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Figure 3.13. T-3 TEM micrographs; ZnO full nucleation between H,TizO7 layers, inside and on
H,Tis07 NTs, formation of (ZnO)TizO7 NTs/NPs.

Figure 3.14. T- 3 TEM micrographs; ZnO full nucleation between H,TizO7 layers, inside and on
H,Tis07 NTs, formation of (ZnO)TizO7 NTs/NPs.

Figure 3. 15. T- 3 TEM micrographs; ZnO full nucleation between H,TizO- layers, inside and on
H>Tis07 NTs, formation of (ZnO)H,TisO7 NTs/NPs.

Figure 3.16. T-3 TEM micrographs; ZnO full nucleation between H,TizO; layers, inside and on
H,Tiz07 NTs, formation of (ZnO)H,Tiz07 NTs/NPs.

Figure 3.17. T- 3 EDX.

Figure 3 18.T-2 and T-3 IR spectroscopies in the region between 4000 and 2000 cm™.

Figure 3.19 XRD of T-3 (blue), w-ZnO (magenta) ICDD card 361451, Zn,TiO4 (green) ICDD 25-
1164, ZnTiOs (red) ICDD 26-150, and T- 1 (black).
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ABBREVIATIONS

ALD: Atomic layer deposition.

AC: AdipoylChloride.

AFM: Atomic force Microscopy

CDDS: control drug delivery system.

DOS: Density of State:

DEZn: Diethylzinc

DFT: Density functional theory.

ESEM: Enviromental Scanning Electron Microscopy

EG: Ethylenglicol

EBL.: Electron Beam Litography.

EDX: Energy-dispersive X-ray spectroscopy

EBID: Electron beam-induced deposition.

FIB: Focus lon Beam.

FeHsEB: FeEnterobactin

HsEB: Enterobactin

HRTEM: High resolution Transmission Electron Microscopy.
IR: Infrared.

LTI: Leningrad Technological Institute

LOCAD-PTS: Lab-on-Chip Application Development-Portable Test System.
MD: Molecular dynamic.

MOKE: magneto-optic Kerr effect.

MPI: multiple pulsed vapour-phase infiltration.
MALDITOF-MS: matrix-assisted laser desorption/ionization time of the flight mass spectrometry
M¢: Multi layered

Mw: Multiwall.

NMR: Nuclear magnetic resonance.

NPs: Nanoparticles

NTs: Nanotubes
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PC: propylencarbonate

SEM: Scanning Electron Microscopy.
SRO: Short Range Order

SAED: Select Area Electron Diffraction
SMO: Semiconductor Metal Oxide.
STEM: Scanning Transmission Electron Microscopy.
TMO: Transition Metal Oxide.

TCL: Therephtaloyl Chloride.

TMA: Trimetyl Alumminium.

TEM: Transmission Electron Microscopy.
VSM: Vibration sample magnetometer.
VPM: vapour phase metalation.

XRR: X-ray reflectivity.

XRD: X-ray diffraction.

XPS: X-ray photoelectron microscopy.
HAADF: High angle annular dark field.

FFT: Fast Fourier Transform.
DSC: Dye-Sensitized Solar Cells.

TMA: trimethyl aluminium (TMA)
VTOP: vanadium triisopropoxide.
Mn(CpEt).: bis (ethylcyclopentadienyl) manganese
TDMAGSK: tetrakis (dimethyl amino) tin.
DEZn: diethylenzinc.

Glycine: Gly

Pro: proline.

Hyp: hydroxyproline.

AVDP: vapour deposition polymerization.
LbL: Layer-by-layer

RT: room temperature.

CVD: Chemical Vapour Deposition.
PVD: Pulsed Vapour Deposition.
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MO-ALD: Metal-Oxide Atomic layer deposition

H2TPP: meso-tetraphenylporphyrin

Zn-TPP: 5,10,15,20-Tetraphenyl-21H,23H-porphine zinc
MOFs: Metal—organic frameworks.

VTOP: vanadium triisopropoxide.

A.C: Adipoyl Chloride 1,6-hexanediamine

PPTA: poly(p-phenylene terephthalamide)

PD: diamine is p-phenylenediamine (NH.C¢HsNH.) (PD),
PMDA: 1,2,3,5-benzenetetracarboxylic anhydride)
EDA: ethylenediamine

EG: ethylene glycol.

EA: ethanolamine.

MA: Maleic anhydride.

GPC: growth per cycle.

HQ: hydroquinone.

EXAFS: X-ray absorption fine structure.

VTOP: vanadium tri-isopropoxide.

MALDI is the time of flight (TOF)

HCCA: a-Cyano-4-hydroxycinnamic
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GENERAL DEFINITIONS.

Nanotechnology: application of scientific knowledge to manipulate and control matter in the
nanoscale in order to make use of size- and structure-dependent properties and phenomena distinct
from those associated with individual atoms or molecules or with bulk materials NOTE Manipulate
and control includes material synthesis. [DD ISO/TS 80004-1:2010, 2.3]

Nanomaterial: material with any external dimension in the nanoscale or having internal structure or
surface structure in the nanoscale.

NOTE 1 This generic term is inclusive of nano-object and nanostructured material.

NOTE 2 See also engineered nanomaterial, manufactured nanomaterial and incidental nanomaterial.
[DD ISO/TS 80004-1:2010, 2.4]

Nanostructure: composition of inter-related constituent parts, in which one or more of those parts
is a nanoscale region NOTE A region is defined by a boundary representing a discontinuity in
properties. [DD ISO/TS 80004-1:2010, 2.6]

Nanostructured material: material having internal nanostructure or surface nanostructure NOTE
This definition does not exclude the possibility for a nano-object to have internal structure or
surface structure. If external dimension(s) are in the nanoscale, the term nano-object is
recommended. [DD ISO/TS 80004-1:2010, 2.7]

Nanocomposite multiphase structure in which at least one of the phases has at least one dimension
in the nanoscale [PAS 136:2007, 5.5]

Nanoparticle: Nano-object with all three external dimensions in the nanoscale.

NOTE If the lengths of the longest to the shortest axes of the nano-object differ significantly
(typically by more than three times), the terms nanorod or nanoplate are intended to be used instead
of the term nanoparticle. [DD CEN ISO/TS 27687:2009, 4.1]

Nanocrystal: nanoscale solid formed with a periodic lattice of atoms, ions or molecules.
Nanotube: hollow nanofibre [DD CEN ISO/TS 27687:2009, 4.4]

Nanophase: discrete phase, within a material, which is in the nanoscale.
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Topotactic transition

A transition in which the crystal lattice of the product phase shows one or more crystallographically
equivalent, orientational relationships to the crystal lattice of the parent phase. Example: Transitions
in which the anionic array is unchanged during the transition but cation reorganization occurs.
Source: PAC, 1994, 66, 577 (Definitions of terms relating to phase transitions of the solid state
(ITUPAC Recommendations 1994)) on page 593.

Functionalization: attachment of chemical functional groups to a surface.
PAS 71:2011

Nano-object material with one, two or three external dimensions in the nanoscale NOTE Generic
term for all discrete nanoscale objects. [DD ISO/TS 80004-1:2010, 2.5].

Nanofibre: nano-object with two similar external dimensions in the nanoscale and the third
significantly larger

NOTE 1 A nanofibre can be flexible or rigid.

NOTE 2 The two similar external dimensions are considered to differ in size by less than three
times and the significantly larger external dimension is considered to differ from the other two by
more than three times.

NOTE 3 The larger external dimension is not necessarily in the nanoscale. [DD CEN ISO/TS
27687:2009, 4.3.

Nanoplate: nano-object with one external dimension in the nanoscale and the two other external
dimensions significantly larger.

NOTE 1 The smallest external dimension is the thickness of the nanoplate. NOTE 2 The two
significantly larger dimensions are considered to differ from the nanoscale dimension by more than
three times. NOTE 3 The larger external dimensions are not necessarily in the nanoscale. [DD CEN
ISO/TS 27687:2009, 4.2]

Membrane

Structure, having lateral dimensions much greater than its thickness, through which transfer may
occur under a variety of driving forces.

Source:

PAC, 1996, 68, 1479 (Terminology for membranes and membrane processes (IUPAC
Recommendations 1996)) on page 1482
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ABSTRACT

The development of new and innovative atomic structures displaying multifunctional properties goes
together with progress in advanced processes which enable atomic level control. One leading
deposition technique is Atomic layer deposition (ALD), which has emerged as a powerful tool for
bond-specific functionalization and the growth of stoichiometric films over wafer scale and high area
uniformity. ALD offers a wide range of functionalization routes by means of four processes such as
vapour phase metalation (VPM), multiple pulsed vapour-phase infiltration (MPI), ALD and

molecular layer deposition (MLD).

As an example of VPM on soft molecules, Zn metalation on Enterobactin (HsEB) and FeEnterobactin
(FeHsEB) were studied experimentally and theoretically. NMR and IR spectroscopy data were
successfully correlated with models of the structures. Docking results between metallized soft
molecules and FepA (outer protein) showed an affinity comparable to, and in some cases even higher
than, that of their bare counterparts. Thus, we showed that the VPM process could become a route to
functionalize soft organic molecules with potential applications in the pharmaceutical field.

Extending VPM growth to hybrid nanostructures, in this case My-(NH4)V7O1s nanostructured
squares, enabled studies of their optical and magnetic properties. Samples of (HDA)V;0s (S-1),
(NH4) V7016 (S-2), Io-functionalized (S-3) and Zn-metallized (S-4) were characterized by state of the
art structural techniques (XRD, HRTEM/SAED, FIB, SEM, IR and Raman cross-section microscopy,
and XPS). The V7016 double layer structure was observed, probably for the first time. From SAED
HRTEM analysis of (NH4) V7O, the triclinic crystal structure and P space group was evidenced.
The lamellar region of (NHs) V016 was subjected to EDX and Raman scattering cross-section
measurements from which we confirmed the presence of Zn in the lamellar region and in the layers,
which probably induced the metamorphosis from a triclinic P to ZnsVsOs cubic Fd-3m. The
observed magnetic behavior of the material is tentatively attributed to a structural metamorphosis
from a non-magnetic configuration, passing through the triclinic P to a cubic Fd-3m structure,
suggesting a transformation from a spin-frustrated semiconductor to a ferromagnet by intercalating
ionic species in its interlamellar space. In other words, the Zn metalation-VPM process provides a
way to functionalize soft nanostructured materials in order to change their crystal structure and

thereby their properties.
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Advancing the sophistication of the ALD process, metalation of nanotubes was investigated. Zn
metalation by MPI of My-H:Ti307 nanotubes was compared to the VPM process. The structural and
optical spectroscopic analysis showed the growth of monocrystals of wurtzite ZnO (w-ZnO) inside
and around the M -(NH4)V7O16 square nanostructures, as well as in between the H,TizO; nanotube
layers. Single layer-by-layer arrangements of ZnO nanoparticles confined between ~5 A thick
layered walls of ZnO-H,TizO;7 were clearly observed in material prepared by both processes. The
morphological composition of ZnO sheets was found to consist of an arrangement of individual w-
ZnO ~5 A nanoparticles. These results show that both Zn-metalation processes allow the successful
growth of ZnO nanoparticles inside, between layers and on H>Ti307 nanotubes due to the presence of
internal O-H bonds, exhibiting a preference for structurally-perfect (ZnO)Ti;O7 nanoparticles in
nanotubes in single layer-by-layer arrangement, without affecting the general nanotube morphology.
Moreover, we found that using DEZn/H,O in MPI, promotes the nucleation of ZnO nanoparticles
around the nanotube (cactus-like) affecting the morphology and surface properties. The dislocation
of some TisO7 layers together with typical peaks of zinc ortho-titanate (Zn,TiO.), suggest a
metamorphosis of H>Ti3O7 layers to zinc titanate in some regions of the layers. It was found that the
electronic energy gap decreases with increasing Zn content, making the (ZnO)TizO
nanoparticle/nanotube nanocomposites potentially useful as photoanode for dye-sensitized solar cells

(DSCs) and sensors.

The ALD growth of uniform MOy thin films where M stands for VV, Mn, Sn or Zn was undertaken.
The preliminary results show successful deposition of a-MnO,, «-V.0s, SnOy and ZnO
stoichiometric films, uniform over large areas as characterized by XRR, XRD and AFM
measurements. The use of H;O is better than H,O for the removal of organic ligand from
organometallic precursor when low temperature growth is required. This points towards the possible

growth of these oxides which can be considered as energy materials.

Finally, the growth of alucone thin films (AIO-T and AlO-A, T: terephthalate and A: adipate) by ALD
and MLD was explored. Stoichiometric thin films with large area uniformity were obtained in both
cases, as shown in  XRR, XRD and AFM-microscopy data. The use of bifunctional monomers
(aromatic and aliphatic carboxylate) in the growth of AIO-T and AlO-A thin films leads to a lamellar
phase and to an amorphous one, respectively. The structure of AIO-T is obtained by optimizing four
models and correlating experimental data with DFT calculations. The analysis of the electronic band

gap using frontier orbital (HOMO-LUMO), of the hardness and softness, alongside the uniform LiPFg
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distribution through the AIO-T, point to future studies of AIO-T for anode and electrolyte

nanomembranes with potential applications in carboxylates-based energy storage concepts.

Thus, in this thesis we have shown the versatility of ALD processes to realize novel thin films and

pursue various functionalization strategies.
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INTRODUCTION
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1. Introduction.

Nanotechnology is defined like the application of scientific knowledge to manipulate and control
matter in the nanoscale in order to make use of its size- and structure-dependent properties which are
different from those associated to the material, either as the discrete atoms or molecules or in the bulk.
Nanotechnology currently is emerging as the second major industrial revolution with over 1880
products on the market [Vance, M.E., et al. 2015]. Nanotechnology is currently emerging as the
second major industrial revolution, with more than 1880 products on the market [Vance, M. E., et al.
2015]. Nanotechnology is a transformative, rapidly evolving technology that has the potential to
greatly improve many areas of human life. This is a new, promising technology for attaining goals
including access to novel, clean energy sources, tougher and lighter materials, more effective
pharmaceuticals, more nutritious foods, sophisticated safety equipment and revolutionary cancer
treatments [Wei, A. 2012].

Thin film deposition is the most popular and useful of the processes used to manufacture high-tech
devices like energy conversion and electrochemical storage systems, solar cells, lasers, solid-state
lighting, microprocessors, computer memory, and micro or nano electromechanical systems (MEMS
or NEMS) [Wang, X., et al. 2015]. The composition, chemical structure, morphology, and thickness
of these films directly control their optical, magnetic, and electrical properties, which are often
significantly different from those of the bulk [Alivisatos, A. P., 1996].

Atomic layer deposition (ALD) has become one of the most powerful coating tools in the world,
being able to produce very thin conformal films with precise control of the thickness, roughness and
composition to the atomic level, even at industrial scale. ALD methods appear to be superior to other
techniques such as pulsed laser deposition (PLD), chemical vapour deposition (CVD), plasma
enhanced chemical vapour deposition (PECVD), sol-gel methodologies, Langmuir-Blodgett thin

films, molecular beam epitaxy (MBE) and RF sputter deposition [Wang, X., et al. 2015].

Like CVD, ALD basically consists of the growth of a film by the chemical reaction of typically two
gaseous reactants (precursors) on a surface (substrate). However, in this process, the precursors are
supplied, one at a time, in a series of sequential non-overlapping pulses by a procedure guaranteeing
that no more than one of the precursors is present in the reactor. Thus, each precursor reacts with the
substrate in a process that is only limited by the reactive sites available on the surface, leading to a
self-limited process [Knez, M., et al. 2011, Knez, M., et al. 2009a]. Therefore, there is a finite
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maximum amount of material deposited after one ALD cycle, i.e., when a single exposure of the
surface to all the precursors is completed, that is dependent solely on the interaction of the precursors
with the surface. Thus, by varying the number of ALD cycles, it is possible to precisely achieve thin
films with predetermined thicknesses, independently of the complexity and size of the substrate. A
great variety of materials — including metals, organic compounds, hybrid metal organic species, and
metal ceramics — may be successfully deposited using suitable precursors [Puurunen, R. L. 2005.
George, S.M. 2009a]. The typical precursors used for ceramic coatings are volatile and thermally
stable electrophilic metal species, e.g., metal salts, organometallic or metal-organic compounds, while
the nonmetal precursors are typically covalent nucleophilic species like water, hydrogen peroxide, or
ozone for oxygen; hydrides for chalcogens; ammonia, hydrazine, or amines for nitrogen; or hydrides

for group V elements.

The intrinsic versatility of ALD is further enhanced by a series of methodologies derived from the
same principles, including Molecular Layer Deposition (MLD) [George, S.M. 2009a], in which at
least one of the precursors is an organic molecule; Vapour Phase Metalation (VPM) [Knez, M., et al.
2009b], which exposes the substrate solely to the metal precursor but for longer time periods; and
multiple pulsed vapour-phase infiltration (MPI) [Knez, M., et al. 2009a], which uses longer exposures
of the substrate to both types of ALD precursors to favour both metal infiltration and the formation
of the metal oxide.

In this thesis, we describe a series of studies exploring the versatility of ALD and ALD-based
processes to realize thin films of new functional materials. In this context, we have investigated the
incorporation of metal species into a select group of systems of different natures and complexities via
VPM, MPI, ALD and MLD. Specifically, we studied the growth of uniform MxOy thin films, the
building of alucone thin films (AIO-T and AIO-A, T: terephthalate and A: adipate) and the
functionalization of the soft molecules enterobactin and Fe-enterobactin, hybrid vanadium oxide

nanostructures, (NH4)V7O16 squares, and multi-walled nanotubes of H,TisO.

We begin by exploring the spectroscopic and electronic properties of enterobactin (HsEB) by H, BC
and 2D-HSQC nuclear magnetic resonance (NMR), infrared (IR), and UV-Vis spectra to create an IR
and NMR standard set (supported by DFT calculations) that helps explain, at a molecular level, the
experimental spectra of enterobactin systems, including those from the matrix-assisted laser
desorption/ionization time of the flight mass spectrometry (MALDI-TOF MS) of HeEB and FeHs:EB.

Here, two exchange-correlation (xc) functionals (PBE including the long-range corrections —LC-
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PBE-—and mPW1), two basis sets (QZVP and 6-31G) and two grids (fine and ultrafine) were used for

most of the enterobactin structures. Those results are shown in section 5.1.

Zn-metalation by VPM is used to functionalize ferric enterobactin (FeHsEB) and enterobactin (HsEB)
by linking ZnOH fragments. These samples were characterized by *H, **C and 2D-HSQC nuclear
magnetic resonance (NMR), infrared (IR) and UV-Vis spectra to obtain structural information and
MALDI TOF-MS spectral analysis to obtain their maximum molecular weights. IR and NMR were
correlated with DFT calculations to explain the effect of ZnOH fragments on FeHs;EB and HsEB
structures. We perform studies of FepA missing amino acid residues, molecular dynamics (MD), and
molecular docking to minimize the system and calculate the affinity energy between ZnOH-modified

siderophores and the FepA outer protein, as covered in section 5.2.

Section 5.3 shows the findings of more complex ALD study: the effect of Zn-metalation by VPM on
the functionalization of M -(NH4)V7016 nanostructured squares. Samples were characterized by XRD
to obtain their crystal structures and interlamellar spacings, which were corroborated by TEM/SAED.
The morphology of the samples was explored by TEM and SEM and their qualitative composition by
EDX. FIB-nanolab with ESEM-EDX was used to manipulate the square and obtain the Zn distribution
throughout the layers. IR and Raman cross-section microscopy were used to determine the functional
groups throughout the sample. XPS was used to obtain the valences and qualitative compositions of
the samples. Additionally, VSM was performed to explore the magnetic applications of these

products.

Growing in ALD complexity, chapter VI describes a study comparing the effect of Zn-metalation by
VPM versus that by MPI in the functionalization of H.TizO; NTs. The products were characterized
by XRD to reveal their crystal structures and the distances of their interlamellar spaces. TEM was
used to characterize their morphologies, and IR and UV-Vis spectroscopies were used to identify their
functional groups and band gaps (Eg), respectively. Additionally, photocatalytic and luminescent
experiments were conducted to understand the effect of such modifications on the photochemical

properties of the systems.

Additionally, the ALD growth of uniform MOy thin films (where M stands for V, Mn, Sn or Zn) is
undertaken in section 7.1. The preliminary results show the successful deposition of a-MnO;, a-

V,0s, SnOy and ZnO stoichiometric films uniformly over large areas, as characterized by XRR, XRD
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and AFM measurements. Additionally, the magneto-optic Kerr effect (MOKE) is studied to explore

the magnetic applications of these synthesized thin films.

Finally, the building of alucone thin films (AlIO-T and AIO-A, T: terephthalate and A: adipate) by
ALD and MLD are described in section 7.2. The stoichiometric thin films with a large-area uniformity
are characterized by XRR, XRD and AFM. The effect of the use of bifunctional monomers (aromatic
and aliphatic carboxylates) in the building of AIO-T and AIO-A thin films is explained. The structure
of AIO-T is elucidated by optimizing four models and correlating experimental data with DFT
calculations. The electronic band gap is analysed using frontier orbitals (HOMO-LUMO), and the
hardness and softness of AIO-T nanomembrane are used to explain the uniform distribution of LiPFe

through AIO-T, whose use as an anode and electrolyte nanomembrane is described.
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Hypothesis.

ALD is a powerful tool to obtain the synthesis of hybrid layer by layer organic-inorganic and

inorganic-inorganic nanocomposites as well as H-O and H-N specific bond functionalization for

example, Zn-metalation of soft molecules and nanostructures.

General aim.

To contribute to the knowledge of ALD and MLD processes by the synthesis and functionalization

of hybrid thin films and Zn-metalation (VPM and MPI) processes by the functionalization of
Enterobactin (HsEB), FeEnterobactin (FeHsEB), M -NH4V7016, MW-H,TizO7 NTs.

Section 5.1. Specifics aims:

1)

2)

To explore the spectroscopic and electronic properties of H¢EB in order to create an IR and
NMR standard set supported by DFT calculations using exchange-correlation (xc)
functionals (PBE including long-range corrections —LC-PBE— and mPW1), 2 basis sets
(QZVP and 6-31G) and 2 grids (fine and ultrafine) for most of the Enterobactin structures.
To characterize the MALDI TOF-MS spectra of HeEB and FeH3EB.

Section 5.2 Specifics aims:

1)
2)
3)
4)
5)

To synthesize HEEBZnOH and FeH:EBZnOH by Zn-metalation using DEZn.

To characterize the Malditof-MS spectra of HsEBZnOH and FeH;EBZnOH.

To characterize the NMR and IR spectra of HsEBZnOH and FeH;EBZnOH.

To correlate the experimental NMR and IR spectra of FeH;EBZnOH.

To explore the HEEBZnOH and FeHs;EBZnOH affinity properties with FepA by molecular
docking.

Section 5.3 Specifics aims:

1)

2)

3)
4)

5)

To characterize M_-NH4V;015 nanostructured square by XRD, TEM-ED, FESEM, ESEM-
EDX, IR and XPS.

To characterize 1,-doped M -NH4V701¢ nanostructured square by XRD, TEM-ED, ESEM-
EDX, IR, Raman and XPS.

To synthesize (ZnO)V-016 Nnanostructured square by Zn-metalation using DEZn.

To characterize Zn-M_-NH4V7016 nanostructured square by XRD, ESEM-EDX, FIB/SEM-
EDX, IR, Raman and XPS.

To explore the magnetic properties of the products by VSM.
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Chapter V1. Specific aims.

1)
2)
3)

4)

To synthesize (ZnO)TisO7 NTs by Zn-metalation using DEZn and DEZn/H,0.

To characterize the products by XRD, TEM, IR and UV-vis spectra.

To explore the band gap of energy “Eg” of the products using diffuse reflectance spectra
(Kubelka-Munk).

To explore the photocatalytic properties of the products.

Section 7.1 Specific aims.

1)
2)
3)

To synthetize a-V20s, Mn,Oy and SnO- thin films.
To determinate the ALD-window of a-V20s, Mn,Oy and SnO; thin films.
To characterize the thin films obtained in (1) by XRR, XRD, AFM and ESEM-EDX.

Section 7.2 Specific aims.

1)

2)
3)
4)
5)
6)

To study the effect of the kind of bifunctional monomer (aromatic and aliphatic carboxylate)
over the AlIO-A and AIO-T thin films structure.

To synthetize AlO-A and AlIO-T thin films using an alternate ALD/MLD processes.

To determinate the ALD-window of AlO-A and AIO-T thin films.

To characterize the thin films by TEM, SEM-EDX, XRD, XRR, IR and UV-Vis.

To correlate the IR and UV-Vis of AIO-T thin film by DFT.

To functionalize AIO-T thin film with LiPF¢/PC and characterize the product by ESEM-
EDX-map, AFM and IR microscopy.

Note: The properties here explored have not described in depth, they only have been included in order

to provide an extension of the possible applications of the materials here studied.
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CHAPTER II.

ALD
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2.1 Historical Background of ALD.

The concept of the ALD process was first developed and published under the name “Molecular
Layering” (ML) by V.B. Aleskovskii and S.I. Kol’tsov the LTI in 1952. The ALD as a technology
for thin film deposition with encouraging use perspectives at industrial level was developed by
Suntola T. etal. [Suntola T., et al. 1977], Finland, in mid-1970s [Puurunen, R.L. 2005]. After starting
with element as S, (g) and Zn(s) precursors (hence the name ‘atomic’) to obtain ZnS(s), they were
forced to consider to molecular precursors like TaCls and H.O to grow TazOs, the Zn(Mn)ClI; and
H2S to grow Zn(Mn)S, and the AICIs/H,0 process to grow Al.Os, to expand the materials selection
[Puurunen, R.L. 2005]. Thus, ALD was popularly introduced as atomic layer epitaxy (ALE) by
Suntola and Antson in 1977, depositing ZnS into an industrial level in the manufacturing of thin film
electroluminescent (TFEL) flat-panel displays [Jhonson, R.W., et al 2014]. These displays served as
the original motivation for developing the ALD technology as they require high quality dielectric and
luminescent films on large-area substrates, something that was not available at the time. TFEL display
manufacturing was started in the mid-1980s, being for a long time this the unique industrial
application of ALD. Interest in ALD has increased in steps in the mid-1990s and the 2000s, with the
interest mainly focused on silicon-based microelectronics [Puurunen, R.L. 2005]. In 2004, the
European SEMI award was given to Dr. Suntola for inventing the ALD technology and introducing
it worldwide. Another Pioneer of ALD equipment design is Sven Lindfors, his contribution has been
in the development of R&D ALD tools since 1975, and likewise Suntuola, he allows at directory
member of Picosuns board since 2004. Other popular researchers in ALD field are Roy Gordon from
Harvard University, Markku Leskela from Helsinki University of Technology (Finland) and Steven
M. George from Colorado University their principal researches activities include thin films and other
nanostructured materials made by various chemical methods (Atomic Layer Deposition,
electrodeposition and Successive lonic Layer Adsorption and Reaction) for various applications in
micro- and optoelectronics [Puurunen, R.L. 2005]. Their studies include all stages in film growth

from precursor synthesis to applications [Van Bui, H., et al. 2017].
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2.2 Principle of ALD.

The chemistry involved in the ALD procces is similar to that of the CVD, but breaking the CVD
reaction into two half-processes separed in the time. Thus, for instance the ALD process for the
synthesis of aluminium oxide on a given substrate from the reaction of timethyl alumminium (TMA,
precursor 1) with water (H2O, presursor 2) can be described by the following chemical equations

[Puurunen R. L. 2005], occuring both on the surface of the substrate;

Primary Reactions on the Surface:

AIOH + AI(CHs); > AIOAI(CHs), + CH, (Eq 2.1)
AICH; + H,O > AIOH + CH4 (Eq 2.2)
2AI(CHz3)3 + 3H20 = Al;O3 + 3CH4 AH = -376kcal (Eq. 2.3)

This two reactions which occur sequentially on the surface of the substrate, either pristine or modified
by the precursor, respectively, by a way that both precursors never are simultaneously present in the
reactor chamber. Figure 2.1 illustrates a diagram of a typical ALD cycle used for realizing such a
kind of depositions. The classical ALD process essentially considers following steps: 1. The pulse-
wise injection of the precursor 1 (e.g, TMA) into the ALD chamber during a given time (the pulse
time); 2. The chemisorption of precursor on the active sites on the surface (e.g, Si-wafer), during a
period (“exposition time™) long enough for all the available active sites on the substrate surface be
loaded, so leading to a monolayer of the first precursor; i.e. a self-termination process, 3. Purge of the
excess of precursor 1 and by-products (e.g., CH,) with an inert gas (Ar or Ny). 4. Pulse injection of
the precursor 2 (e.g., H20) for generating a monolayer of the final product (e.g., Al.03); 5. Period for
the reaction of precursor 2 with the precursor 1 absorbed upon de substrate surface; and finally, 6.
Purge with and inert gas to remove the excess of precursor 2 and eventual byproducts. Steps 1-3
constitute a half-cycle. If the thickness of the film formed by one cycle may be determined, the desired
thickness of the film can be simply and precisely attained by cycle repetitions [Knez, M., et al. 2009a.
Knez, M., et al. 2009b. Knez, M., et al. 2011], [Van Bui, H., et al. 2017], [Puurunen, R.L. 2005].
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According to [Puurunen, R.L. 2005], there are five key parameters jointly determining the deposition
features; 1) temperature of the substrate, 2) temperature of the precursor, 3) system pressure, 4) pulse,
exposition and purge time, 5) activity and reactivity of the precursors involved

Temperature is another crucial factor for achieving ALD characteristics. As discussed, ALD occurs
in a self-limiting manner, and therefore it requires the adsorption of precursors to be chemisorbed
rather than physisorbed. Consequently, the lowest temperature allowable for ALD should minimize
physisorbed ligands. On the other hand, a suitable ALD temperature should not decompose any of
the precursors. Otherwise, the deposition will proceed in a CVD manner other than ALD. In contrast
to CVD, ALD typically proceeds at much lower temperatures, even down to room temperature (RT)
[Puurunen, R.L. 2005]. There are a range of temperatures in which the growth of ALD is almost
constant, called the ALD window. In fact, identifying the process window for ALD is important in
the optimization of the processing conditions and for understanding the deposition kinetics in detail.
Figure 2.3 shows schematicaly a diagram of typical temperature effects on the ALD process,
incluiding the temperature window (W) where the characteristic self-limiting reaction mechanism of

this technic and other processes (L and H) take place: Namely, L1: condensation or exchange reactions
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of a reactant; L,: self-limited process activation energy; Wa: full monolayer saturation; W-: surface
reconstruction during the deposition or steric hindrance between large precursor molecules; Hi:
formation of non-volatile decomposition products from of either reactant or a surface ligand; and Hz:
desorption of a monolayer formed or dissociation of a surface ligand.

Since the ALD growth rate is primarily determined by the surface adsorption of precursors, its
dependence on the temperature should be minimal as long as the process is within the ALD regime.
Thus, the ALD window is characterized exclusively by a constant growth rate region (W). [Puurunen,
R.L. 2005. George, S. M. 2009a].

Growth rate
A

1 ML

—p
Temperature

Figure 2.3 Growth rate as a function of temperature for a typical ALD process, ML; monolayer.

ALD process also depends on the protocol design for precursors delivery; the desorption of precursors
and insufficient dosing and purging are the key factors in determining thickness uniformity[Puurunen,
R.L. 2005] and gas flow. In contrast to the reactants requirements in the CVD processes, the optimal
reactants in ALD should react aggressively with each other (low surface-reaction activation energy).
That notwithstanding, the reactant in ALD should be stable at the processing temperature in order to
avoid undesirable contaminations or incomplete surface reactions.

Precursors volatility and work temperature should be conjugated for getting the vapour amount
enough for achieving a continuous monolayer coverage [Puurunen, R.L. 2005]. Initially, the

fractional coverage increases linearly with the precursor partial pressure, but then levels off to 100%
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once a threshold pressure is exceeded. This threshold must be determined experimentally from
deposition rates and film quality. Usually chemisorption occurs on time scales of tens of milliseconds
[Puurunen, R.L. 2005]. Incomplete purging of the precursors excess and generated byproducts is also
detrimental for attaining continuous processes and accurate controlling the ALD growth per cycle
(GPC). Hence, the purging flow rates must be sufficiently high to reduce volatiles in the reaction
chamber until to a trace level before proceeding to the injection of a new precursor [Puurunen, R.L.

2005]. Table 2. 1. summarizes some advantages and limitations of a self-limiting film growth.

Table 2. 1. Some advantages and limitations of a self-limiting film growth in ALD [Puurunen R.

L. 2005].
Advantages Limitations

1) Stoichiometric films with large area | 1) Limited number of materials that can be

uniformity and 3D conformality. deposited, compared to MBE.
2) Precise thickness control. 2) Slower deposition rate than CVD
3) Possible low-temperature depositions 3) Incomplete reaction.
4) Gentle deposition process for sensitive | 4) Slow rate of reaction

substrates.
5) High control and accuracy of film thickness.
6) High reproducibility

2.3 Materials suitable for ALD.

A large range of materials have been deposited using ALD including metals, organic compounds,
organic/metallic hybrids and metal ceramics such as oxides, nitrides, selenides, sulphides and
tellurides [Puurunen, R.L. 2005. George, S. M. 2009a] (Figure 2.5). To ensure that the precursor
properties —reactivity, thermal stability and volatility— are suitable at a given deposition
temperature, the ligands surrounding the central atom can be altered. For more detailed information

about ALD precursors see the reviews by R. Purunen [Puurunen, R. L. 2005].

Typical metal precursors used in ALD are halides, especially chlorides, alkyl compounds, and
alkoxides. Organometallic compounds, such as cyclopentadienyl complexes and alkyl and silyl
amides have gained more attention recently [Puurunen, R. L. 2005]. The nonmetal precursors the
more frequently used are water, hydrogen peroxide, and ozone for oxygen; hydrides for chalcogens;

ammonia, hydrazine, and amines for nitrogen; hydrides for group V elements. [Puurunen, R. L. 2005]
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Figure 2.5 Periodic table displaying the different compounds that can be deposited using ALD.
[Puurunen, R. L. 2005].

2.4 Processes performed in an ALD reactor.

Much work has been performed to develop new precursors as well as new processes to increase the
versatility of ALD. Much efforts have been invested in researching the interface chemistry associated
to the deposition process with the aim to achieve better control over the deposition rate and the area
selectivity of the deposition. The magnitude of advances attained in the technology and applications
of ALD may be appreciated in a number of reviews recently published [Knez, M., et al. 2011], [Van
Bui, H., etal. 2017], [Johnson, R.W., et al. 2014] [Kim, H., et al. 2009], [Karppinen, M., et al. 2014].
Here, we focus on the contribution of Knez, M. et al [Knez, M., et a.l 2009a, Knez., M. et al. 2011],
[Van Bui, H., et al. 2017], George S.M et al [George, S.M., et al 2009a], R. Purunen [Puurunen, R.
L. 2005] and Karpiten, M et al [Karppinen, M. et al 2014].
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Figure 2.6. Examples of processes performed in an ALD reactor extracted from the references
[Knez, M. et al. 2009a. Knez, M. et al. 2009b. Knez, M. et al. 2010. George, S.M., et al 20093,
Puurunen, R.L. 2005].

2.4.1 Metalation processes of soft molecules and nanostructures.

Vapour-phase metalation (VPM) is a half cycle of the standard MO-ALD (M: metal; e.g.,., ZnO from
DEZn/H,O sequential deposition) and results in the infiltration of the metal precursor into the
material. It relies on the same technical principles that ALD, i.e., the sequential supply of vapourized
precursors in a solvent free vacuum chamber but restringed only to the chemical reaction of the metal
precursor with the substrate surface without the participation of any further precursor (see figure 2.1)
Compared with the first half cycle in standar MO-ALD processes, in the VPM technique significantly

longer exposure times are used. This in order to allow for diffusion of the metal species into the

16




Chapter Il

material and the chemical modification of the substrate which in the case of organic surfaces often
leads to the creation of hybrid organic/inorganic materials [Knez, M., et al. 2015]. A classic example
of a VPM is the reaction between diethylzinc and meso-tetraphenylporphyrin (H.TPP) as substrate
reported by Knez M et al [Knez, M., et al. 2009b] (Fig. 2. 6 (1.1)) consisting in an ALD half-cycle
performed using 100 pulses of diethylzinc. The pulsing, exposure and purging time were 0.3 s, 60 s
and 60 s, respectively, for DEZn, in a 50°C ALD chamber. Purging was conducted with argon at a
flow of 20 cm*/min. This procedure leads to the insertion of zinc(l1) into the porphyrin cavity through
the reaction of DEZn with the N-H group of the H.TPP, resulting in a Zn-TPP complex and an ethane
as byproduct (figure 2.7a). The formation of metalloporphyrins was confirmed by UV/Vis absorption

and mass spectrometry.

Another interesting example to comment is the use of vapour-phase metalation in the
functionalization of metal—organic frameworks (MOFs) [Mondloch, J.E., et al 2013], a class of hybrid
materials comprising inorganic nodes and organic linkers like NU-1000; (Zrs(ps-OH)s(OH)s-
TBAPY),), being HsTBAPYy;1,3,6,8-tetrakis(p-benzoicacid) pyrene. Specifically, the matalation of
NU-1000 with Zn or Al by the reaction of DEZn or TMA with H-O groups (see figure 2. 7b), leading
to the synthesis of Zn-MOFs or Al-MOFs, and ethane or methane as byproduct, respectively. The
pulsing, exposure and purging time of 1 s, 120 s, 120 s for DEZn or 0.015s, 1 s, 1 s for TMA, ina
140° or 110°C, respectively in an ALD chamber. VMP has also been demonstrated to be a successful
tool for improving the mechanical properties of natural polymers. In 2015, Knez, M., et al [ Knez,
M., et al 2015] probed the Zn-metalation or Al-metalation of cellulose to improve its mechanical
properties. The mechanical properties, as measured through uniaxial tensile testing, improved as a
function of the total number of infiltration cycles and with the precursor used. For cellulose infiltrated
with DEZn with only four infiltration cycles, the ultimate tensile strength nearly doubled that of the
native cellulose, from ~160 to ~260 MPa. In contrast, cellulose infiltrated with TMA showed very
little improvement in mechanical properties. The pulsing, exposure and purging times of 0.05s, 30 s
and 30 s, respectively for DEZn and TMA for 4, 10 and 50 half-cycles in a 100°C ALD chamber. The
chemical changes in the cellulose structure were measured with Raman spectroscopy and a novel
semi-in situ X-ray photoelectron spectroscopy experiment. The results of both spectroscopic
techniques were used to propose the reaction scheme shown in figure 2.7c. The initial cycles of DEZn
infiltration lead to dramatic increases in the mechanical properties, most likely due to a cross-linking

of the backbone structure with Zn-O bonds.
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Figure 2.7. Examples of Metalation-VVPM process; a) Zn-metalation of H,TPP [ Knez M et al 2009b],
b) Al-metalation of MOFs [Mondloch, J.E., et al. 2013] and c¢) Zn-metalation of cellulose [ Knez, M.,
et al. 2015].

The concept of a multiple pulsed vapour-phase infiltration (MPI) process was introduced by Knez M.
in 2009 as a first approach to the VPM process in a study on the metalation of spider-silk and collagen-
membranes with Zn, Ti or Al using DEZn/H,0, TIP/H,0 and TMA/H,0 respectively. Unlike with
standard M-O ALD precursors (e.g., DEZn, TMA), in MPI the metal precursor exposure times is
relatively longer than in the conventional ALD process, which favours metal infiltration.

Those findings showed the longer exposition times of the metal precursors used in the MPI process
afford simultaneously both the M-O layer deposition over the material and the metal infiltration (see
figure 2.8). They demonstrated that metals can be intentionally infiltrated into the inner protein
structures of biomaterials through MPI performed with equipment conventionally used for ALD and

observed greatly improved toughness of the resulting silks and collagen.
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Figure 2.8. Examples of the Metalation-MP1 process; a) Al-metalation of spider silk [Knez M. et al
2009a].and b) Ti-metalation of collagen [Knez, M., et al. 2010].

In summary, metal (Ti, Al, or Zn) infiltration into biomaterials via MPI induced crystallographic
changes in collagen and spider-silk, likely related to interchain hydrogen bonds, and presumably
increased the interfibrillar cross-linking density. This physical/chemical change by metal infiltration
has led to the improved mechanical stability of collagen in a dried state. The presence of S-H, N-H
and O-H groups in the biomaterials provides reactive sites to link metals such as Zn, Ti and Al from

the precursors DEZn, TIP and TMA, respectively.
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2.4.2 ALD process.
2.4.2-1 Zn0O.

Zinc oxide is a wide band-gap semiconductor with a variety of useful properties that have made it a
target of increasing attention in numerous fields of research. By far the most common Zn precursor

used in ALD is DEZn which reacts readily with H2O according to the chemical reaction,

Zn(CzHs)2 +H20(g) —ZnO*+2C,He(Q) (Eq. 11.4)

The reaction of DEZn with water is quite exothermic and can be used to deposit ZnO thin films at
temperatures much lower than those needed for the ZnAc (Zn acetate)-based processes. Typical
deposition temperatures for DEZn-based ZnO deposition processes are in the range of 100-200 °C.
However, the DEZn has even been successfully used as precursor at room temperature and at
temperatures as high as 600 °C [Tynel, T., et al 2014].

Density functional methods [Munk B. H et al 2006 ] showed that Zn(C;Hs). hydrolysis by a single
molecule of water has a barrier of 19 kcal/mol, but a second molecule of water lowers this barrier to
4 kcal/mol. Further hydrolysis of Zn(C;Hs)OH to Zn(OH) is facile. Elimination of C,Hg or H.O to
form ZnO is very endothermic. Zn(C;Hs)OH and Zn(OH). form very stable dimers and tetramers.
Elimination of C,Hs and H.O from the dimers and tetramers is also endothermic and leads to ring

opening.

2.4.2-2 a-V20:s.

ALD processes for a-V20s are attractive for energy storage nanostructures. Significant research has
been done using the sequential deposition of vanadium triisopropoxide (VTOP) and HO to yield
crystal films associated with a.-V20s. Badot et al [Badot J.C et al 2000] report the complete hydrolysis
of VTOP (with the appropriate pressure, volume, and temperature) into solid a-V20s(OH)x and
residual products like propane (b.p: -42.°C) and isopropanol (b.p: 80°C), as follows:

2 OV(OCH(CHeas)2)3 + 6H20 = n a-V,05(OH)x + m CH3CH:CHs;+y CHsCH(OH)CH;  (Eq. 11.5)

The GPC is similar in both cases (7.7 ng/cm?/cycle), indicating no effect of the length of the purging

sequence, which is characteristic of a complete reaction between the precursors.
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2.4.2-3 Mn,O,,

Manganese oxide can exist in a number of oxidation states, including MnO (Mn(ll)), Mn;O3
(Mn(l11)), and Mn204 (Mn(IV)). O. Nilsen et al [O. Nilsen et al. 2004] report the deposition of four
different phases of MnO, —a-MnO (cryptomelane Q), B-MnO. (pyrolusite), mixtures of h-MnO-
and a-MnO; and B’-MnO; (akhtenskite)— on a variety of substrates like (Si (100), NaCl(100),
KCI(100), «-Al,05(001), MgO(100) or KBr(100)) using Mn(thd); (Hthd = 2,2,6,6-
tetramethylheptane-3,5-dione) and ozone as precursors. The roughness was measured to be ca. 3.5
and 4.4 nm on the (001) and (012) oriented a-Al,O3 substrates, respectively. The GPC measured on
Mg(100) was 18.0 pm/cycle (0.018 nm/cycle)

George S. M. et al [George. S. M et al 2009b] have reported thermochemical calculations of
manganese oxide predicting MnO deposition using Mn(CpEt). and H2O as reagents, by means of the

enthalpies of reaction (AH) and Gibbs free energy (AG) at 150 °C.

Mn(Cp)2 + H,0 = MnO + 2HCp AH=-79.5 k, AG= -142.6 kJ (Eq. 11.6)
Mn(Cp)2 + 4/3H,0 > 1/3Mn30, + 2HCp +1/3H, AH=-76.0k], AG=-1279k]  (EqIL.7)
Mn(Cp)2 + 3/2H;0 > 1/2Mn,0s + 2HCp +1/2H,  AH=-51.3 kJ, AG= -100.8 kJ (Eq 11.8)
Mn(Cp)z + H,0 = MnO; + 2HCp + H, AH= +28.6 k, AG= -8.4 kJ (Eq 11.9)

The results show that Mn(CpEt), reacts successfully with —OH* surface species. The growth per cycle
was investigated since 100 to 300°C. The largest MnO ALD growth per cycle was 1.2 A/cycle at
100°C, and it decreased at higher temperatures. Nevertheless, the MnO deposition by ALD exhibits
an incomplete reaction when H,O is used as the oxygen source. Only 46% of the Mn(CpEt), became
MnO. In spite of this, crystallized MnO cubic structure was obtained. MnO in contact with O, from

the environment easily becomes MnO;, which is a relevant process for lithium-ion batteries.

2.4.2-4 SnO.

Elam J. W. et al [Elam J. W. et al. 2008] describe the deposition of SnO, using TDMASnH and H,O»
like precursors. They observed a high rate deposition of SnO, over 10 nm of Al,Os on (001) Si-wafer,
at broad range of temperature (50-200 °C). Scanning electron microscopy of the SnO, films deposited
on Si (100) show that the SnO; films are smooth, conformal, and nearly featureless, while atomic

force microscopy reports a surface roughness of only 0.84 nm for a film with a thickness of 92 nm.
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OH’ + SN(DMA);s —> (0)«(SNDMA)" 4 + XHDMA (Eg. 2. 10)
(O)x(SNDMA) 4y + 2H20; —> 0,Sn(OH)” + (4- X)HDMA + O; (Eg. 2. 11)

SnO; thin films have been fabricated previously by ALD using the halogenated precursors SnCl.
[ElamJ. W. et al. 2008] and Snls[Elam J. W. et al. 2008]. The disadvantages of these methods include
relatively low growth rates, the need for high deposition temperatures, and the inconvenience of using
halogenated precursors. Both byproducts, SnCls and the HCI, are corrosive and can damage the
deposition equipment. SnO- films have also been deposited previously using plasma-assisted ALD.
However, this method suffers from the disadvantage that the plasma species are highly reactive and
do not allow conformal coatings at very high aspect ratios. For more details of ALD precursors, we

recommend Puurunen R. L.’s report [Puurunen R. L. 2005]

2.4.3 MLD process.

MLD is similar to ALD, but in MLD at least one precursor is an organic molecule. In MLD, similar
self-limiting surface reactions can be employed for the growth of organic and hybrid polymers. These
MLD growth processes have also been known as alternating vapour deposition polymerization
(AVDP) and layer-by-layer (LbL) growth. The MLD process is an outgrowth of the earlier gas-phase
polymer growth technique known as vapour deposition polymerization (VDP). We recommended the
following reviews by Van Bui H. et al. [Van Bui H. et al. 2017], George S. M. et al [ George S. M. et
al 2009a], R. Purunen [Puurunen R. L. 2005] and Karpiten et al [Karppinen M. et al 2014]. Amplier
information on polymer layer deposition may be found many in relatively recent reviews [Van Bui
H. et al. 2017], George S.M et al [ George S. M. et al 2009a], R. Purunen [Puurunen R. L. 2005] and
Karpiten et al [Karppinen M. et al 2014].
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2.4.3-1 Polymer MLD
2.4.3-1.1 Organic Polymers.

MLD was initially developed for the growth of organic polymers such as polyamides and polyimides
and was reported by [ S. M. George et al. 2007, M. Putkonen et al. 2007 ]. The MLD of various
polyamides using acyl chlorides and amines as the reactants has been studied using in situ FTIR
spectroscopy. Figure 2.9a depicts a schematic representation of the synthesis of organic polymers
using bifunctional monomers. Figure 2.9a shows the synthesis of a polyamide (Nylon-66) [George S.
M. et al. 2007] by the reaction between the bifunctional monomers adipoyl chloride
(CIOC(CH2)4COCI) (AC) and 1,6-hexanediamine (H:N(CH2)sNH), and figure 2.9b shows the
synthesis of poly(p-phenylene terephthalamide) (PPTA) [ S. M. George et al. 2009a] by the reaction
of terephthaloyl chloride (CICOCgH4COCI) (TC) and p-phenylenediamine (NH2CsHiNH,) (PD).
Both reactions produce HCI as a byproduct. Figure 2.9c depicts the synthesis of polyimide by the
sequential reaction of PMDA (1,2,3,5-benzenetetracarboxylic anhydride) and EDA
(ethylenediamine), releasing H,O as byproduct [ M. Putkonen et al. 2007].

Synthesis of Nylon 66:
NH2* + CICO(CH:)4COCI > NHCO(CH)4COCI* + HCI (Eq. 2. 12)
-NHCO(CH2)sCOCI* + HoN(CH2)sNH2 = NHCO(CH2)4CO-NH(CH2)sNH2* + HCI  (Eqg. 2. 13)

Synthesis of poly(p-phenylene terephthalamide) (PPTA)

-NH,* + CICOCsH4COCI — NHCOCsH,COCI* + HCI (Eq. 2. 14)
-NHCO(CH2)4COCI* + HoNCsHsNH, — NHCOCsH,CONH(CH2)sNH2* + HCI (Eg. 2. 15)
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Figure 2.9 Polymer MLD of a) Nylon 66 (polyamide), b) PPTA and c) polyimide.
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2.4.3-1.2 Hybrid Polymers; Metalcones.

MLD of Metalcones is also based on sequential, self-limiting surface reactions, but, unlike polymer
MLD, the sequential deposition of an “inorganic precursor” (i.e., DEZn, TIP (i.e., Zn, Ti.)) and
“molecular fragments” (such as ethylene glycol (EG), ethanolamine (EA), maleic anhydride (MA),
glycidol and adipoyl chloride) conducted to obtain hybrid organic-inorganic polymer thin films such
as zincone, alucone, titacone and zircone [Karppinen M. et al 2014]. Preparing metalcones by MLD
is relatively new; since 2008, S. M. George et al [George S. M. et al. 2008] have explored the synthesis
and characterization of several alucones grown using sequential exposures of TMA and EG, EA and
MA, and glycidol, as shown in figure 2.10a, to synthesize alucone from TMA and EG [George. S. M.
et al 2009a]. Dameron et al [ Van Bui H. et al. 2017] report that the GPC is highly dependent on
temperature between 0.4 nm per cycle at 85°C and 0.04 nm per cycle at 175°C.

These hybrid polymers result from using alkylaluminium precursors, such as TMA, and various
organic diols, such as EG. While most MLD schemes form AB-type polymers (with the sequence A—
B-A-B-...), an ABC-type was first proposed by Yoon et al [ Van Bui H. et al. 2017]. (figure 2.10b).
They used TMA, EA, and MA and obtained a higher GPC than with the AB-type (2.4 nm per cycle
at 90°C compared with 0.4 nm per cycle at 170°C). The probable reason is that one of the major
problems with AB binary reaction sequences is avoided: the ‘‘double’” reaction between a
homobifunctional reactant and two neighbouring surface species. The higher film growth rate could
be caused by localized CVD. ABC-type schemes expand the number of possible organic reactants
and provide the opportunity to incorporate particular functionalities into the film. Later, other
metalcones such as zincone, titanicone, and zircone were made by MLD [ Van Bui H. et al. 2017].
The surface reactions during alucone MLD can be written as depicted in Eg. 2. 16, where the metal
alkyl molecule is MRx and the diol is HOR'OH.

MR* + HOR’OH ->MOR'OH* + RH (Eqg. 2. 16)
R'OH* + MR, —> R'OMR,1 + RH (Eq. 2. 17)
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Figure 2.10. lllustration of surface chemistry for; a) two-step alucone MLD using TMA and EG as
reactants, b and c) three-step alucone MLD with TMA, EA, and MA as reactants. [George S.M et al
2009a, K. Barnholt-Klepper et al. 2010]

The deposition of organic-inorganic hybrid MLD using TMA and several aromatic carboxylic acids
such as; benzoic acid, 1,2-benzene dicarboxylic acid, 1,3-benzene dicarboxylic acid, 1, 1,3,5-benzene
tricarboxylic acid, 1,2,4,5-benzene tetracarboxylic acid, were reported by Barnholt-Klepper K. et al.
[ Barnholt-Klepper K. et al. 2010]. The GPCs of such thin films prepared from TMA are variable,
from 0.3nm/cycle to 1.1 nm/cycle at 200 and 300 °C respectively. For 1,3,5-benzene tricarboxylic
acid, the roughness varies with the temperature from 0.5 nm at 350°C to 1.35 nm at 250°C (lower
temperature). The deposition of 1.4 benzene dicarboxylic acid (Terephthalic acid; TA) was also
performed with TMA getting a GPC of ~0.5nm/cycle, and roughness values of 0.25nm at broad range
of temperature, since 150 to 350 °C. Aromatic acids are particulay appropiatec forial in growing such
a knd of organic—inorganic hybrid materials since they are relatively easy to work with, stable in air,

volatile when heated, thermally stable, and have a stiff backbone structure preventing multiple
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reactions with the substrate. It is also very beneficial that the resulting films are relatively stable in
air, amorphous and smooth, and they are useful and desirable for the scope of this thesis since they
are the counterion of many Lithium salt. Figure 2.10b illustrates the synthesis of alucone MLD from
the sequential deposition of 1, 1,3,5-benzene tricarboxylic acid and TMA.

In 2013, S.M. George et al [George S.M et al. 2013] discussed the synthesis of a lamellar arrangement
of ZnO via ALD-MLD using the sequential deposition of DEZn-HQ-DEZn-H,O-DEZn-H;0 (where
HQ is hydroguinone). Three sets (figure 2.11) of hybrid organic-inorganic zincone thin films were
prepared based on zinc precursors and organic diols on (100) Si wafers. A 1 nm alumina layer was
deposited first by ALD at 150°C as the adhesion layer that promotes the initial ALD/MLD growth.
DEZn can react with aliphatic organic diols such as ethylene glycol (EG) or aromatic organic diols

such as hydroquinone (HQ) to form type A or type B MLD zincone films, respectively.
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Figure 2.11. (a) Schematic drawing of the MLD cycles for preparing zincone film using DEZn and
EG and (b) DEZn and HQ. (¢) ALD-MLD of a zincone film deposited using DEZn/H,O and

DEZn/HQ in sequence [George S.M et al 2013].
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Figures 2.11a and b show the schematic drawing of type A and type B MLD zincone films, which are
fabricated by the sequential deposition of DEZn/EG (1:1) and DEZn/HQ (1:1), respectively, in
sequence. ZnO can be deposited using ALD with DEZn and H2O as the reactants. By alternating ZnO
ALD and zincone MLD, a type C ALD—MLD zincone film is fabricated with DEZn/H-0 (1:1) and
DEZn/HQ (1:1), as shown in Figure 2.11c. XRD results show a crystalline phase for the type C MLD
and an amorphous phase for types A and B. Therefore, distinct phases can arise from ALD-MLD

processes.
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3.1.1 Essential aspects of DFT.

3.1.2-1 Calculation with density functional.

Density functional theory (DFT) is one of the most frequently used computational methodology in
physics, chemistry and materials science to study the electronic structure of many-body systems. DFT
determine the properties of such systems by using functional (functions of a function) that are
dependent of the electron density.

DFT is based on the Hohenberg—Kohn theorems [Hohenberg, P. and Kohn, W. 1964] which shows
that the ground state properties of a many-electron systems are uniquely determined by an electron
density that depends on its spatial coordinates and this is calculated through the use of functionals.
According to this, the energy functional of a system minimizes to its ground state. We use the Kohn—
Sham DFT framework [Kohn and L.J. Sham.1965] to solve the Schrodinger equation of non-
interacting particles with a density identical to the system with interacting particles. The non-
interacting system moves in a local external potential (V) which wavefunction is a single Slater
determinant created from a set of Kohn-Sham orbitals that provide the lowest energy solution. EXc is

the exact-exchange energy.

Yb_, Cy (ks — €l 5,) =0 ,withr =1,2... (Eq.3.1) [[IENINCHNINIE00]]

These orbitals are used to achieve electron density. The calculation continues until there is not a
difference in the density and the orbital ks, the interactions finish when the calculation converges.
When both p and approximate functional Ex are known, the energy can be calculated. This allows to
calculate the properties of a system, e.g., molecules.
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Figure 3.1 Diagram of DFT method.
DFT would lead to the obtaining approximate ground state energy and electron density if the exact
exchange-correlation functional is known. In practice, this function is unknown and therefore one
uses approximated functionals. The table 1.1 summarize the Ab-initio xc-functionals and their basis

set performed in section 5.1.

Table 1.1. Summary of Ab-initio methods.

Short name xc functional Basis-set
PBE-1 LC-PBE QzZVP
mPW091-1a mPW91 QzvVP
mPW91-1b mPW91 6-31G(d)
mPW91-1b1 mPW91 6-31G(d)
PBE-2 LC-PBE QzZVP
mPW091-2a mPW91 QzZVP
mPW91-2b mPW91 6-31G(d)
mPW91-2b1 mPW91 6-31G(d)
PBE-3 LC-PBE QzZVP
PBE-4 LC-PBE QzZVP
PBE-5 LC-PBE QzZVP

3.1.2-2 Electronic chemical potential, p, Hardness and Softness.

The electronic chemical potential, u (Eg. 3.2) is defined as the sum of the potential ionization “T” (Eq.
3.3) and the electron affinity “A” of an atom [Mendizabal, F., et al 2011],

= (g—l’j)v (Eq. 3.2)
pe — < (I +A)> (e + &) (Eq. 3.3)

Where g and ey are the energies of molecular orbitals (HOMO and LUMO) highest occupied and
lowest unoccupied respectively.

Hardness and Softness.

There are two principles of chemical reactivity associated to the hardness: the principle HSAB (hard

soft - acid base) [Pearson, R.P. 1963] and the principle of maximum or global hardness [Pearson, R.P.
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[T 1)

1993]. In many numerical applications “n” is calculated considering the ionization potential “I” and

electron affinity “A” (eq. 3.7) [Mendizabal, F. et al 2011 ],

T],’\‘:’

N |-

(I = A)~ (g, — &y) (Eq. 3.4)

Where g and ey are the energies of molecular orbitals (HOMO and LUMO) highest occupied and
lowest unoccupied respectively. General Hardness and Softness [Torrent-Sucarrat, M. et al 2010 ] is
an important chemical concept that allow understand, for instance the distribution and coordination
of Li*in local groups such as: esther, ether, carboxylic acid, amides and alcohols inside of specific
donor molecules arrangement. In this sense DFT allows describe the reactivity and activity of any
acid-base reaction by local and global hardness and softness. The global hardness “n” given as the
second derivate of the energy “E” with respect to the number of electrons “N” at constant external

potential “v (') captures the resistance of chemical species to changing its electronic number [Parr
R. G. et al 1985].

n=st=(25) = (55), (Eq. 3.5)

v

Here S and p denote the global softness and chemical potential, respectively. These indices are called
global descriptors because they describe the properties of a molecule and their finite difference
approximation leads to the two most popular operational equations of the global hardness and softness
like show the Eqg. 3.5

3.1.3 Nucleophilicity and Electrophilicity index.

Parr et al. [Yang, W. & Parr, R.G. 1985, Mendizabal et al 2011] defined the electrophilicity index
“m” as follows:

o = p?/2n (Eg. 3.6)

where n is the chemical hardness of the system. Then the nucleophilicity index “o™ can be defined

by:
o =-1= ey (Eq. 3.7)

Where, | is the first vertical ionization potential, and en is the one electron energy of the HOMO

orbital.
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Note: In this thesis, like preliminary results we use the equations 3.4, 3.5, 3.6, 3.8 and 3.9 to predict

AIlO-T properties in section 7.2.

3.2 Experimental Methods.
3.2.1 MALDI-TOF.

Matrix-assisted laser desorption-ionization (MALDI) spectrometry is an ionization method that can
be used to obtain accurate molecular mass information about polar biopolymers ranging in molecular
mass from a few thousand to several hundred thousand Da. In the MALDI technique, a low
concentration of the analyte is uniformly dispersed in a solid or liquid matrix deposited on the end of
a stainless-steel probe or placed on a metal plate. The plate is then placed in a vacuum chamber and
a laser beam is focused onto the sample. The MALDI matrix must strongly absorb the last radiation.
The matrix and analyte are then desorbed and ionized, creating an ion plume. The most common type
of mass analyzer used with MALDI is the time of flight (TOF) analyzer. A mass spectrum from a
MALDI-TOF instrument is shown in figure 3.2.

TOF mass
analyzer

I Grid

Laser A Desorbed matrix
beam 5 . and analyte ions
Analyte
Matrix % e
« = Cation 3 '.
Sample . =
pla e ol AL .. .
. .. B 3 .o x - Soel goceess : .
° - .. .. ¢ .. . ~ .

Figure 3.2. Diagram of the MALDI process. The analyte is uniformly dispersed in a matrix and
placed on a metal sample plate. A pulsed laser beam strikes the sample causing desorption of a
plume of matrix, analyte, and other ions. The analyte can be protonated, be deprotonated. or form

adducts before entering the TOF analyser.
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MALDI is referred to as a “soft” ionization technique, because the spectrum shows mostly intact,
singly charged ions for the analyte molecules. However, sometimes and in some cases, MALDI
causes minimal fragmentation so it is not as “soft” as ESI-MS (electrospray ionization mass
spectrometry), depending on the characteristics of analytes and the conditions of laser used. Multiply
charged ions are present as well as peaks for dimer and trimer species. The mechanism of the
formation of the MALDI ion plume is not completely understood. However, it is thought to involve
absorption of the laser beam by the matrix, followed by transfer of the energy from the matrix to the
analyte. Desorption of the analyte and the matrix then occurs. The analyte is thought to desorb as
neutral molecules and then to be ionized by proton-transfer reactions with protonated matrix ions in
a dense phase over the surface containing the matrix. A series of photochemical reactions may
produce the protonated matrix ions. In Table 3.1 are listed some materials used as matrix for
biomolecules, along with the lasers and the wavelengths that have been employed. Lasers used
include nitrogen (337 nm). Nd-YAG (266 and 355 nm), excimer (308 nm). Er- YAG (2.94 um). and
CO2 (10.6 pum).

The most common sample-preparation method is the dried-droplet technique in which a droplet of
the matrix containing the analyte is deposited on the metal plate and then dried. Typically, the ratio
analyte to matrix is 1:10% to 1: 10° Analyte concentrations are usually in the micromolar range [Skoog,
D. A, et al.2007].

Table 3.1 Common matrices and stable for MALDI and usable Wavelengths.

Matrix Wavelength, nm
2,5-Dihydroxybenzoicacid 266, 337, 355, 2940
2-(4-Hydroxyphenylazo) benzoic acid 266.377
a-Cyano-4-hydroxycinnamic acid (HCCA) | 337

In this thesis HCCA matrix is used to obtain characterized Enterobactin, FeEnterobactin and their Zn-
products; EnterobactinZnOH and FeEnterobactinZnOH.
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3.2.2 Nuclear Magnetic Resonance (NMR).

NMR is an analytical chemistry technique that exploits the magnetic properties of certain atomic
nuclei which allow elucidate the molecular structure where they are store. This type of spectroscopy
determines the physical and chemical properties of atoms or the molecules in which they are
contained [Baldwin, LE., et al 1999]. Most NMR investigations will begin with the analysis of the
proton spectrum of the sample of interest, with the usual analysis of the chemical shifts, coupling
constants and relative signal intensities, either manually or with the assistance of the various
sophisticated computer-based structure-spectrum data bases now available. Although there exist a
huge number of pulse sequences, there are a relatively small number of what might be called core
experiments, from which most others are derived by minor variations, of which only a rather small

fraction ever find widespread use in the research laboratory.

To begin, it is perhaps instructive to realise that virtually all NMR methods exploit only three basic
phenomena:

* Through-bond interactions: scalar (J) coupling via bonding electrons.

Through-space interactions: the nuclear Overhauser effect mediated through dipole coupling and
spin relaxation.

+ Chemical exchange: the physical exchange of one spin for another at a specific location.

To analyse the structure of a molecule and/or its behaviour in solution by NMR spectroscopy, one
must therefore consider how to exploit these phenomena to gain the desired information, and then
select the appropriate technique(s).

To build up the structure of a molecule one typically first searches for evidence of scalar coupling
between nuclei as this can be used to indicate the location of chemical bonds. When the location of
all bonding relationships within the molecule have been established, the gross structure of the
molecule is defined. Spatial proximities between nuclei, and between protons in particular, can be
used to define stereochemical relationships within a molecule and thus address questions of
configuration and conformation. The unique feature of NMR spectroscopy, and the principal reason
for its superiority over any other solution-state technique for structure elucidation, is its ability to
define relationships between specific nuclei within a molecule or even between molecules. Such detail
is generally obtained by correlating one nucleus with another by exploiting the above phenomena.
Despite the enormous power of NMR, there are, in fact, rather few types of correlation available to

the chemist to employ for structural and conformational analysis. The principal spin interactions and
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the main techniques used to map these, which are frequently two-dimensional methods, are

summarised in Table 3.2.

Table 3.2. The principal correlations established through NMR techniques.

Correlation Principal Technigue | comments
Hmlr 'H-H COSY Proton J-coupling typically over 2 or 3 bonds.
k==tx
Hy 1 4Hy | 4H 'H-'H TOCSY Relayed proton J-couplings within a coupled spin
! 1_1 | i system. Remote protons may be correlated
X———X—==K ; . . . .
provided there is a continuous coupling network in
between them.
H H H-X HMC One-bond heteronuclear couplings with proton
1} L IH-X HSQC observation
Xr—
H 'H-X-HMBC Long-range heteronuclear couplings with proton
JL I, x observation.
Typically, over 2 or 3 bonds when X = 13C.
I X-X COSY COSY only used when X-spin natural abundance
Y Sl T X-X Inadequate > 20%. Sensitivity problems when X has low
natural abundance
NOE 'H-'H NOE Through-space correlations. NOE difference only
/'_"\ difference applicable to 'mid-sized' molecules with masses ca.
H H 1/2D NOESY 1-2 kDa.
| | 1/2D ROBSY
y A— X
NOE 'H-X NOE difference | Sensitivity limited by X-spin observation. Care
"|' 2D HOESY required to make NOEs specific in presence of
S proton decoupling.
exchange 1D saturation or inversion | |nterchange of spins at chemically distinct
A:B tzrg”gifw locations. Exchange must be slow on NMR
timescale for separate resonances to be observed.
Intermediate to fast exchange requires lineshape
analysis

The correlated spins are shown in bold type for each correlation, with X indicating any spin-1/2 nucleus. The acronyms are
explained in the glossary.

The homonuclear correlation experiment, COSY, identifies those nuclei that share a J-coupling,
which, for protons, operate over two, three, and, less frequently, four bonds. This information can
therefore be used to indicate the presence of a bonding pathway. The correlation of protons that exist
within the same coupled network or chain of spins, but do not themselves share a J-coupling, can be
made with the TOCSY experiment. This can be used to identify groups of nuclei that sit within the
same isolated spin system, such as the amino acid residue of a peptide or the sugar ring of an

oligosaccharide.
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One-bond heteronuclear correlation methods (HMQC or HSQC) identify the heteroatoms to which
the protons are directly attached and can, for example, provide carbon assignments from previously
established proton assignments. Proton chemical shifts can also be dispersed according to the shift of
the attached heteroatom, so aiding the assignment of the proton spectrum itself. Long-range
heteronuclear correlations over typically two- or three-bonds (HMBC) provide a wealth of
information on the skeleton of the molecule and can be used to infer the location of carbon-carbon or
carbon-heteroatom bonds. These correlations can be particularly valuable when proton-proton
correlations are absent. The inadequate experiment identifies connectivity between like nuclei of low-
natural abundance, for which it is favoured over COSY. This can therefore correlate directly-
connected carbon centres, but as this relies on the presence of neighbouring carbon-13 nuclei it suffers
from appallingly low sensitivity and thus finds little use. Modem variants that use proton detection
have greatly improved performance but are still likely to be less used than the heteronuclear

correlation techniques.

3.2.3 Infrared and Raman Spectroscopy Fundamentals.

Molecular spectra result from the periodic motions (or vibrational modes) of atomic nuclei within
their respective molecules. These nuclei move together or apart along a straight-line vector so they
are rotating, vibrating, wagging and bending respect to their gravity centres rotate; they vibrate; they
wag; and they bend relative to their centres of gravity. The vibration and ending of molecules exhibit
vibrational spectroscopic activity that may be measured using any number of spectroscopic
techniques, including infrared spectroscopy in different frequency ranges and Raman scattering. [

Workman, J. L. 2007. pp 1].

3.2.4 Theory of Raman spectroscopy.

Raman spectra are acquired by irradiating a sample with a powerful laser source of visible or near-IR
monochromatic radiation. During irradiation, the spectrum of the scattered radiation is measured at
some angle (often 90") with a suitable spectrometer. To avoid fluorescence, the excitation
wavelengths are usually well removed from an absorption band of the analyte [ Skoog D. A et al
2007. pp 483].
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Figure 3.3. a) As Incident radiation of frequency “vex”, b) Origins of Rayleigh and Raman
scattering. (b)The spectrum resulting from the inelastically scattered radiation shows three peaks:
one' at vex-vy (Stokes), a second intense peak at vex for radiation that is scattered without a

frequency change, and a third (anti-Stokes) at vex+vy.

The sample is irradiated by a monochromatic beam of energy hvex (11.5a). Because the excitation
wavelength is well away from an absorption band, excitation can be considered to involve a virtual
state of energy level j, indicated by the dashed line in the energy-level diagram of figure 3.3b, which
provides a qualitative picture of the sources of Raman and Rayleigh scattering. The heavy arrow on
the left depicts the energy change in the molecule when it interacts with a photon from the source.
The increase in energy is equal to the energy of the photon hve. It is important to appreciate that the
process shown is not quantized: thus, depending on the frequency of the radiation from the source,
the energy of the molecule can assume any of an infinite number of values, or virtual states, between
the ground state and the lowest (first) electronic excited state shown in the upper part of the diagram.
The second and narrower arrow on the left shows the type of change that would occur if the molecule
encountered by the photon happened to be in the first vibrational level of the electronic ground state.

At room temperature, the fraction of the molecules in this state is small. Thus, as indicated by the
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width of the arrows, the probability of this process occurring is much smaller. The middle set of
arrows depicts the changes that produce Rayleigh scattering. Again, the more probable change is
shown by the wider arrow. No energy is lost in Rayleigh scattering. As a consequence, the collisions
between the photon and the molecule are said to be elastic. Finally, the energy changes that produce
Stokes and anti-Stokes emission are depicted on the right. The two differ from the Rayleigh radiation
by frequencies corresponding to +A.E, the energy of the first vibrational level of the ground state, hv.
If the bond were IR active, the energy of its absorption would also be AE. Thus, the Raman frequency
shift and the IR absorption frequency are identical. The relative populations of the two upper energy
states are such that Stokes emission is much favored over anti-Stokes. In addition, Rayleigh scattering
has a considerably higher probability of occurring than Raman scattering because the most probable
event is the energy transfer to molecules in the ground state and reemission by the return of these
molecules to the ground state.

When the scattered radiation is of a lower frequency than the excitation radiation, it is called Stokes
scattering. Molecules in a vibrationally excited state (v = 1) can also scatter radiation inelastically
and produce a Raman signal of energy h(vex+vy). Scattered radiation of a higher frequency than the
source radiation is called anti-Stokes scattering. Elastic scattering can also occur with emission of a
photon of the same energy as the excitation photon, hve. Scattered radiation of the same frequency
as the source is termed Rayleigh scaltering. Note that the frequency shifts of the inelastically scattered
radiation (Vextwv) - Vex = vy, and (vex-w) -Vex = Wy, correspond to the vibrational frequency v.. Finally,
it should be noted that the ratio of anti-Stokes to Stokes intensities increases with temperature because
a larger fraction of the molecules is in the first vibrationally excited state under these circumstances.
The intensities of the Stokes and anti-Stokes peaks give quantitative information, and the positions
of the peaks give qualitative information about the sample molecule. Some common laser sources for

Raman Spectroscopy are showed in the table 3.3

Table 3.3 Some common laser sources for Raman Spectroscopy.

Laser Type Wavelenght, nm
Argon ion 480.0 or 514.5
Krypton ion 530.9 or 647.1
Helium neon 632.8

Diode 785 or 830
Nd-YAG 1064

Note: Here. We use green laser of 532 nm
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3.2.5 UV-visible spectra.

The solution of an optical reflectance theory by Kubelka and Munk (1931) and its subsequent
simplification by Kubelka (1948) gave rise to the effect of size quantification which is observed
through of a shift toward blue, in the maximum of absorption band of a crystal semiconductor of
nanometric size generating an increase of the material’s energy gap and, of the growing structuring

of absorption band [Skoog D.A et al. 2007. pp 470]. The shiftin energy gap fits the following relation:

2
Ta
AE = By — EyW = E, (22) (Eqg. 3.10)
Where: AE: shift in energy gap; Eg: value of energy gap; Egoui: Vvalue of energy gap expected for
the volume of semiconductor bulk; E, energy of exciton-bond, ag ratio Bohr-exciton and R: particle
ratio.

The energy of exciton-bond (Ep) is gives for:

E, = 2R (Eq. 3.11)

mee2
Where; w: is the reduced mass of the exciton; Ro: Rydberg constant; € : material”s dielectric constant;

me : electron mass. Exciton of Bohr-ratio:

ap= 5 (4 1) (Eq. 3.12)

Where; me* y mh* are the effective masses of the electron and hole respectively. These equations
(Eg. 3.10-3.12) containing the base of the size quantization effect. Equation 3.10 shows a dependence
of the inverse square of the radius of the particle with the displacement of the energy gap (AE). Thus,
to decrease the size of the increased particle is generated in the energy gap of the semiconductor
material. The diffuse reflectance spectrum become in an absorption spectrum using the Kubelka-
Munk F(Re0). This equation related the coefficient of absorption k and the diffusion coefficient S, the
relation K/S implies that Roo if K# 0

F(R») = KIS = (R — 1)%/2R (1) (Eq. 3.13)
Where Eg can be obtained using next equation:

a(v) = A (v —Eg)™?2 (Eq. 3.14)
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Where; a is the absorption coefficient, being m=1 for one transition allowed. So, a is proportional to
F(R-) and the intercept of energy in a graph (F(R-) x hv)? vs hn gives the “Eg” values for a transition

allows when the lineal region is extrapolated to cero in the ordered [Skoog D. A et al 2007. pp 470].
3.2.6 Luminescence Properties.

The main photophysical processes occurring in a compound semiconductor when excited by light are
schematically illustrated in figure 3.4. Upon irradiation of a compound semiconductor with energy
(hv) greater than or equal to its absorption energy (Eg) (I), electrons in the valence band (VB) are
promoted to the conduction band (CB), with the simultaneous generation of holes in the band valence
(VB). These photo-excited electrons in CB can easily return to the VB and recombine with holes via
different routes. The recombination of photoinduced charges releases energy that is transformed into
heat or light energy. The latter is dissipated as radiation, generating luminescent emission from the
semiconductor material. The photoinduced electron can recombine with the hole in the VB,
generating a photon energy equal to the energy gap (Eg = E) according to the excitonic recombination
process (11). Alternatively, the photoinduced electron can decay into other states called surface states
(distorted bonds, defects or trap sites), causing recombination at a lower photon energy than the
energy gap (E <EQ). This process is called recombination due to surface defects or traps (111).
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Figure 3.4 Main photophysical processes occurring in a compound semiconductor
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3.2.7 X-Ray Photoelectron spectroscopy (XPS).

The phenomenon of XPS is based on the photoelectric effect i.e., the ejection of electrons from a
surface due to the impinging of photons as outlined by Einstein in 1905 [Verma H. R. et al 2007].
The X-ray photons, whose absorption is very fast (~107¢s), eject electrons from inner-shell orbitals
of the atoms of the surface material and this technique is called electron spectroscopic technique. The
kinetic energy, Ek, of these photoelectrons is determined by the energy of the X-ray, v, and the
electron binding energy, Eg (which represents strength of interaction between electron (n, I, m, s) and

nuclear charge). The maximum Kinetic energy (Ex) of the ejected electrons is given by:

Ex =h, - Es (Eq. 3.15)

where h is the Planck constant (6.62x1073* J s) and ‘v’ is the frequency (Hz) of the impinging
radiation. The binding energy (Es) is dependent on the chemical environment of the atom making
XPS useful to identify the oxidation state and ligands of an atom. Since the binding energies (Eg) of
energy levels in solids are conventionally measured with respect to the Fermi-level of the solid, rather
than the vacuum level, this involves a small correction to the equation given above in order to account
for the work function (Ew) of the solid (figure 3.5). The experimentally measured energies of the
photoelectrons are thus given by

Ek = hy — Es— Ew (Eq 316)

Valance
Band
‘“LLL\ Core hole
Photon ——o—— Core v
hv Levels

Figure 3.5. Atomic energy levels and the ejection of electrons due to photon-impact.
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3.2.8 X-ray diffraction (XRD).

X-rays, Wilhelm Roentgen discovered in 1895, are an electromagnetic radiation whose wavelength
(about 10-10m) is between UV and vy rays. The interaction between the electric vector of the X
radiation and electrons of the matter that through result in a dispersion of themselves. When this
happens in the ordered crystal environment, interference (both constructive and destructive) between
scattered rays originate because the distance between the scattering centers are of the same order of
magnitude as the wavelength of the radiation. The result is diffraction. Bragg's law [Waseda. Y et al.
2011] states that when an X-ray beam strikes the surface of a crystal at an angle6, a portion of the
beam is scattered by the layer of surface atoms. The unscattered portion of the beam penetrates the
second layer of atoms which, again, is a fraction which is scattered and passes to the third layer and
so on. Figure 3.6 shows the schematic representation of the derivation of Bragg's law. The cumulative
effect of this scattering centers evenly spaced by crystal diffraction beam is, in the same way that the
visible radiation is diffracted in a reflection grid.

Figure 3.6. Deduction Act Bragg by optical path difference.

Diffraction patters and thickness of these thin films synthetized can be calculated using the Bragg
equation (eq. 3.17):
nl = 2dsen6 Eq. 3.17
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3.2.9 X-ray reflectivity (XRR).

This characterisation technique was used for determining the thickness of the deposited thin films. A
X’ Pert PRO x-Ray diffractometer from PANalytical was used in this work. We performed X-ray
reflectivity measurements mainly for the thickness of ALD-MLD thickness. The technique basically
consists on irradiating the sample with an X-ray beam at different incident angles and measuring the
intensity of the reflected beam with a detector. As a result, we obtain a characteristic intensity profile
as a function of the incident angle. This profile consists of the so-called Kiessig fringes, the periodicity
and spacing of which depends on the film thickness (see figure 3.7). The film thickness is calculated

based on Snell’s Law (sin 6= n*sinB:) and Bragg’s Law described before.

Snell’s Law:  sin 6p= n*sin6 Eq. 3.18
10* . = -
10 L 4
g 10 | 1
3
8
z
g 10 L / 4
< w,
1000
e
%005 0 05 1 15 2
Omega (°)

Figure 3.7. a) Schematic representation of Snell’s law. The sketch on top represents the incident and
reflected x-ray beams, with their corresponding angles. The one below, shows the reflection and
penetration of the diffracted beam in a film of thickness “d”, and a refraction index “n” (we have

used the same notation in the corresponding equation). b) Kiessig fringes resulting from the
measurement of the intensity of the reflected beam as a function of the incident angle. The
instrument’s software uses the incident angles (omega) corresponding to two fringes (for instance,

1 and w; pointed with arrows) for calculating the thickness “d”.
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3.2.10 Transmission Electron Microscopy (TEM).

Electrons are one type of ionizing radiation, which is the general term given to radiation that can
remove the tightly bound, inner-shell electrons from the attractive field of the nucleus by transferring
some of its energy to individual atoms in the specimen. One of the advantages of using ionizing
radiation is that it produces a wide range of secondary signals from the specimen and some of these
are summarized in figure 3.8. Many of these signals are used in analytical electron microscopy
(AEM), giving us chemical information and a lot of other details about the specimens. AEM uses X-
ray energy-dispersive spectrometry (XEDS) (see figure 3.9) and electron energy-loss spectrometry
(EELS) [ Williams D. V et al 2010].

Electron Beam | ’

Backscattered
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Figure 3.8. Signals generated when a high-energy beam of electrons interacts with a thin specimen.
Most of these signals can be detected in different types of TEM. The directions shown for each signal

do not always represent the physical direction of the signal, but indicate, in a relative manner, where

the signal is strongest or where it is detected.
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kicked-out ..
electron -

Figure 3.9. Principle of EDS.

3.2.11 Atomic Force Microscopy (AFM).

AFM is a basic technigue and inevitable for all nanoscopic research. Like all other scanning probe
microscopies (SPM), AFM works by scanning with a tip (or more general a probe) very close to the
sample surface. It operates by measuring attractive or repulsive forces between the tip and the sample
in constant height or constant force mode (see figure 3.10). Most spectacular are atomic resolutions
and manipulation, but most practical applications deal with the (sub) micrometer x/y- and nano z-
range [Skoog D. A et al 2007. pp 612].

diode laser

split ﬁ—F
photodiode |

cantilever

! probe tip
zZ-control x/y-drive
computer | generator
x//z-piezo

Figure 3.10. Block diagram of a laser deflection contact AFM.
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The necessary parts are the x/y and z piezo that are separately actuated by x/y drive and z-control with
extreme precision, so that atomic distances can be measured. The sample is mounted on the xyz piezo,
close to a sharp tip under the inclined cantilever with its mount. The diode laser light is focused at the
end of the cantilever, reflected via mirror to a split diode that provides the feedback signal (topologic
information) for maintaining the force by z-piezo response. If the tip is scanned instead of the sample
the instrument is called a standalone microscope. Data sampling is made at discrete steps by means
of an analog-to-digital converter. A computer reconstructs the three-dimensional topological image
or projections from the data matrix. Imaging software adds color, height contrast, and illumination
from variable directions. Commercial instruments are supplied with all piezo calibration values, and
various supply for different SPM techniques as well as instruction manuals and software for imaging.
Different piezos are used for different xy scan ranges (1 pm>1 pum up to 200um>=200 um) and z ranges

(up to 15 pm).

3.3 Nanofabrication Methods.
3.3.1 Focus lon Beam (FIB).
3.3.1-1 FIB as a microtechnology inspection and metrology tool.

Among the most successful applications of FIB in semiconductor technology is failure analysis. In
addition, for microsystems, a lot of information can be gained from careful inspection of processed
structures. The cross-sectioning capability has proven to be very valuable for microsystems. The most
remarkable merit of FIB for technology inspection and metrology is its flexibility. It is very easy to
work on individual dies as well as on entire wafers. On the smaller machines the wafer size is limited
to 75 mm, while on the larger machines wafers up to 200 mm can be treated. Furthermore, it is also
possible to work on packaged devices. The flexibility of processing scale is a consequence of the
inherent advantage of FIB: it always processes locally. This enables to (destructively) test or check
dimensions on just one or a few dies on a wafer. The unaffected dies on the rest of the wafer can then
continue the rest of the normal process. This enables intermediate inspection of, for example, process

tolerances, whilst minimizing the loss of good dies.
Practically any material can be milled and visualized, including non-conducting materials (in ion

mode). Nonconducting surfaces do not need a special pretreatment (metal coating) as is the case for

scanning electron microscopy (SEM) inspection. In terms of deposition, the range of materials that is
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commercially available is rather limited however. Standard machines have tungsten or platinum as

metals (conductors) and silicon dioxide as an insulator material.

For the cross sectioning of samples, the use of FIB offers several advantages over other techniques.
While cleaving or dicing and polishing for SEM investigations take several hours, FIB enables cross
sections to be realized within a few minutes time. Furthermore, one is free to determine the precise
location of the cross section, and an arbitrary number of subsequent cross section ‘slices’ can be taken
on the same sample. The principle of the cross-sectioning technique is illustrated in figure 3.11. In a
first step, adjacent to the location of interest, bulk material is removed with a rough and fast single-
pass mill. This results in a steep sidewall on the side near the feature of interest. This sidewall is made
perfectly vertical and is smoothly polished in the subsequent milling step(s), using each time a finer
ion beam and milling regime (polish mill). Finally, the sample is tilted, and the polished side wall is
visualized. For normal cross sections (depth of a few micrometres and width 10-15 xm), the whole
procedure takes no more than 15 min.

a) 1) Sample. b)
lon Source
Suppressor
Extractor:
Spray aperture
@ First lens

2) FIB Cross section

¥

4
TEM sample

Figure 3.11. Sample with feature of interest can be (a) cross sectioned in the FIB. The section can
be advanced until desired feature appears or it can be prepared for inspection in a TEM. (b)

Schematic diagram of a FIB ion column [S. Reyntjens et al. 2001].
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A schematic diagram of a FIB ion column is shown in figure 3.12b. The structure of the column is
similar to that of a scanning electron microscope, the major difference being the use of a gallium ion
(Ga*) beam instead of an electron beam. A vacuum of about 1 x 107" mbar is maintained inside the
column. The ion beam is generated from a liquid-metal ion source (LMIS) by the application of a
strong electric field. This electric field causes the emission of positively charged ions from a liquid
gallium cone, which is formed on the tip of a tungsten needle. A typical extraction voltage is 7000 V.
The extraction current under normal operating conditions is 2 uA. After a first refinement through the
spray aperture, the ion beam is condensed in the first electrostatic lens. The upper octopole then
adjusts the beam stigmatism. The ion beam energy is typically between 10 and 50 keV, here we have
used 30 keV, with beam currents varying between 1 pA and 10 nA (here we have used 10pA). Using
the variable aperture mechanism, the beam current can be varied over four decades, allowing both a
fine beam for high-resolution imaging on sensitive samples and a heavy beam for fast and rough
milling. Typically, seven values of beam current can be selected: for example, 1 pA, 5 pA, 32 pA, 99
pA, 672 pA, 1.5 nA and 8 nA (exact values depend on the machine type and the users’preferences).
Blanking of the beam is accomplished by the blanking deflector and aperture, while the lower
octopole is used for raster scanning the beam over the sample in a user-defined pattern. In the second
electrostatic lens, the beam is focused to a fine spot, enabling a best resolution in the sub 10 nm
ranges. The multichannel plate (MCP) is used to collect secondary particles for imaging [Reyntjens
S. et al. 2001].

The samples that are treated by a FIB are mounted on a motorized five-axis stage, inside the work
chamber. Under normal operating conditions, inside this stainless-steel chamber a vacuum in the low
107" mbar range is maintained. Loading and unloading of the samples is usually done through a load
lock, in order to preserve the vacuum inside the work chamber as much as possible. It typically takes
a few minutes to load or unload a sample. A gas cabinet containing all applicable gases is present
outside the vacuum chamber. All operations such as loading and unloading of samples (partly),
manipulating the stage, controlling valves for gas delivery, turning on and off pumps and
manipulating the ion beam are carried out via software. Indeed, the complete user interface is realized

by means of a computer workstation.
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3.3.1-2 Principle of FIB imaging, milling and deposition.

When energetic ions hit the surface of a solid sample they lose energy to the electrons of the solid as
well as to its atoms. The most important physical effects of incident ions on the substrate are:
sputtering of neutral and ionized substrate atoms (this effect enables substrate milling), electron
emission (this effect enables imaging, but may cause charging of the sample), displacement of atoms
in the solid (induced damage) and emission of phonons (heating). Chemical interactions include the
breaking of chemical bonds, thereby dissociating molecules (this effect is exploited during
deposition). Inevitably, during FIB operations, a small amount of Ga* ions are implanted in the sample
and large numbers of secondary electrons leave the sample [ Reyntjens S. et al. 2001].

Here, Pt is deposited on S-4 (section v.3) and AlO-T and AIO-A thin films (section 7.2) to allow the
exposition of sheets of S-4 and sample preparation for TEM-micrographs.

3.3.2 Optical lithography.

Optical lithography or UV lithography, also termed Photolithography is a process used in micro and
nano fabrication to pattern parts of a thin film or the bulk of a substrate. It uses light to transfer
a geometric pattern from a photomask to a light-sensitive chemical "photoresist”, or simply "resist,"
on the substrate [Z. Cui. 2017]. A series of chemical treatments then either engraves the exposure
pattern into, or enables deposition of a new material in the desired pattern upon, the material
underneath the photo resist. General photolithography has five basic procedure; 1°) Cleaning: wet
chemical treatment (e.g., isopropanol/water solution) is used to remove organic or inorganic
contamination; 2°) preparation: The wafer is initially heated to a temperature sufficient to drive off
any moisture that may be present on the wafer surface, 150 °C for ten minutes is sufficient; 3°)
photoresist application, the wafer is covered with photoresist by spin coating; 4°) exposure and
developing: After prebaking, the photoresist is exposed to a pattern of intense light. The exposure to
light causes a chemical change that allows some of the photoresist to be removed by a special solution,
called "developer”, and 5°) etching: In etching, a liquid ("wet") or plasma ("dry") chemical agent
removes the uppermost layer of the substrate in the areas that are not protected by photoresist. Figure

3.12 exhibits a schematic representation of printing process [Cui. Z et al 2017].
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Figure 3.12 Schematic representation of photolithography's process.

Lithographic photomasks are typically transparent fused silica blanks covered with a pattern defined
with a chrome metal-absorbing film. Photomasks are used at wavelengths of 380 nm, 365 nm,
248 nm, and 193 nm. Photomasks have also been developed for other forms of radiation such as
157 nm, 13.5 nm (EUV), X-ray, electrons, and ions; but these require entirely new materials for the
substrate and the pattern film. The photomask used in this thesis has squares pattern shape with

different sizes since 100 um to 400 um.

Photoresists are classified into two groups: positive resists and negative resists.

1) A positive resist is a type of photoresist in which the portion of the photoresist that is exposed to
light becomes soluble to the photoresist developer. The portion of the photoresist that is unexposed
remains insoluble to the photoresist developer.

2) A negative resist is a type of photoresist in which the portion of the photoresist that is exposed to
light becomes insoluble to the photoresist developer. The unexposed portion of the photoresist is

dissolved by the photoresist developer.
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3.3.3 Electron Beam Lithography (EBL).

EBL is one of the most important techniques in nanofabrication, allowing not only the direct writing
of structures down to sub-10 nm dimensions, but also enabling high volume nanoscale patterning
technologies such as (DUV and EUV) optical lithography and nanoimprint lithography through the
formation of masks and templates [M.A. Mohammad et al.2012]. In short, it involves the exposure
by a highly-focused electron beam to dramatically modify the solubility of a resist material during a

subsequent development step, see Figure 3.13.

Resist spin-on e Exposure to electrons ws Development

Figure 3.13. Outline of EBL process steps to form a nanoscale pattern in a positive-tone resist layer.

EBL was originally developed using scanning electron microscopes to which a pattern generator and
beam blanker was added to control which areas of the viewing field are exposed (see Figure 3.14 for
a schematic description of an EBL system). Modern EBL tools are fully dedicated patterning systems
like e.g., Raith 150 TWO commercial EBL system (used here) that employ high brightness electron
sources for faster throughput and high resolution mechanical stages to be able to expose step-by-step
large substrates under the relatively narrow field of focus of the electron beam. These direct write
systems have the advantage of extremely high resolution and the ability to create arbitrary patterns
without a mask. The key objectives of EBL writing are to achieve arbitrary patterns in the resist with
high resolution, high density, high sensitivity and high reliability [Mohammad M. A. et al.2012].

These characteristics are interrelated in a complex fashion. The key determinants will be the quality
of the electron optics (e.g., the ability to create a finely focused spot), the choice of resist, substrate
and developer, and the process conditions: electron beam energy and dose, and development time and
temperature. Factors that complicate these objectives are delocalization of electrons due to forward
and backscattering (proximity effects), collapse of the pattern due to swelling and capillarity forces,

and fluctuations in the sizes of features (line edge roughness).
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Figure 3.14. Electron beam exposures systems: (a) schematic diagram, (b) Raith 150TWO
commercial EBL system [Mohammad M. A. et al.2012].

3.3.3-1 Electron Transport.

The first requirement for a high-quality beam is a stable, high brightness electron source, such as one
employing thermal field emission. The quality of the spot is determined by the electron optics and
degree of focus. It is necessary to have high positional accuracy with limited astigmatism and small
spot size [Mohammad M. A. et al.2012]. The electron column is under vacuum to reduce gas
scattering of the beam, but divergence of the beam does result from mutual electrostatic repulsion by
the electrons. This effect is more pronounced at higher currents and lower energies. Notwithstanding
this, commercial EBL systems can usually deliver a spot size of just a few nanometers. Unfortunately,
other factors such as scattering will usually limit the final resist pattern to a larger size. As the
electrons enter the resist, they begin a series of low energy elastic collisions, each of which will deflect
the electron slightly. This forward scattering broadens the beam by an amount that increases with
thickness, and this effect is more pronounced at low incident energies. In addition to forward
scattering, there is also backscattering to consider.

Typically, most of the electrons pass entirely through the resist and penetrate deeply into the substrate.
Some fraction of those electrons will eventually undergo enough large angle collisions to re-emerge

into the resist at some distance from the point at which they left it. At higher energies, these
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backscattered electrons may cause exposure microns away from where the beam entered. This leads
to the so-called proximity effect where electrons writing a feature at one location increase the
exposure at a nearby feature, causing pattern distortion and overexposure. The density of features
becomes an important factor in determining necessary exposure levels. Backscattering can be
minimized by exposing on a thin membrane substrate. Another electron transport consideration is
secondary electrons. These are low energy (a few to a few tens of eV) electrons produced by
ionizations resulting from inelastic collisions by the primary incident electrons. Because of their
energy, secondary electrons have short range (several nanometers) but may ultimately limit the
resolution possible with EBL.

A final transport issue is electrostatic charging, particularly if writing onto an insulating substrate. If
there is no pathway for the absorbed electrons to dissipate charge will build up and defocus the
electron beam. In such cases, a thin metal or conductive polymer layer is required above or below the
resist. Inelastic collisions of electrons with the resist result in ionization (secondary electron
generation), which is accompanied by physico-chemical changes in the resist. Just as with optical
lithography, EBL can employ two classes of resist. Positive tone resists undergo a conversion from
low to high solubility upon exposure to electrons. The classic example is PMMA (poly-methyl
methacrylate) which is a long chain polymer (Figure 3.15a) that is broken into smaller, more soluble
fragments by the electron beam (Figure 3.15b). Another common positive resist is ZEP 520 which

also consists of a long chain polymer.
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Figure 3.15. (a) Polymer subunit of poly (methyl methacrylate) and (b) scission of the polymer

chain during EBL exposure.

In a negative tone resist, the electrons convert the material to low solubility. The prime example here
would be HSQ (hydrogen silsesquioxane) which undergoes a cross-linking reaction to combine
smaller polymers into larger, less soluble ones [Mohammad M. A. et al.2012]. Several other negative

resists have been recently compared [Mohammad M. A. et al.2012]. The most common positive resist,
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PMMA, consists of very long polymer chains with masses of 496 and 950 kDa being common. With
such long chains, it takes many scission events before the resulting fragments become significantly
soluble. Hence, the distribution of fragment sizes becomes an important factor in understanding the

relationship between exposure dose and development behavior.

Note: here PMMA-495 kDa was utilized in section 7.1.

3.3.3-2 Resist Developing

After exposure, the resist is typically immersed in a liquid developer to dissolve the fragments
(positive tone) or non-crosslinked molecules (negative tone). Thus, during development, the solvent
penetrates into the polymer matrix and starts to surround the fragments. As the molecules start to
interact, a gel is formed.

The thickness of the gel layer will depend on the amount of fragmentation and the strength of the
solvent. Swelling of the polymer can also result. Once surrounded by solvent, the fragments detach
from the matrix and diffuse into the solvent. Longer fragments are less mobile and more strongly
bound to the matrix and take longer to dissolve. More powerful solvents will remove a longer
fragment which is not always desirable if high resolution is required. Exposure and development are
interrelated as short exposure with long or aggressive development can be equivalent to heavier
exposure with short development. This can lead to some ambiguity between the terms
underdeveloped and underexposed or overdeveloped and overexposed. As will be discussed further
below, the kinetics of the dissolution process becomes quite important to the optimization of EBL
necessitating understanding of these factors at a detailed level. Often a mix of solvents (such as 1:3
methyl isobutyl ketone with isopropyl alcohol for PMMA) is used to tailor dissolution behavior. An
issue that arises if the resist is overdeveloped is the degradation of the resist substrate bond and the
capillarity forces that result as the solvent is removed. These lead to the mechanical failure of the
resist structure resulting in pattern collapse.

The developer used was a commercial mix of isopropyl alcohol and methyl isobutyl ketone (MIBK /
IPA) to disolve 495 PMMA resist.
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3.3.3-3 Process Parameters

As has been implied above, there is a large number of parameters affecting the EBL process in a
complex, interacting fashion, such as; exposure energy resolution, sensitivity, proximity, pattern
density proximity, pattern quality, resist thickness sensitivity, resolution, pattern quality,
Development temperature Sensitivity, resolution, exposure window, exposure dose pattern quality,
resist material sensitivity, resolution, contrast, development time sensitivity, resolution, exposure
window.

This excludes secondary factors such as resist polymer chain length which can impact sensitivity and
contrast, or the use of techniques such as ultrasonic agitation to reduce development times and
improve clearance, or the use of critical point drying [Mohammad M. A. et al.2012] to minimize
pattern collapse. The objective of manipulating these parameters is to achieve a high resolution, high
quality, high throughput result with large process windows to maximize yield and reproducibility.
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In this section, we continue the focus on the use of VPM process (only one precursor (here, DEZn) is
utilized to functionalize) but we compare it with MPI process (two precursors, DEZn/H20, are
utilized) to functionalize My-H2@Ti307 NTs with Zn. This chapter explores the effect of Zn-

metalation over the morphology and properties of My-H,TizO7 NTs using TEM-EDX, UV-Vis, IR,
luminescence and photo catalysis.
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Note: The results here exposed were started in the Experimental department-11 of MPI-Halle in 2011

under supervision of Dr. M. Knez (ALD-support) in collaboration with CEDENNA-Chile and
continued in CIC-Nanogune, U. Chile and UTEM-Chile.
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6.1 Zn-metalation of Mw-H>Ti:07NTs by VPM and MPI processes.

Chapter 6. Specific aims.
1) Synthesize (ZnO)TizO7 NTs by Zn-metalation using DEZn and DEZn/H:0.

2) Characterize the products by XRD, TEM, IR and UV-vis spectra.
3) Explore the band gap of energy “Eg” of the products using diffuse reflectance spectra

(Kubelka-Munk).
4) Explore the photocatalytic properties of the products.

a) Zn-Metalation using VPM method in ALD reactor
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Figure 6.1 Chapter VI sequence of experiments and characterization; a) T-2 and b) T-3.
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Chapter VI

Tentative application: Biosensor, organic pollutants degradation, photonic crystals (PCs) and

semiconductors.

“Motivation for Nanodevices”

Materials with high electron mobility for efficient electron transport (e.g., low EQ) are desirable for
photoanodes of high energy conversion devices based in light harvesting, e.g., dye-sensitized solar
cells (DSC) and sensors. TiO; exhibits an excellent sensor, battery and photocatalytic properties, and
photovoltaic power conversion efficiencies (PCEs), however its electron mobility is low (0.1-4 cm?
V s-1), which affects the electron transport rate. A monocrystalline growth of semiconductor materials
is of great interest in semiconductor technology, since monocrystalline films like w-ZnO usually have
higher mobility of carriers [Williams, V.O. et al 2012, Hernandez S. et al 2014]. On the other hand,
the photonic crystals (PCs) [Garcia P. et al 2006] have turned out to be a promising tool to engineer
at will, or even inhibit, the emission of light. In these systems, the refractive index is modulated
periodically in one, two, or three dimensions. This fact provokes the appearance of energy intervals,
called photonic bandgaps (PBG), for which the propagation of light is prevented. The combination of
luminescent materials with PCs, i.e, opals, is one of the open challenges being addressed nowadays.
The relatively high ZnO refractive index provides enough dielectric contrast in the inverted structure
to open additional pseudogap (pGs) in the high-energy regime, which have recently been used for
enabling laser emission. Its large range of transparency allows ZnO to host emitters in a broad spectral
range from the IR to the UV with no hindrance derived from absorption. All these reasons make ZnO
an appropriate template material where quantum dots (QD) can be conformally self-assembled.
According to Hernandez et al [Herndndez, S., et al 2014.] the efficient application of the (ZnO)TiO-
has had a dual function: to enhance the photoactivity and to increase the photodegradation stability.
There are reports about layer-by-layer deposition to obtain a rutile TiO, shell on the surface of ZnO
NWs, but not about the synthesis of (ZnO)TizO-single crystal arrays.

We postulate that structures such as single crystals arrays like H,TisO; NTs with high surface area
could favour the growth of single crystal w-ZnO and opals arrays.

“Motivation for Biological-Chip”

Semiconductor metal oxide (SMO) materials such as SnO;, ZnO, TiO, WOs;, etc. are considered to
be better materials for chemical sensors as compared to other gas sensing materials/techniques such
as conducting polymers, electrochemical cell and optical fibers. Since wider band gap semiconductor
improves the fluorescent quantum efficiency substantially, with resulting core-shell QDs, Q-Wells

and Q-Wires having PL quantum yields comparable to those of organic dyes, the mobility of carriers
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of the sensor is often damage [Patra, M.K., et al. 2008]. From here, arouse the question if Mw-TiO-
NTs could improve its electron transfer by adding a ZnO monocrystals between and around of those
TiO2-walls without damage its fluorescent? Will it improve or damage the photocatalytic properties
of such news materials?

Alkali metal titanates (A,TinO2n+1) Systems like H,TisO are attractive due its high surface-to-volume
ratio conferred for their layered open crystal structure, offering extremely large ion exchange
capacity, fast ion diffusion and intercalation, and high surface charge density, where the negatively
charged two-dimensional titanium containing sheets are separated to a large distance by exchangeable
cations and molecules in the interlayer. H,TizO7 has its own crystal structures of layered or tunnel
type (see figure 6.2). It exhibits a monoclinic lattice with parallel corrugated layers of edge sharing
TiOs octahedra stepped by every octahedral [Zhang, Y et al 2015, Feist T. P. 1992] synthesized by
topotactic exchange of sodium for proton from the layered trititanate Na,Tis07 [Zhang, Y et al 2015].
The open crystal structure of layered titanate permits easy and uniform doping of atoms or molecular
assembly, which is hard to achieve if working directly with the more compact TiO, polymorphs
[Zhang, Y et al 2015].

O
N
Ly,
2.82A T
v ?‘f

Figure 6.2 The framework structure of H»TizO7 from 47-0561 JCPS [ Feist T. P. 1992 ].
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Chapter VIII

Hypothesis.
ALD is a powerful tool to obtain the synthesis of hybrid layer by layer organic-inorganic and
inorganic-inorganic nanocomposites as well as H-O and H-N specific bond functionalization for

example, Zn-metalation of soft molecules and nanostructures.

In this thesis, four ALD processes were explored at low temperature; vapor phase metalation (VPM),
multiple pulsed vapor-phase infiltrations (MPI), ALD and molecular layer deposition (MLD). The
implementation of VPM process, where only metal precursors participate; here DEZn, on soft
molecules like Enterobactin and FeEnterobactin with free O-H and N-H bonds, leading to the
development of new and innovative specific atomic functionalization of soft molecules;

EnterobactinZnOH and FeEnterobactinZnOH, at room temperature and solvent free.

Instead, the effect of VPM process on soft-nanostructures with empty sites or/and vacancies, and
interlamellar OH groups like in M -(NH4)V701s nanostructured square and Mw-H,TizO7 nanotubes
drives to the metamorphosis of atomic crystal structure, as in (NH4)V;Oss triclinic P-1 to Zn3v308
cubic Fd-3m and H,TizO; monoclinic to zinc meta-titanate (ZnTiOs) and zinc ortho-titanate
(Zn,TiO4) cubic inverse spinel (in different rates) as well as the growth of monocrystals of w-ZnO
between layers allowing single layer by layer arrangement, and inside and around of the
nanostructures without affect their morphologies, but rather of its optical and magnetic properties.
This also performed at low temperature (~100°C) and solvent-free.

In the case of MPI process, where two precursors participate separately; here DEZn and H20, on M-
H2Tis07 NTs leads to the nucleation of opals of nanoparticles of w-ZnO around the nanotube (cactus-
like) affecting the morphology and surface properties. In addition to the growth of w-ZnO
nanoparticles inside of the nanotubes and between layers, and the dislocation of some TizO; layers
together with typical peaks of zinc ortho-titanate (Zn,TiO4) and zinc meta-titanate (ZnTiOs), suggest
a metamorphosis of H,TizO7 layers to zinc titanate in some regions of the layers also at low
temperature (120°C).

While control of the precursor release parameters can be neglected in VPM and MPI processes, this
is a mandatory requirement in both; ALD and MLD processes, for the growth of stoichiometric films
over wafer scale and high area uniformity. The ALD growth of uniform MxOQy thin films where M

stands for VV, Mn, Sn or Zn was successfully undertaken.
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The preliminary results show successful deposition of o-MnO;, «-V20s, SnxOy, and ZnO
stoichiometric films, uniform over large areas as characterized by XRR, XRD, and AFM. The use of
H20 is better than H.O for the removal of organic ligand from organometallic precursor when low-

temperature growth is required like it was showed for the case

of the deposition of a-MnO- and Sn,Oy using (EtCp).Mn and (TDMA)Sn like the metal source in a
temperature range since 100 to 200°C and 125 to 175°C, and since 75°C to 125°C for VTOP/H20.
The low GPC of 0.2 nm/cycle and 0.1 nm/cycle for the deposition of a-MnO; and Sn.Oy, were
consistent with those reported for George S.M et al [ George S.M et al 2009b] and Elam J. W. et al [
Elam J. W. et al 2008] of 0.1 and 0.12 nm/cycle and characteristic for ALD process. Despite this
ALD’s limitation, the deposition of crystal structures of a-MnO; and a-V.0s at low temperature
(~100°C) were successful like showed their XRD patterns. The deposition of a-V.0s and ZnO on
AAO disc lead to the synthesis of nanotubes with a controlled diameter of 200nm and wall thickness
of 20 and 90 nm, respectively. The deposition of a-V.0s at low temperature over square patterns
obtained from positive photoresist and PMMA 495A resist, with melting point ~100°C, leads to the
synthesis of a-V,0s perfect squares of varied sizes since 100 um to 500 nm. Those results, points
towards the possible growth of these oxides which can be considered as energy materials which can
form easily 1-D, 2-D and 3D nanostructures using patterns.

Finally, the growth of alucone thin films (AIO-T and AIO-A, T: terephthalate and A: adipate) by

ALD and MLD permitted to obtain stoichiometric thin films with large area uniformity in both cases,
as shown in XRR, XRD and AFM-microscopy data. The use of bifunctional monomers (aromatic and
aliphatic carboxylate) in the growth of AIO-T and AlO-A thin films lead to a lamellar phase and to
an amorphous one, respectively. The use of DFT allowed discerning which the predominant structure
in the AIO-T thin film by the IR and UV-Vis spectroscopic correlation, for this case model 4 and
terephthalate agreed with experimental results. According to with the values of frontier orbitals of
those two structures, it was possible to predict their applications like electrolyte and anode for
batteries. Low Eg of 0.05 eV of AIO-T thin film imposes that the cell voltage shall be eVoc < 0.05
eV if AIO-T is considered like polymer electrolyte, instead if it is considering like anode this value
turn to -0.3 eV similar to Lithium terephthalate of -1eV. This point forward to the potential

applications of alucones thin film in carboxylates-based energy storage concepts.
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In the aspect of applicability, this study permits to project to the use of functionalized Siderophores
by VPM process like an innovative and powerful drug as a “Trojan horse” to face the antibiotic
resistance  reported for WHO reports in 2011 [/WHO/RHR/11.14] and 2014
[WHO/HTM/TB/2014.0/] about the multi-resistance of some strain of tuberculosis (TBC) (second-
most common cause of death from infectious disease, after those due to HIV/AIDS), Cholera,
meningitis, Leptospirosis, E. Coli and sexual diseases like N. Gonorrhea.

This manner, this thesis allows to point out to the materials here studied to the development of
advanced nanodevices like nanobatteries, Nanosensors, memory-nanochip and lab-on-chip and
control drug delivery system. This is supported by next patents; Bio lab-on-chip and method of
fabricating and operating the same [WO 2009061017 Al], Nano-battery systems [US 6586133 B1]
and Nano memory, light, energy, antenna and strand-based systems and methods [US 9117550 B2]

With respect to the methods of synthesis, via wet-chemistry is possible to synthesize analogous of
Enterobactin such as SERSAM, TRECAM and TBA7, often with backbone changes that promote the
binding antibiotic molecule to the siderophore (Trojan horse antibiotic strategies), leading in most
cases to the damage of catechol reactivity to physiological pH and consequently frustrating
FeSiderophore-Drug recognition for the FepA protein receptor. However, VPM process offer a
suitable alternative of functionalization, at room temperature, solvent free, faster and environmentally

friendly.

Using the way of wet-chemistry is also possible to obtain complex nanostructures like nanotubes and
squares, nonetheless they can be obtained by the deposition of ALD-MLD thin films on models like
AAO-disc and resist patterns, offering a new route of synthesis where their main characteristics are;
solvent-free synthesis, low-temperature synthesis, and control of the deposition of the matter at the

atomic level.

Concerning to the methods of characterization, broad characterization methods are available for a
wide type of nanostructures and molecules. The materials explored in this thesis reveal that XRD, IR,
RAMAN, NMR and MALDI-TOF techniques in conjunction with XPS and several techniques of
microscopies such as; ATR, RAMAN, HRTEM, ESEM, SEM/FIB-nanolab and AFM are useful for
providing information about Zn metallized materials by VPM and MPI processes and the growth of

uniform thin films.
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Although only DFT calculations were performed to correlate NMR, IR and UV-Visible spectra, the
good correlation results allow confirming together with molecular dynamics and docking, the
applicability of theoretical methods as well as the prediction of properties.

Regarding the type of samples for ALD reactor, since the chemical structure of Enterobactin and
FeEnterobactin remains to the organometallic precursor; here diethylzinc (DEZn) performed at room
temperature together with the broad list of ALD precursors in the market which can be performed at
room temperature like DEZn and trimethylaluminium (TMA). The soft molecules used here permits
to extend the applicability of ALD to pharmaceutical field.

Since nanostructures remain after to the reaction with organometallic precursors, the implementation
of ALD processes at low temperature is a potential route to transform those nanostructures and
molecules with poor properties in new and innovative multifunctional atomic structures, establishing
to ALD processes like a forefront tool enable atomic level control.

In addition, the use of resist patterns and other templates like AAO or nanocomposites provides
forefront platform for the build of novel devices. The extensive list of ALD precursors available in
the market support the growth toward to the multifunctionality of nanodevices, only limited for the
strategies of synthesis and design of the device.

Thus, in this thesis, we have shown the versatility of ALD processes to realize novel thin films and
pursue various functionalization strategies with the control of the functionalization of molecule and
crystal structures, and growth at the atomic level which leads to the development of multifunctional

nanodevices with defined and transportable morphologies.

247




Chapter VIII

248




Chapter IX

CHAPTER IX.

CONCLUSIONS
AND

FUTURE WORK.

243




Chapter IX

IX.1 CONCLUSIONS

Zn metalation-VMP process of soft molecules leads to bond-specific functionalization becoming it a
forefront tool for devices based on organic molecules and the pharmaceutical field. This in a solvent-

free environment and room temperature.

Zn metalation-VPM process provides a way to functionalize soft nanostructured materials with empty
sites, vacancies defects and interlamellar spaces by the growth of w-ZnO monocrystals between
layers and their metamorphosis to zinc metalates which drives to change their crystal structure and
thereby their optical and magnetic properties. This without changing their morphologies, in a solvent-

free environment and low temperature.

Zn metalation-MPI process on Mw-H,Ti20; NTs promotes the nucleation of opals w-ZnO around of
nanotubes, w-ZnO monocrystals between layers and inside of the nanotubes which drive to the
synthesis of the layer by layer inorganic nanocomposites. Nanomaterials potentially useful as
photoanodes for dye-sensitized solar cells (DSCs) and sensors.

The development of new and innovative atomic structures displaying multifunctional properties goes
together with progress in advanced processes which enable atomic level control. One leading
deposition technique is Atomic layer deposition (ALD), which has emerged as a powerful tool for
bond-specific functionalization and the growth of stoichiometric films over wafer scale and high area

uniformity.

Semiconductors based on metal oxide like a-V20s and a-MnQO2 lead to the growth of stoichiometric
films over wafer scale and high area uniformity at low temperature facilitating the developed of

multifunctional nanodevices based in resist patterns.

Multifunctional nanomembranes can be easily constructed by ALD-MLD processes performed at a
low temperature extending the utility of those materials to the technologies based on the polymer

electrolyte and carboxylates anodes.

DFT, MD and docking are the forefront computational tools for the calculation and prediction of the
spectroscopic and electronic properties of atomic structures, in the pharmaceutical and energy storage
field.
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The development of new and innovative atomic structures displaying multifunctional properties can
be gotten by Atomic layer deposition (ALD), vapor phase metalation (VPM), multiple pulsed vapor-
phase infiltration (MPI), molecular layer deposition (MLD).

Thus, in this thesis, we have probed the versatility of ALD processes to realize novel thin films and

pursue various functionalization strategies.
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IX.2 FUTURE WORK.

To functionalize actual and new siderophores with organic fragments, predict their properties by

implementing computational tools as DFT, MD and docking, and carried-out microbiological assays.

To get individual applications of the nanomaterials here studied by using the templates obtained by
photolithography and nanolithography obtained in this thesis but not specified, like shows in figure
9.1.

To improve some properties if it will be necessary by means of their functionalization using VPM

and MPI processes or synthesized new materials.

To get an integrated multifunctional nanodevice using the nanomaterials here investigated, we have
special interest on integrated Lab-on-Chip & Control Drug delivery system, magnetic-memory

nanochip. Figure 9.2 shows a scheme of the integrated multifunctional nanodevice desired.

Additionally, we have used Zn metalation-VPM to functionalize other siderophores like citrate, and
other nanomaterials based on vanadium oxide as; urchins, bearings and nanotubes, and lamellar
nanocomposites such as; (HAD)-(Li)MoS;, (Na)Bentonite, (Carboxylicacid)ZnO, (DDA)TiO, with

Zn and Ti and ZnO nanowires with Ti. We expect to complete those experiment in the future.
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ANNEX

ANNEX-1

Table 1.1. Experimental and calculated Model 1 3C and *H chemical shifts (ppm) of HiEBZnOH.

Calculated Exp.
HeEB-ZnOH HeEBZNOH
(Model 1)
H 18C d *Hm (J [Hz]) dBC
10” 9.29 9.02 132.52 133.19 7.34 7.34* brd 122.3
10° 9.29 136.37 7.28 (8.3) 120.0 122.3*
10 8.49 130.69 7.25 120.0
8” 8.21 8.36 131.72 129.82 6.92 6.87 *br d 120.0
8 8.27 131.62 6.87 (7.6) 116.8 116.8*
8 8.61 126.13
9” 8.07 8.02 129.36 125.55 6.70 6.35 *dd 116.2
9 8.13 129.25 6.35 (8.3/7.6) 113.7 113.7*
9 7.88 118.04
2 5.76 5.79 45.01 44.42 5.22 53.9
2 6 41.42 5.04 5.22 *m 53.9 53.9*
27 5.62 46.83 4.97 53.9
4.68 56.5
3A 6.94 6.19 58.27 57.66 5.38 66.02
3A 6.27 56.25 4.70 66.02 66.02*
3A 5.35 58.45 4.60 5.38*m 66.02
3B 4.28 4.89 58.27 57.66 3.98 66.02
3B 4.11 56.25 3.97 3.98 *br d 62.5 66.02*
3B 6.27 58.45 3.89 (11.0) 62.5
4/4°/4> 187.69/172. 177.85
59/173.26 170,9
5/5°/5” 121.12/129. 123.98
52/121.30 1179
6/6°/6” 161.60/146. 151.21
19/14585s | | | e
71717 147.21/144. 149.34 1475
97/150.85
vrn> 177.08/180. 177.92
15117654 | 0 e

(*) Average.
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ANNEX

Table 1.2. Calculated *3C and *H chemical shifts (ppm) of HEEBZnOH of Model 2 and Model 1+2.

Calculated Calculated
HsEB-ZNOH HeEB-ZnOH
(Model 2) (Model 1+2)
lH 13C 1H 13C
10” 8.05 123.7
10° 8.1 7.69 128.01 122.75 8.35 127.97
10 6.91 116.54
8” 6.55 118.8
8’ 6.47 5.95 121.91 110.37 7.16 120.10
8 4.83 90.41
9” 6.87 118.48
9’ 6.47 6.50 116.02 117.98 7.26 121.77
9 6.15 119.45
2 3.70 38.4
2” 4.80 4.23 36.4 36.67 5.01 40.54
2” 4.20 35.2
3A 5.23 42.29
3A 4.97 4.69 52.88 49.18 5.44 53.42
3A 3.87 52.36
3B 3.16 42.29
3B 3.65 4.04 52.88 49,18 4.46 53.42
3B 5.30 52.36
4/4°/4° 166,93
16562 156.03 166.95
135,61
SI5°15” 113,42
112,19 109.04 116.51
101,52
6/6°/6>° 143,06
14111 137.60 144.41
128,62
7717 135,96
13305  132.06 1407
127,16
1/1°/1”° 189,1
174,92 180.7 179.32
178,1
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ANNEX

Table 1.3. 3C chemical shifts considered to obtain statistical data.

Model 1 Model 2 Model 1+2 Experimental | Experimental | Experimental | Calculated
(Order 1) (Order 2) HeEB HeEB
13C 13C 13C 13C 13C 13C 13C
10 133.19 122.75 127.97 122.3 116.8 119.7 126.8
8 129.82 110.37 120.10 116.8 113.7 119.8 125.1
9 125.55 117.98 121.77 113.7 122.3 119.6 126.5
2 44.42 36.67 40.54 53.9 53.9 53.7 45.6
3 57.66 49.18 53.42 66.02 66.02 65.8 55.2
4 177.85 156.05 166.95 170.9 170.9 170.7 177.0
5 123.98 109.07 116.51 117.9 117.9 116.8 125.0
7 149.34 132.06 140.7 1475 147.5 147.2 149.3

Table 1.4. Calculated and experimental *3C & linear correlation results (statistical data).

Name y=m*X+b S.D R?
Model 1 vs Experimental | Y=0.84X +15.71 5.72 0.98
order 1

Model 2 vs Experimental | Y=0.91X + 18.7 7.72 0.97
order 1

Model 1+2 vs Y=0.88X+16.74 6.52 0.98
Experimental order 1

Model 1 vs Experimental | Y= 0.835X+15.591 6.77 0.974
order 2

Model 2 vs Experimental | Y=0.913X+ 18.725 7.77 0.9659
order 2

Model 1+2 vs Y=0.8738X+ 16.935 7.06 0.9718
Experimental order 2

Table 1.5. 'H chemical shifts considered to obtain statistical data.

Model 1 Model 2 Model 1+2 Experimental | Experimental | Experimental | Calculated
(Order 1) (Order 2) HeEB HeEB
lH lH lH lH lH lH lH
10 9.02 7.69 8.35 7.34 6.87 7.24 8.47
8 8.36 5.95 7.16 6.87 6.35 6.94 8.04
9 8.02 6.50 7.26 6.35 7.34 6.69 7.76
2 5.79 4.23 5.01 5.22 5.22 5.04 5.33
3A 6.19 4.69 5.44 5.38 5.38 4.69 6.14
3B 4.89 4.04 4.46 3.98 3.98 4.61 4.63

Table 1.6. Calculated and experimental *H & linear correlation results (statistical data).

Name y=m*X+Db S.D R?

Model 1 vs Experimental order 1 Y=0.74X + 0.65 0.25 0.97
Model 2 vs Experimental order 1 Y=0.78X + 1.54 0.56 0.83
Model 1+2 vs Experimental order 1 Y=0.79X + 0.97 0.38 0.93
Model 1vs Experimental order 2 Y=0.6908X+ 0.99 0.54 0.85
Model 2 vs Experimental order 2 Y=0.7559X+ 1.6868 0.65 0.78
Model 1+2 vs Experimental order 2 Y=0.7388X+ 1.2162 0.56 0.83
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Table 1.7. Condition Stablished from experimental *C § in CD3;OD of HsEEBZnOH and HeEB.

Label HsEB HsEBZnOH Condition HsEB Condition

in CDsOD (Order 1) Stablished in CDs0OD Stablished

in CD30D in CD30D in CD30D
10 119.7 122.3 < 119.7 >
8 119.8 116.8 > 119.8 >
9 119.6 113.7 > 119.6 <
3 65.8 66.02 < 65.8 <
2 53.7 53.9 < 53.7 <

Table 1.8. Evaluation of the condition stablished from experimental **C using theoretical *C § of
the HeEB (see chapter 5.1), Model 1 and Model 2.

Label HeEB Model 1 | Condition HeEB Model 2 Condition
Stablished. Stablished
Does it apply?
Does it apply?
10 126.8 133.19 < 126.8 122.75 >
8 125.1 129.82 < 125.1 110.37 >
9 126.5 125.55 > 126.5 117.98 >
3 55.2 57.66 < 55.2 49.18 >
2 45.6 44.42 > 45.6 36.67 >
| I 10 g s 2,735
a) | [ | SR i SilikT
— 401 I —
60 ) AR
E i . 604 ] B e
g " g
£ 80 e
% 90 %
b 4
;9 0 ;;:100
10 L 120 E
120 o o = . " - =
70 65 60 55 50 45 40 ; 7 p ;o
1H (8, in ppm) 'H (5, in ppm)

calculated

Figure 1.1. ©*C-'H 2D-NMR Spectra of (a) HeEEB(ZnOH). experimental result and (b) extended

simulated HsEB(ZnOH), (model 1).
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Figure 1.2. 3C-'H 2D-NMR Spectra of the extended simulated HsEB(ZnOH). (model 2).
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Figure 1.3. **C-'H 2D-NMR Spectra of the extended simulated HeEB(ZnOH). (model 1+2).
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a) Model 1 b) Model 1
s 180
75 y=0,7386x + 0,6531 160 y=0,8384x + 15,236

R*=0,9681 R?=0,9815

7 140
o 2 S e E— £ 120
& 6 ‘ = 100
c
€ 55 £
S ; < 80
3 ° §
T a5 § 0
4 10
35 20
3 0
45 55 6,5 75 85 95 40 60 80 100 120 140 160 180

1 ! H
Hear (8, in ppm) 13Ceai(8, in ppm)

Figure 1. 4. C,'H Model 1 linear correlation; a) Hexperimentar and *Hcae linear correlation
(lHExperimentalzo.7386 chalc + 06531), and (b) 13Cexperimenta| and 13Cca|c Iinear COI’re|ati0n (
lSCExperimenta|:O.8384 13Cca|c + 15236)

a) Model 2 b) Model 2
8 180
75 y=0,7822x + 1,5418 y=0,9132x + 18,717
! 160 R?=0,9663

R*=0,8342

N

Ece |l = 140
o &
£ 6 =120
< =
g R E— < 100
a 5 3
T o
5 80
45
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N .
Heaic (8, in ppm) 13Cea(8, in ppm)

Figure 1. 5. C,'H Model 2 linear correlation; a) Hexperimentat and *Hcae linear correlation
(lHExperimenta|=O.7822 chalc + 15418), and (b) 13Cexperimen[a| and 13Ccalc ||nea|’ COI’I’ElatIOﬂ (
13CExperimenta|=0.9132 13Cca|c + 18717)

a) Model 1+2 b) Model 1+2
8 180
75 v=0,7783x+ 0,9681 . v =08757x * 16,743
160 R?=0,9759

RZ=0,9251
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Figure 1. 6. 3C,'H Model 1+2 linear correlation; a) *Hexperimenta and *Hcaic linear correlation
(1HExperimenta|=O.7783 chalc + 09681), and (b) lgCexperimental and 13Cca|c Ilnear COI’I’e|ati0n (
13CExperimenta|=O.8757 13Cca|c + 16743)
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ANNEX-I1

2.1S- 2 ESEM.

Figure 2.1 reveals that small squares growth from heterosupramolecular squares buildings. They arise
from unassembled threads like exhibits in figure 2.1-1b (inset). Figure 2.1-1c shows the rolling
beginning of squares packed revelling their individual lamellar morphology which could lead to the
formation of nanotubes. Figure 2.1-1d shows the presence of rod morphology which arouse from

squares buildings and concentric squares like show in figure 2.1-1e and 2.1-1f.

Figure 2.1 S- 2 ESEM micrographs at different scale bars revelling the squares growth.
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ANNEX

2.2S2HRTEM.

The structural study, including HRTEM together with SAED of S- 2 are showed in figure 2.2. It

indicates that the structure of the (NH.)2V7O1s compound corresponds to a square network 2D with a

=b =0.61 nmand a = = 90° like reported Nesper et al [Nesper, R. et al 2002] with crystal cell
parameters; a: 6.161(2)A, b: 6.170(2)A and c: 19.111(7)A, and «: 96,13°, p: 92.819 and y: 90.067°,

suggesting the existence of triclinic p™* space group.

Figure 2.2 S- 2 HRTEM micrographs at different scale bars; a) 1 um and b) 0.5 um and c) SAED

analysis.

2.3 S- 2 XPS.
20x10°7  Sample 2
a b O1s
O 1s V2p 5x10* - 530,0 eV
1530,0 eV
1,5x10° | .
4x10* 4
—_— 1 vaa/z
:' V 2s 1 516,4 eV
s 1,0x10° | 630,8 eV 3x10* - V2p,,
> 523,7 eV
= | ]
2 3
2x10*
[ . |
E 5,0x10
1x10' 1 —— O1s V2p Region
0,0 - Long Scan ] — V(5+)
0 1s (530,0 eV) — V(4+)
—T— 777
1200 1000 800 600 400 200 O 535 530 525 520 515 510
Binding Energy (eV)

Figure 2.3 S 2 XPS result; a) XPS survey scan and b) detailed XPS data of the O 1s and V 2p regions.
2.4 S- 2 IR Spectra.

xxiii




ANNEX

S-2 spectra of two characteristic zones is showed in figure 2.4 In the range 3800 - 1400 cm?, they
show N-H bands attributable to the ammonium cation (NH."). At lower energies, in the range 1100 -
450 cm the typical vibrations of vanadium oxide are observed; among them, the vanadyl bond, V=0
has a special interest for this study. The tetrahedral ammonium ion has 4 normal vibrational modes;
two N-H stretch vibrations, one symmetrical (vi) ~3278 cm™ and other asymmetric (vs) ~3367 cm
respectively, one symmetyric bend (v2) ~1682 cm?, and one asymmetyric bend ~1439 cm™ (v4) [
Pankewitz et al 2007]. Of these, only two are active in the infrared (v3 and v4). However, the ion
symmetry can be reduced when there are interactions with either neighbouring, solvent counterions,
or/and solid lattices, generating more complex spectra [ Pankewitz et al 2007]. The latter appears to
be the case for the ammonium ions present in the compound (NH.)2V7O1s. In the higher-frequency
region of the spectrum there is a set of absorptions that can be assigned to the stretching vibration
modes of ammonium ion, both free and interacting with the matrix by hydrogen bridges. Broadband
centered at 3440 cm™ can thus correspond to the asymmetric (v3) and symmetric (v1) stretching
modes of free N-H bonds.

The symmetric bend modes (v2) of the same N-H bonds appears in the range of 1515-1556 cm™,
while those of asymmetric bend modes (v4) are in bands centred at 1396 and 1433 cm™. On the other
hand, the bands centred at 3169 and 3198 cm™ would correspond to the asymmetric stretching
vibrations, while that at 2919 cm™ can be assigned to the symmetrical stretching of the N-H bonds
linked to the lattice. The symmetric bend modes “v>” and asymmetric bend modes “v4” in these types
of bonds (N-H-O = V) would be those located at 1691-1714 c¢cm™ and 1617 and 1647 cmY,
respectively. The band assignment in the spectrum of in figure 2.4 are compared with ammonium ion
complexes in ammonia reported for Schwarz et al [ Schwarz, H. A. et al 1980] and Pankewitz et al [
Pankewitz, T. et al 2007. ]. At low frequencies of the FT-IR spectrum, it corresponds to the vibrations
of the vanadium oxide lattice, the absorptions that appear at 490, 573 and 786 cm™* correspond to V-
O-V vibrations, whereas that at 991 cm™ is characteristic of V=0 bond asymmetric stretching mode.
The absorptions at 490 and 573 cm™ have been assigned to the modes of deformation of the V-O-V
bond and the (V-O-V) symmetrical stretching respectively in V,0s. FT-IR from nanotubes and
nanourchin vanadium oxide reported by Chen. X., et al [ Chen, X. et al 2002] and O'Dwyer, C., et al
[ O'Dwyer, C. et al 2009. ]. The absorption band at 786 cm™ is close to the (V-O-V) vs vibration
reported by Cui, H-H., Y et al [ Cui, H-H. et al 2008. ]. The absorption detected as a shoulder at 936

cmt in the spectrum illustrated in figure 2.4 may correspond to a vibration observed by Raj, DA, et
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al [ Raj, D. A. Curr. et al 2010] at 836 cm™* which correspond to the overlapping of the (V = O)v

stretching modes and (VOV)v, or impurities in the sample.
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Figure 2.4 S 2 IR spectra.
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2.5 S- 3 IR Spectra.

Table 2.1 S- 3 and 4 IR frequencies and bands assignment. Ref [Markova-Velichkova M. et al 2009,

Ni. S. et al 2010]

S-3 S-4 Band Assighment
3936.18 3936.02 V-OH
3890.54 3892.75 V-OH
3863.29 O-H from Zn-OH
3853.99 3851.57 O-H
O-H
3826.52 3825.88 O-H
3811.16 3810.25 O-H
3744-3622 3741-3497 H-O-H
ZnOH
3077.74 3190.26 NH;
2973.58 C-H
2940.49 2921.05 C-H
2857.02 C-H
2869.24 2728.96 C-H
2828.16
1698.57 1698.57 O-H
1643.73 1643.01 NH,4
1501.94 1509.1 NH,4
1470.14 1470.15 NH,4
1291.69 1264.11 V=0
1163.53 V=0
1035.69 1085.98 V=0
811.48 999.02 V=0
853.75 Zn0s, VO [Markova-Velichkova M. et al
2009]
765.74 V-0-V
688.19 Zn0s, VO [Markova-Velichkova M. et al
2009]
596.69 587.60 ZnQOg, V-O-V [Markova-Velichkova M. et al
2009]
537.31 ZnOg, VO [Markova-Velichkova M. et al
2009]
509.74 Zn05, VOs
480.50 Zn-O [Ni S. et al 2010]
465.20 Zn-O [ Ni S. et al 2010]
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2.6 S- 3 ESEM.

Figure 2.5S 3 ESEM images with different magnification; a) 10 um, b) 5 um, ¢) 5 um and d) 200nm.

0.80 1.60 2.40 3.20 4.00 4.80 5.60 6.40 7.20 keV

Figure 2.6 S- 3 EDX results.

Figure 2.7 shows branches-like arousing from the surface, and fringes-like in both edges and corner
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square which are frequently defects of the material. Indeed, crystals are invariably imperfect because
the presence of defects up to a certain concentration leads to a reduction of free energy. Vacancy is a
stoichiometry defect and often involves an atom displaced off its lattice site into and interstitial site
that is normally empty like NaCl (schottky defect) and AgCl (Frenkel defect) type structure. So,
vacancy point defect affects not only the direction of crystal growing (dimensionality), but also their
electronic properties as charge carries and mobility [Morris. J. W. et al 2013]. Vacancy point defect,
dislocations and stacking faults are viewed in V7016 squares, and although they are like traces in the

sample, fringes-like defects seem to be that at certain size become in nanotubes from a rolling edge

of the square, being he dislocation defect their starting point.

Figure 2.7 S- 3 TEM defects images (a,b) Fringe edges-staking faults; (c,d) rolling tubes; (e,f)
dislocation.
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2.8 S- 3 XPS results.

Figure 2.8 depicted the survey scan which showed the presence of vanadium, oxygen, carbon and
nitrogen. Although the sample was doped with iodine the amount taken up was below the detection
limit of the XPS measurement. Deconvolution of the vanadium 2p3/2 peak, following literature
procedures [Biesinge, M. et al 2010, Silversmit, G. J. et al 2004], showed the presence of two
oxidation states, V°" and V#*. The V°* component was found at 517.1eV whilst the 4+ component
was centred at 515.7eV. Further analysis showed a ratio of VV°*: V** of approximately 2.2: 1 (68.75%
vs 31.25%).

T T T T T T T T T T T T T T T LI T
() o1 o Rawema
& —— V" component
= = 1 ——V* component
o 2 —— O from vanadium oxides
g 5 ——Other O
g g
© 8
=z 2|
z | =
Bl E
—
K'r::“%' ! T ! T ! ! ! L B I LA R B B e
1200 1000 800 600 400 200 0 540 535 530 525 520 515 510

Binding Energy (eV) Binding Energy (eV)

Figure 2.8 S- 3 XPS result; a) XPS survey scan b) N 1s region and c¢) detailed XPS data of the O 1s
and V 2p regions.

The O 1s region shows the presence of at least two components as detailed above. The lower binding
energy component (at 529.8eV) is assigned to vanadium oxide species (V°* and V#*) whilst the
smaller, higher binding energy component is assigned to hydroxide species, water and oxygen content
from the underlying carbon tape. Nitrogen was expected due the presence of an ammonium group in
the complex (figure 2.8b). The C 1s signal was almost entirely assigned to the underlying carbon tape.
Elemental composition results showed the following (taking into account only the O assigned to
vanadium oxide): Overall: V (27%): O (65%): N (8%), V: O of 1: 2.4 (close to the theoretical V7O1s
of 1:2.3),V:N35:1,0:N85:1.
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2.8 S- 4 Raman cross-section.

Table 2. 2 S- 3, NH4V30g, NH4VVO3 and V.05 Raman frequencies and bands assignment.

S-3 NH4V30g NHsVO; [Twu | V205 Band assignment
[Souza-Filho. Jetal. 1997] [Zakharova,
AG et al 2004] GS et al
2013]
150.40 s ND ND ND o0V-0; V-0-V; N-H
278.45s 265/297 260 286 o0V-0; V-0-V; N-H
350.27 s 370 329/378 303 oV-0; V-0-V; N-H
483.52's 428/442 495 406 vV-0-V
527.21s 514/555 514/555 vV-0-V
681.01s 675/810 645/895 675/810 vV-0-V
874 vV=0 in distorted Oh
993.57s 963 927 963/992 vV=0 in distorted Oh and SP.
1017 vV=0 in distorted Oh
ND: No data.
Table 4. S- 3 and 4 surface map Raman spectra.
S-3 S-4 ZnyV20 | Zna(VO ZnO Band
7 #)3[Ni, S | Wurtzit | Assignment
[Schwe etal a
ndt, P. 2010] [Decre
etal. mps, F.
1975] etal
2001]
Gray Blue Orange Sky Black
Blue
150.4 148 155 V-0, dN-H
168.35 | 168.35 168.40 | 172.03 | 161 178 0Zn-0
278.45 265.69 | 264.32 264.40 | 270.45 | 269 261 oV-0, ON-H
309.82 309.82 | 310.04 | 303/ 317 oV-0
325 ON-H
324.46 329 Zn0O
350.27 oV-0
ON-H
375.79 | 376.66 376.66 | 395.48 | 352 382 0Zn0O
401.35 | 396.77 396.77 | 419.70 | 431 394/ 414/ vZnO
457
425.97 433
483.52 493.9/ | 503.63 517.04 | 505.2 514 vV-0-V
509.25
527.21
574.80 | 575.88 575.88 574/ vZnO
580
616.76 | 610.70 604.00 | 606.81 vZnO
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681.01 vW-0-V
688.57 | 684.25 687.07 | 689.66 691 vZn-0O
727.08 | 727.78 725.78 | 719 vW-0-V
775.75 769.91 | 786 796 vVv-0
807.55 | 806.46 - 798.03 | 812 815 vV-0O
8
874
850.16/ 850.16/ | 844.75/ | 858/ 860 vVv=0
868.98 862.27 | 867.46 | 863 distorted
Oh, SP
888.44 | 902.29 906.40 | 907.70 | 912 vVv=0
993.57 964 vVv=0
1017 vVv=0

2.4.2 S- 4 FIB-SEM-EDX.

Figure 2.9 S- 4 FIB-SEM-ED micrographs.
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3 )BO_ Equation y=a+b% . b ) ] [ Equation y=a+b*
Adi. R-Square  0,99887 804 Adj. R-Square  0,99985
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Figure 2.11 XRD Linear correlation of Zn3V30s (a) and ZnO (b) with S- 4.
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4.1 AIO-T ALD-MLD.

ANNEX-1V

Table 4.1 Model 1-4 and TCI bond distances (A).

Numb Bond Model 1 Model 2 Model 3 Model 4 TCL
er (A9
25-26 |O-H |- | -— | 0.96335
25-3 O-Al |- || e 1.71434
1-2 H-O 0.96368 0.96369 0.96372 0.96332
2-3 O-Al 1.68457 1.67819 1.67641 1.71429
3-4 Al-O 1.75055 1.75944 1.76140 1.91296
3-5 Al-O 1.75439 1.76346 1.76503 1.91296
5-6 0-C 1.39035 1.37736 1.37425 1.28481 (cC-Qn
1.81386
4-6 0-C 1.38942 1.37628 1.37345 1.28485 1.19570
6-7 Cc-C 1.35649 1.39280 1.39267 (C:::C) | 1.4765 1.4904
(C=0) (C::O) (C-0)
7-8 Cc-C 1.4513 1.43147 1.43267 (C:::C) | 1.40343( | 1.40562
(C-C) (C:::0) C:::0)
8-11 C-H 1.08592 1.08525 1.08500 (C=C) | 1.08477 1.08350
(C=C)
8-10 Cc-C 1.35496(C= | 1.37999 1.37744 1.39124( | 1.39102
0) C:::0)
10-15 | C-H 1.08590 1.08475 1.08529 1.08477 1.08467
10-14 | C-C 1.45715 ( 1.41529 1.41693 1.40344 1.40562
C-O
7-9 C-C 1.45729 ( 1.43235 1.43265 1.40343 1.40562
C-O)
9-13 C-H 1.08584 1.08518 1.08499 1.08477 1.08467
9-12 Cc-C 1.35479 1.37826 1.37747 1.39124 1.39102
(C=C)
12-16 | C-H 1.08586 1.08549 1.08529 1.08477 1.08351
12-14 | C-C 1.45728( 1.41628 1.41700 1.40343 1.40308
C-O
14-17 | C-C 1.35649 1.46997 (C-C) | 1.44751 (C:::C) | 1.4766 1.49107
(C=C) (C-C)
17-19 | C-O 1.38935 1.23128 1.29728 (C:::0) | 1.28480 (C-Qh
(C=0) (C=0) 1.81366
19-20 | O-Al 1.75079 | ----- 1.89330 1.91301
17-18 | C-O 1.39041 1.35497 1.29740 1.28486 1.19571
18-20 | O-Al 1.75414 1.75630 1.89316 191301 | --------
20-21 | Al-O 1.68466 1.68466 1.72341 171429 | —----—---
21-22 | O-H 0.96371 0.96371 0.96367 0.96333 | -------
20-23 | Al-O — | e 1.72343 1.71411 | --------
23-24 | O-H — | e 0.96367 0.96322 | ----------
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Table 4.2 Model 1-4 and TCI bond angles (°<).

Angle (<) Model 1 Model 2 | Model 3 Model 4 TCL
26-25-3 B Il T 125.64647

1-2-3 130.45486 | 131.98967 | 132.35769 | 125.72094

2-3-5 143.23642 | 137.41843 | 144.09354 | 110.05168

2-3-4 137.29184 | 137.41843 | 137.43407 | 113.98318

3-4-6 86.64545 86.55829 86.57796 87.66364

3-5-6 86.46641 86.36652 86.40935 87.66458

4-6-7 126.28629 | 125.77925 | 125.74386 | 122.27617 | 125.23925
5-6-7 126.29730 | 125.82728 | 125.71565 | 122.26157 | 115.73628
6-7-9 121.32995 | 120.71164 | 120.59312 | 119.60880 | 116.49180
6-7-8 121.40930 | 120.81811 | 120.62449 | 119.59684 | 123.73991
10-14-17 121.41613 | 122.20666 | 120.23558 | 119.60936 | 116.49286
12-14-17 121.32342 | 118.93006 | 120.27320 | 119.59637 | 123.73861
14-17-19 126.34479 | 123.77187 | 122.94564 | 122.26147 | (C-C-CI)115.73743
14-17-18 126.23845 | 114.93484 | 122.91525 | 122.27577 | 125.23487
17-18-20 86.47384 122.32080 | 87.82143 87.66382

17-19-20 86.63758 | -------------- 87.81860 87.66580

19-20-21 137.33380 | -------------- 115.29420 | 113.91616

18-20-21 143.19420 | 115.68911 | 110.99761 | 110.13695

20-21-22 130.38572 | 122.53190 | 123.8002 125.67648

18-20-23 | -------m---- 123.72539 | 115.31248 | 113.92293

20-23-24 | ----mmemmee- 112.38434 | 123.75590 | 125.90864
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Table 4.3 Model 1-4 and TCI dihedral angles (°<).

Dihedral Model 1 Model 2 Model 3 Model 4 TCL
Angle(<)

26-25-3-4 | ----em | e e 161.10805
1-2-3-4 -179.98379 | -179.99930 179.90056 | -123.59762
1-2-3-5 0.01188 -0.00209 0.06583 160.94998
3-4-6-7 179.98265 | -179.96559 - 179.92510

179.82794
3-5-6-7 -179.98266 | 179.96558 179.82807 | -179.92510
4-6-7-9 0.00159 -0.01513 -0.03101 0.19941 -0.00223 (CI-C-

C-C)
5-6-7-8 0.0000 0.02602 0.09096 0.15860 -0.00162
10-14-17-18 | -0.06098 0.06936 -0.02583 | -0.18104 0.00500
12-14-17-19 | 0.03025 0.06896 -0.02562 | -0.17881 0.00729
12-14-17-18 | 179.94373 -179.92538 179.98800 | 179.79902 -179.993
10-14-17-19 | -17997845 | -179.93830 179.96055 | -0.17881 -179.994 (C-C-
C-Cl)

14-17-19-20 | 179.89356 | --------- - 179.95013

179.94036
14-17-18-20 | -179.89369 | 179.93784 179.94036 | -179.95013
18-20-21-22 | -0.40895 -0.08613 - -160.54201

162.41779
19-20-21-22 | 179.80280 | --------- 120.26303 | 123.99430
18-20-23-24 | ---------- 0.00539 - 124.26194

161.92456
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4.2 Others lamellar nanocomposites obtained by ALD and MLD processes.

4.2.1 ZnO-T ALD-MLD.

mag (@ | det| WD 1pm \ W T —
kV'41 701 ETD 11.7 mm nanoGUNE k\ n nanoGUNE

Figure 4.1 2ZnO-T Cross-section SEM micrograph; a, b) lamellar overview, and ¢) EDX-map.

4.2.2 ZnO-EG ALD-MLD.

mag B| WD | pressure | HV 713121 humidity[  —— 500 nm mag B| WD | pressure Y 7/3/2013 [ humidity —— 500 nm —
60000 x| 5.6 mm |3.72e-3 Pa|10.00 kV|7:00:41 PM| - nanoGUNE 60 000 x| 6.0 mm |2.59¢-3 Pa|10.00 kV|7:20:58 PM| - nanoGUNE

Figure 4.2 2Zn0O-EG Cross-section SEM micrograph; a) and b) lamellar overview.
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4.2.3 20-V20s -T ALD-MLD.

pressure | 4/6/2013 | HV | mag @[ det | WD | 500 nm L.OD  Z.00 3.00 4.00 5.00 B.00 et
1.13e-3 Pa|7:35:18 PM |30.00 kV |80 000 x |[ETD [ 5.4 mm | nanoGUNE

Figure4.3 2V,0s-T cross-section SEM micrograph; a) lamellar nanostructures, and b) EDX-

analysis.

4.2.4 ZnO-T-SnOy ALD-MLD-ALD.

b)

ZnLa

400 nm -

[ 3/10/2013 | HV |[mag @ | det| WD | pressure | -

11:52:24 PM |10.00 kV|99 887 x |ETD | 7.5 mm |5 74e-4 Pa nanoGUNE 2.00 4.00 6.00 s8.00 10.00 keV

Figure 4.4 ZnO-T-SnO; cross-section SEM micrograph; a) lamellar nanostructures and b) EDX-

analysis.
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4.2.5 Al,O5-SnO,- AIOT- Mn,O, (ALD-MLD-ALD).

Figure 4.5 SiO»—Cu-Al;03-SnO,(anode)- AIOT (polymer electrolyte)- Mn,O, (Cathode) cross-

section SEM micrograph; a) lamellar nanostructures and b) EDX- analysis.
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