agents.

Under this focus we started to study the behavior of sekralsled monolayers
(SAMs) at electrochemical interfaces. It is well-kmothat these self-assembled
molecular films can be electrodesorbed from the aldetisurface under determined
electrochemical conditions. Considering that a gnemtety of technologically—

relevant materials are electrodeposited under cathadicditions, we were

particularly interested on understanding the factors gullve reductive (cathodic)

electrodesorption process of alkanethiolate SAMs.

By combining electrochemical and surface—sensitive technigueesstudied the
critical role of solvent, pH, the hydrocarbon chaingiénand the metal surface on the
electrochemical stability of alkanethiol SAMSs.

We observed that the influence of the hydrocarbon chaigtheon the cathodic
stability is closely related to the magnitude of the hydotyhand van der Waals
forces, that act as stabilizing factors. The hydrophohicef are responsible for
keeping the thiol molecules on the SAM as a consequehtieeolow affinity of

hydrocarbon chains to the aqueous electrolyte environmenhel case of van der
Waals forces (dispersion forces) they are involvedtlon attractive adsorbate—
adsorbate interactions. Solvents with marked affirgtythte organosulfur molecules
decrease the cathodic stability of SAMs. This is asrssequence of a diminution on
the hydrophobic forces (stabilizing factor) in the eldgteowhere the thiol molecules

are more soluble.



The influence of the electrolyte pH on electrochemistlbility can be easily
described considering the thiol-thiolate equilibrium at efectrode interface. By
changing the pH, the distribution of thiol and thiolatecgg® which govern the
Nernstian response for the electrodesorption proceasfeicted.

We used quantum mechanics tools (density functional thd2iy,) to study the
influence of the metal surface on the reductive eldesorption. Different stabilities
(Cu>Ag>Au) are due to a balance between the adsorptierggrof the thiolate

species and the energy to introduce an electron in ¢gheHthiolate bonding.

After studying the stability of SAMs at electrochemiggkrfaces the second part of
my thesis concerned on studying the influence of SAMs ontretdemical
deposition processes.

In presence of long—chain SAMs, metal electrodepositaly occurs at SAM
defects. This fact is reflected on a marked decreaséecitr@crystallization nuclei.
Interestingly, the reduced number of nucleation siesambination with the poor
interaction between the methyl-terminated SAM and tbet®deposited metal film
promote a drastic change (decrease) on the adheretieealéctrodeposit.

These anti-sticking properties of self-assembled moerdayere used for direct
molding of electrodeposited materials using “conductiveamgs”. This
electrochemical route was successfully used to trarsfeface—relief patterns on
metals, alloys and ceramic oxides with no repeated imgr¢ation of expensive hard
lithographic techniques.

Electrochemical soft lithography can be used to mold @miicate surface—relief
structures with sub—50 nm and sub 10 nm, lateral and vee®alLtion, respectively.
Finally, and more important, these SAM—-modified “condeetstamps” can be used
in combination with other deposition techniques (differeminfirelectrodeposition) for
micro— nanomolding surface—relief structures on a widgeaf materials. Under this
approach, we were able to transfer surface—relief pattmmnpulsed—laser deposited
ZnO films and to obtain nanostructured AIN and TiN cecasuirfaces deposited by
reactive sputtering with a resolution that current handdraphic techniques are not
able to obtain on hard materials.

In summary, my thesis merged tools from surface chemistectrochemistry and
materials science to gain understanding on the behavi8Abfs at electrochemical



interfaces and their influence on electrochemical depaospirocesses. This insight
promoted the development of an electrochemical sbfvditaphic technique capable
of patterning diverse materials with nanoscale resaiutio an inexpensive and
straightforward manner. These studies on electroclamsystems could be extended
to other deposition techniques widening even more the rangatefials that can be

nanopatterned with the same “soft lithographic concept”.



Publication

1. “Smoothening Mechanism of Thiourea on Silver Electrodeposition. Real time
Imaging of the Growth Front Evolution”.
O. Azzaroni, P.L. Schilardi, R.C. Salvarezza and A.J. Arvia.
Langmuir, 15 (1999) 1508

2. “The Validity of Kardar—Parisi-Zhang Equation in the Asymptotic Limit of Metal
Electrodeposition”.
P.L. Schilardi, O. Azzaroni, R.C. Salvarezza and A.J. Arvia.
Physical Review B9 (1999) 4638

3. “Scanning Tunneling Microscopy Studies of The ElectrochemicakctRéq of
Thiourea on Au(111) Electrodes”
O. Azzaroni, G. Andreasen, B. Blum, R.C. Salvarezza and A.J. Arvia
Journal of Physical Chemistry, B04 (2000) 1395

4. “Stable Interface Dynamics for Copper Electrodeposition in the Presence of
Organic Additives: The Evidence of a Gas-Like Surface of the Organic Adsorbate”
P.L. Schilardi, O. Azzaroni and R.C. Salvarezza
Physical Review B2 (2000) 13098

5. “Protective Properties of Dodecanethiol Layers on Copper Surfaces: The Effect of
Chloride Anions in Aqueous Environments ”
O. Azzaroni, M.Cipollone, M.E. Vela and R.C. Salvarezza
Langmuir, 17 (2001) 1483

6. “A Novel Application of Alkanethiol Self-Assembled Monolayers in
Nanofabrication: Direct Molding and Replication of Patterned Conducting
Masters”

P.L. Schilardi, O. Azzaroni and R.C. Salvarezza
Langmuir, 17 (2001) 2748



10.

11.

12.

13.

14.

"Pattern Transfer Using Alkanethiolate—Protectedrnpdates: A New Approach in
Polymeric Materials Nanofabrication"

O. Azzaroni, P.L. Schilardi and R.C. Salvarezza

NanoLetters1 (2001) 291

“Electrodesorption Kinetics and Molecular Interagtis at Negatively—Charged Self
Assembled Thiol Monolayers in Electrolyte Solwion

O. Azzaroni, M.E. Vela, H. Martin, A. Hernandez-Gse G.Andreasen and R.C.
Salvarezza

Langmuir, 17 (2001) 6647

“Templated Electrodeposition of Patterned Soft MatimFilms”
O. Azzaroni, P.L. Schilardi and R.C. Salvarezza
Applied Physics Letter80 (2002) 1061

“Thermal Annealing of Patterned Metal Surfaces”
G. Andreasen, P.L. Schilardi, O. Azzaroni and FBélvarezza
Langmuir, 18 (2002) 10430

“Electrodesorption Potentials of Self-Assembled aA#thiolate Monolayers on
Ag(111) and Au(11l). An Electrochemical, ScanninmnEling Microscopy and
Density Functional Theory Study”

O. Azzaroni, M.E. Vela, G. Andreasen, P. Carro Bid. Salvarezza

Journal of Physical Chemistry, B06 (2002) 12267

“Direct Molding of Nanopatterned Polymeric FilmseRolutions and Errors”
O. Azzaroni, P.L. Schilardi, R. Gago, L. Vazqued &C. Salvarezza
Applied Physics Letter82 (2003) 457

“A Predictive Tool in Micro— and Nano—engineeringtraightforward Estimation of
Conformal Film Growth Efficiency”

A. De Virgiliis, O. Azzaroni, R.C. Salvarezza and/EAlIbano

Applied Physics Letter82 (2003) 1953

“Metal Electrodeposition on Self—~Assembled MonotayeA Versatile Tool for
Pattern Transfer on Metal Thin Films”

O. Azzaroni, P.L. Schilardi, and R.C. Salvarezza

Electrochimica Acta48 (2003) 457



15.

16.

17.

18.

19.

20.

21.

“Electrodesorption Potentials of Self-Assembled aflithiolate Monolayers on
Copper Electrodes. An Experimental and Theoretgtatly”

O. Azzaroni, M. E. Vela, M. Fonticelli, G. Benitd2, Carro, B. Blum and R. C.
Salvarezza

Journal of Physical Chemistry, B07 (2003) 13446

“Metal Patterned Highly—Oriented Pyrolytic Graphitas Template for Direct
Polymer Molding”

Y. Gimeno, A. Hernandez Creus, S. Gonzélez, O. AmdaP.L. Schilardi and R.C.
Salvarezza

Nanotechnologyl5 (2004) 82

“Molecular Self-Assembly on Ultrathin Metallic Fibn Alkanethiolate Monolayers
on Ag(1x1)—-Au(111) Surfaces”

M. Fonticelli, O. Azzaroni, G. Benitez, P. Carro, Bl Martins and R. C. Salvarezza
Journal of Physical Chemistry, B08 (2004) 1898

“Surface Nanopatterning of Metal Thin Films By Piegd Vapor Deposition onto
Surface-Modified Silicon Nanodots”

O. Azzaroni, M. Fonticelli, P.L. Schilardi, G. Béed, . Caretti, R. Gago, L.
Vazquez and R. C. Salvarezza

Nanotechnologyl5 (2004) S197

“Direct Nanopatterning of Metal Surfaces ThroughlfSAssembled Molecular
Films”

O. Azzaroni, M. Fonticelli, P.L. Schilardi, G. Béed, |. Caretti, R. Gago, L.
Vazquez and R. C. Salvarezza

Advanced Materialsl6 (2004) 405

“Monolayer—Assisted Electrochemical Nanopatterning”

O. Azzaroni, P.L. Schilardi and R.C. Salvarezza

“Encyclopedia of Nanoscience and Nanotechnologytited by H.S. Nalwz
(American Scientific Publishers, California, 2004)!. 5, p. 835.

“Molding and Replication of Ceramic Surfaces withridscale Resolution{Invited
Concept Article)

M.A. Auger, P.L. Schilardi, O. Sanchez, M. FonticelJ.M. Albella, R. Gago, L.
Vazquez, R.C. Salvarezza and O. Azzaroni

Small in press



22.

23.

24,

25

26.

“Pattern—Preserving Deposition: Experiments and Mbidg”
M.F. Castez, M. Fonticelli, O. Azzaroni, R.C. Sakzra and H.G. Solasubmitted

“Non—Holographic Patterning of Zinc Oxide Surfacbg Micromolding Pulsed-
Laser—Deposited Films”
O. Azzaroni, P.L. Schilardi, C. Zaldo, L. VazquerladR.C. Salvarezzaubmitted

“Direct Surface—Relief Transfer on Bulk Ceramic @s by Electrochemical Soft
Lithography”
O. Azzaroni, G. Benitez, P.L. Schilardi and R.Av&gazzajn preparation.

“Exploring Adsorption Sites on Bimetallic Ag—Au fges wit an Alkanethiol
Probe”

M. Fonticelli, G. Benitez, P. Carro, O. AzzarondaR.C. Salvarezza
preparation.

“Electrochemical Deposition onto Self-Assembled Mayers: New Insights into
Micro and Nanofabrication’(Invited Concept Article)

O. Azzaroni, P.L. Schilardi, P. Dip, G. Benitez &\.. Salvarezza.
Chemistry—A European Journal, pmeparation



