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Introduction

Advances in nanotechnology is strongly dependent on research
innovative nanostructured materials in nanostructure form. Multifunctional
metal oxides have recently emerged as smart materials with a wide range of
controllable properties leading to innovative device concepts. In particular,
zinc oxide (ZnO) presents an unique combination of interesting properties
such as non-toxicity, wide band-gap, high exciton binding energy at room
temperature, piezoelectric behavior, high physical, chemical and mechanical
stabilities [1]. Research on ZnO is an old story. In 1957, the New Jersey Zinc
Company published a book entitled “Zinc Oxide Rediscovered” to promote
the material’s properties worthy to be further investigated [2]. Since then,
ZnO have gained growing importance in the material science. In the last
decade, ZnO nanostructures have been the focus of intensive studies, being
an almost ideal systems both from a fundamental point of view (ease of
nanostructuration, energy band bending, intrinsic and extrinsic defects,
combination of polar and non-polar planes, ...) and from the applications
(energy harvesting devices, sensors, biomedical devices, lighting, ...). Many
methods, both physical and chemical, have been employed for the synthesis
of nanostructured ZnO; however most of the synthesis methods involve
expensive experimental set up and sophisticated equipment. One of the basic
requirements for nanomaterials to become industrially viable is the low
production cost alongside the possibility to supply large amount of non-toxic
material. In this regard, wet-chemical synthesis approaches are very
appealing, having the advantages of easy use, low cost, reduced process
temperatures and potential for scaling up. On the other hand, these kinds of
synthesis have the shortcoming of lack of a good control and reproducibly.
Overcoming these limitations and ensuring a high degree of reliability
represent important challenges for modern material science. Among the wet-
chemical approaches, chemical bath deposition (CBD) has emerged as the
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simplest and more versatile method for the synthesis of ZnO nanostructures.
It is a chemical process, similar to an electroless deposition of solid phase
from an aqueous solution. In this thesis, the attention is reserved to ZnO
nanorods (NRs) and nanowalls (NWLs). ZnO NRs grown by CBD are
among the most promising semiconducting nanostructures currently
investigated for a wide range of applications. ZnO NWLs represent a new
form of nanostructure with very large surface area, easy to synthesize by
CBD on Al-covered substrate. Currently, some investigations have been
focused on the microscopic mechanisms leading to the formation of ZnO
NRs and NWLs, however some outstanding issues remain to be solved. A
clearer comprehension of the growth mechanism in CBD and a better control
of the synthesis are fundamental issues for taking full advantage of this
technique. The work described in this thesis aims to deeper understand the
mechanisms underlying the formation of ZnO NRs and NWLs under CBD
conditions, attempting to clarify the role of synthetic parameters. Discerning
their effects leads to enhance the control over the growth process. The
potentialities of ZnO NRs and NWLs with optimized morphologies as
critical components in technological solar cell, photocatalysis and sensing
applications are also investigated.

The thesis is organized as follows:

The first chapter is devoted to a review of the basic physical
properties of ZnO and its nanostructuration. A brief selection of the different
promising applications of ZnO nanostructures is reported followed by
detailed description of some chemical and physical approaches for the
synthesis of ZnO nanostructures. In particular, a survey of the literature
about the low-cost chemical bath deposition of ZnO nanorods and nanowalls
is presented.

In the second chapter, a systematic investigation of the chemical
bath deposition of ZnO NRs using an aqueous solution with zinc nitrate salt
and hexamethylenetetramine (HMTA) is presented. An optimized procedure
for reproducible synthesis and the growth kinetics are presented and
discussed. In addition, an empirical study is reported evidencing the double
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role of HMTA in the NRs growth mechanism. HMTA is shown to
participate both as a supplier of OH ions and as a capping agent promoting
the anisotropic growth. These two actions are not mutually exclusive, and
the amount of HMTA in solution determines the key process variable. This
result contributes as a step towards a better control of CBD synthesis.

In the third chapter the light scattering effects from ZnO NRs grown
by CBD on flat and transparent substrate are examined, giving particular
emphasis to forward light scattering efficiencies. ZnO NRs with different
morphological features showed an high efficiency in forward diffusion of
visible light. By analyzing and modeling the light scattering performances, a
threshold in NRs length (~1p) was identified over which the light scattering
effect is enhanced. The applicability of ZnO NRs film as low-cost light
diffuser layer upon crystalline silicon (c-Si) solar cell is also presented. An
enhancement of the light-current conversion efficiency has been achieved for
wavelengths longer than 600 nm, attributable to the scattering of light by
NRs array.

The fourth chapter presents the main results about the synthesis and
application of ZnO NWLs. In particular, the effects of the solution
composition, pH, concentration of Al(OH), and growth time on the quality
of ZnO NWL films grown by CBD are examined. A prior oxidation of Al
substrate is proposed as a new, easy and inexpensive route for enhancing the
quality of ZnO NWLs. A self-screening model has been developed to
explain the growth kinetics of ZnO NWLs. The promising results of ZnO
NWLs as pH sensing material and as photocatalyst substrate are finally
shown.






Chapter 1

ZnO: Properties, Synthesis and Applications

Low-dimensional ZnO structures have recently attracted more and
more interest in scientific research. In the last years, ZnO nanowires
and nanorods have been defined as the most representative one-
dimensional nanostructures, together with silicon nanowires and
carbon nanotubes. Indeed, the number of publications and the cross-
referenced areas based on ZnO nanostructures are as large and
important as literature in quantum computing, carbon nanotube,
semiconductor thin films, and dark matter [3]. The reasons of this
great interest can be also ascribed to the ease of growing
nanostructures with noticeable performances and in a large number
of intriguing shapes.

In this chapter the basic physical properties of ZnO are described.
Then, a brief selection of the different promising applications of ZnO
nanostructures is reported followed by detailed description of some
chemical and physical approaches for the synthesis of ZnO
nanostructures, with particular attention to low-cost chemical
deposition of ZnO nanorods and nanowalls.
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1.1 Fundamentals of ZnO

Zinc oxide (ZnO) is a II-VI inorganic semiconductor, relatively
abundant in nature as mineral zincite and it is widely used in various
industrial products as summarized in Figure 1.1 [1].

ZnO has been investigated as semiconductor material since the
1930s [4]. Between the beginning of the eighties and mid-nineties, the
research on ZnO suffered a setback, partially due to the difficulty to achieve
a robust p-type doping. Furthermore, at that time, the interest was directed to
III-V semiconductors whose ambipolar doping and nanostructuring were
already easy to obtain [5]. Conversely, in the last 20 years, ZnO has
experienced a renewed interest in scientific research pushed by its great
versatility in terms of synthesis methods for epitaxial layers and
nanostructures and for related potential applications.
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Figure 1.1: Industrial applications of ZnO. Scheme adapted from ref [1].

The new era for ZnO started in the field of optoelectronics, fueled by the
impressive progress in developing efficient short wavelength emitters based
on wide band-gap semiconductors. GaN based structures were the focus of
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many work since GaN p-n junctions showed favorable performance as
blue/UV diodes and lasers [6]. The need to find high quality, closely lattice
matched substrate for GaN, stimulated the research on ZnO that provides a
close match in addition to the possibility to grow large bulk single crystal
[7]. Thereafter, not only the versatility of ZnO was revaluated but also new
potentialities were defined [5, 8, 9].
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Figure 1.2: A collection of ZnO nanostructures: (a) nanobelt; (b) aligned nanowire
arrays; (c) nanotubes; (d) array of propellers; (¢) mesoporous nanowires; (f) cages
and shell structures; and (g) hierarchical shell and propeller structure. The
percentage in each figure indicates the purity of the as-synthesized sample for the
specific nanostructure. Adapted from ref [10].
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One of the most intriguing aspect of ZnO is the possibility to easily
grow many different nanoscale forms. Figure 1.2 (a-g) reports a collection of
ZnO nanostructures: nanobelt (NBs), aligned nanowires (NWs) and
nanorods (NRs), nanotubes (NTs), nanopropellers, porous NRs and
hierarchical nanostructures. Current research has been focused on these nano
and micro scale structures, representing the fundamental building blocks of
the modern physical science and engineering. The reduction in size provides
the opportunity of developing new generation devices compared to
conventional bulk materials. Table 1.1 lists several physical properties of
wurtzite ZnO, most of which are pertinent also to low dimensional material,
though it is know that the nanostructuring leads to effects - quantum
confinement effect and enhanced surface states- affecting some important
properties such as quantum transport and enhanced radiative recombination
of carriers [11-14].

Properties Value
Lattice Constant (300 K) a=3.250 A; c=5.207 A
Density 5.606 g/cm’
Melting Point 2248 K
Refractive index 2.008, 2.029
Band Gap Energy 344¢eV-337¢eV
Exciton Binding Energy 60 meV
Effective Mass 0.24 (electron); 0.59 (hole)
Mobility 100-200 cm*/Vs (electron); 5-50 cm?/V's (hole)

Tablel.1: Physical and structural properties of wurtzite ZnO.

1.1.1  Crystallographic Properties of ZnO

Under ambient conditions, the crystal structure of ZnO is
preferentially the hexagonal wurtzite with lattice parameters a=3.250 A and
¢=5.207 A [15] in which each Zn anion is surrounded by four O ions at the
corners of a tetrahedron, and vice versa (Figure 1.3(a)).
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(0001)-Zn

(@)

(O111) oi11)

Figure 1.3: (a) Wurtzite Structure of ZnO. O atoms are shown as red spheres, Zn
atoms as grey spheres. The unit cell is identified by black lines. (b) The projected

structure of ZnO along a-axis, showing the {0001} and {0111} polar surfaces.
Adapted from [10].

It is worth noting that for hexagonal crystals, four-indices (kkil) system, is
used to indicate the crystallographic planes and direction, instead of usual
three-indices (hkl) Miller notation. The index i is given by the A+k+i=0.
This four-axis representation is called Miller-Bravais and it takes into
account the crystal symmetry of hexagonal structure, avoiding that
crystallographic equivalent planes are indicated with dissimilar indices. The
tetrahedral coordination is typical of sp’ covalent bonding nature, however
ZnQO, as the other II-VI compounds, has a strong ionic characteristic as
demonstrated by its ionicity f=0.616, border value between covalent and
ionic semiconductor [12]. This fraction of ionic binding is responsible for
the large gap between the conduction and valence bands (ZnO energy
bandgap E,=3.44 eV, at low temperature) [5].

ZnO can also crystallize in cubic zinc blende, a metastable phase
that can be made stable only by heteroepitaxial growth on cubic substrates,
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and in rocksalt structure, high-pressure metastable phase [16]. All the
crystalline forms of ZnO exhibits crystallographic polarity which contributes
to many properties of ZnO, as piezoelectricity, and affects the growth
mechanisms and the defect generation. In wurtzite ZnO structure, along the
<0001> direction (c-axis), there is an alternation of Zn-terminated (0001)
and O-terminated (0001) polar planes. The {1011} planes of wurtzite ZnO
are another group of polar planes with higher surface energy (see Figure

1.3(b)). Other common crystal faces terminations are the non-polar (1120)

and (1010), both containing the same number of Zn and O atoms. Figure
1.4(a-c) reports some typical growth morphologies of ZnO one-dimensional

(1D) nanostructures in which the non-polar planes (0110) and (2110) results
maximized because of their lower surface energies. On the other hand,
introducing planar defects parallel to the polar faces allows to grow
structures dominated by polar surfaces, as in the case of nanobelt shown in
Figure 1.4(d).

(a) Nanowire/nanorod (b) Nanobelt type [ () Nanobelt type 11 (d) Polar-nanobelt
(0001) (0001) (0110) (2110) or (0110)

(orro)

(0110)0r (2110)

Figure 1.4: Typical growth morphologies of one-dimensional ZnO nanostructures
and the corresponding facets [3].
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1.1.2  Band Structure and Optical Properties

A precise knowledge of the band structure is crucial for
understanding the potential applications of a semiconductor. Consequently,
many studies, both theoretical and experimental ones, were devoted to
calculate the band structure of ZnO [17-22]. The bottom of the conduction
band (CB) is formed by the 4s levels of Zn*" and the top of the valence band
(VB) by O 2p and Zn*" 3d states. The early attempts to theoretically
determine the electronic band structure ruled out the effects of Zn 3d states,
considering them as core level, and the results were not in good agreement
whit the experimental data. In 1995 a novel approach was proposed,
consisting in incorporating an atomic self-interaction correction into usual
local density approximation (LDA) [20]. The calculations, reported in Figure
1.5, showed that the maximum of VB and the minimum of CB energy values
were obtained at I' point k =0, which confirmed that ZnO is a direct band
gap semiconductor.

Energy (eV)
<

_5.‘4/\

sLLD 7 S S W

Figure 1.5: LDA bulk band structure of ZnO as calculated by using the self-

interaction correction. The horizontal dashed lines indicate the measured gap energy
and d-band width [20].
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Moreover, the calculated value of the energy gap was 3.77 eV and it is the
closest to the experimental one (E,=3.37 eV at room temperature, [23]) until
then. As mentioned above, such wide and direct bandgap of ZnO enables
promising application in blue/UV range photonics as well as the large
exciton binding energy (~60 meV) [7, 24] indicates an efficient excitonic
emission even at room temperature (RT).

Typical room-temperature (RT) photoluminescence (PL) spectrum
of ZnO consists of a UV emission band and, eventually, a broad visible
emission band, as shown in Figure 1.6. Most of works suggested that the UV
emission at RT originates from the radiative recombination of excitons [25-
27], while some authors proposed that such emission can also contains the
contributions related to unspecified localized state [28] and to the free-to-
bound transitions [29].

— —
o ol

o

-/ |
\ M_

400 450 500 550 600 650
Wavelength (nm)

PL intensity (arb. units)
.
)

Figure 1.6: A typical room temperature PL spectrum of ZnO nanowires grown on a
Si substrate using the vapor liquid solid technique at 890 °C [30].

The broader emission observed in the visible region of the spectrum is
generally ascribed to impurities and different intrinsic defects, such as
oxygen vacancies (V,), zinc vacancies (Vz,), zinc interstitials (Zn;) and

12
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oxygen interstitials (O;). This visible band emission is, in particular, a typical
optical feature of ZnO nanostructures. Shalish et al., analyzing the PL
spectra of ZnO NWs grown by high temperature (~1000°C) chemical vapor
deposition (CVD), demonstrated that this deep-level luminescence is mainly
due to electronic states close to the surface. As a consequence, the reduction
of the nanostructures size leads to an increase of the relative intensity of this
emission. Figure 1.7 reports the PL spectra and scanning electron
microscopy (SEM) images of the ZnO NWs with different diameters. The
ratio between the UV and visible luminescence peak intensities changes with
the size of the nanowires.

=
g

g

- 20 20
=

=

e 15 | 5 d

£l 1 |

=

=

= st > '

=

n.‘ 2 1 3 1 5 1 4

0 0
15 20 25 30 3515 20 25 30 3515 20 25 30 38
Photon Energy [eV]

Figure 1.7: Photoluminescence spectra and related SEM images obtained from ZnO
NWs grown by CVD with different diameter (dyw). Adapted from [31].

However, the exact identity of the defects responsible for the visible
emission band is still unclear and widely debated. Moreover, some variation

13
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of the position of the UV peak was observed for different shaped
nanostructures, as illustrated in Figure 1.8 [32]. One possible explanation for
this variation may be the difference in surface-to-volume ratio entailing
different defects concentration (defect density on the surface is higher than

in the bulk [33]).

PL Intensity (a.u.)

,.'.4 F s i
0.0 - T T T T T T T 1
365 3r0 375 380 385 390 395 400 405

Wavelength (nm)

Figure 1.8: RT PL spectra in the UV range for different nanostructures: (1)
Tetrapods, (2) Needles, (3) Nanorods, (4) Shells, (5) Highly faceted NRs, (6)
Ribbons. Adapted from [32].

1.1.3  Electric and Piezoelectric Properties

As-grown ZnO shows n-type conductivity. For long time, the causes
for this unintentional n-type doping were attributed to the presence of native
defects as V,, or Zn; [34,35]. However, more recent works have claimed that
neither oxygen vacancies nor other point defects can contribute to n-type
conductivity [8, 36]. In particular, several theoretical calculations,
corroborated by experimental evidences, have shown that V, is a deep level
defect state (DLS) [37,38] and thus it cannot significantly contribute to #-
type conductivity. Moreover, Kohan et al. [39] showed that theoretically
both V, and Zn; have high formation energies in n-type ZnO. Further studies

14
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proved that the inclusion of substitutional H (much more stable than
interstitial H). acting as a shallow donor, is main responsible of the
unintentional n-type doping. [40,41].

The electrical properties of ZnO, in terms of carrier concentration
and mobility, are closely correlated to the method used to synthesize the
material. The room-temperature electron mobility for bulk and thin film ZnO
are in the range of 100-200 cm?*/Vs [42, 43], typically measured by Hall
effect analysis. These values are close to the theoretical value of ~300
cm’/Vs estimated by Monte Carlo simulations for the room temperature
electron mobility of ZnO [44]. Electrical transport measurements were also
performed on individual ZnO nanowires and nanorods [45]. Park et al. [46]
reported on fabrication and electrical characteristics of high-mobility field-
effect transistors (FETs) using a single ZnO nanorod, Figure 1.9, measuring
an electron mobility of 75 cm?/Vs.

Figure 1.9: (a) Schematic and (b) SEM image of ZnO NR FET device [46].
The effect of surface states on the electron transport was eliminated by

coating with polyimide known for the effective passivation effect in bipolar
technology. After polyimide deposition, the field effect mobility of ZnO NR

15
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FET was highly increased to 120-3100 cm?*/Vs with mean value of 680
cm’/Vs [46]. These results indicate that the ZnO nanostructure based devices
can have higher performance than their thin film counterpart. Although as-
grown ZnO is n-type material, intentional n-type doping is required to
increase the carrier concentration in view of electronic device applications.
Al Ga and In are the most common donor dopants for ZnO, giving rise to
transparent conductive oxides (TCO) commonly employed in a large number
of devices [47]. One of the major hindrance for fully exploiting ZnO in
electronic and photonics technology is the difficulty of achieving a stable
and reproducible p-type doping [8, 16]. Beyond the tendency toward n-type
conductivity, the compensating effect from intrinsic defects and the small
number of candidate for shallow acceptor represent severe limitations for p-
doping of ZnO [8].

ZnO exhibit also a large electromechanical response caused by the
lack of a center of symmetry in the unit cell. By exerting an external
pressure, a lattice distortion is induced and the center of the negative charges
will no longer coincide with the center of the positive charge, generating an
electric dipole. The mechanism is outlined in Figure 1.10.

Figure 1.10: Schematics showing piezoelectric effect in tetrahedrally coordinated
cation-anion unit [10].

An important parameter evaluating piezoelectric performance is the ds;
piezoelectric coefficient. For ZnO the ds; value is about 9.9 pC/N for a bulk
and 12.4 pC/N for an oriented film [48, 49] but these value can be improved
by doping with transition metals atoms [50, 51]. Therefore, ZnO, especially

16
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in nanostructural formats, has been used for building micromechanical
devices, such as sensor, actuators and nanogenerators.

1.2  Applications of ZnO Nanostructures

The present renaissance of the scientific interest for ZnO is based on
the wide range of promising applications in a large number of emerging
areas. Several examples of energy harvesting and sensing devices based on
ZnO nanostructures are briefly reported below.

1.2.1 Energy Harvesting Devices

The semiconducting and piezoelectric dual properties of ZnO may
be exploited for applications in mechanical-energy conversion or in
electrical power generation by solar cells. A shining example of
electromechanical application of ZnO nanostructures is in piezoelectric
nanogenerator [52]. By using zinc oxide nanowires arrays it has been
possible to convert nanoscale mechanical energy into electrical energy
(Figure 1.11). The aligned NWs are deflected with a conductive atomic force
microscope tip in contact mode. The bending creates a strain field which
causes, for piezoelectric effect, an electric field across the nanowires. This
effect can be used in different application as in the case of wireless devices
devoted to in situ, real-time biomedical monitoring and detection. Such
devices should be self-powered and not dependent on a battery. Compared to
conventional transducers based on piezoelectric thin films, the
nanostructures not only might improve the general device performances
(critical strain, flexibility, sensibility, operative lifetime) but also reduce the
size of integrated nanosystem.

17
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Figure 1.11: (a) SEM images of ZnO NWs, (b) Experimental setup for generating
electricity by deforming a piezoelectric ZnO NW with a conductive AFM tip. The
base of the NW is grounded and an external load Ry is applied, which is much larger
than the resistance of the NW. Adapted from [52]

Zhu et al. [53] reported a flexible high output nanogenerator (HONG), based
on a lateral ZnO nanowire (Figure 1.12). The generated electric energy was
successfully used to power a commercial light-emitting diode (LED).

Figure 1.12: (a) Schematic of HONG’s structure without mechanical deformation.
Gold is used to form Schottky contacts with the ZnO NW arrays. (b) Output scaling-
up when mechanical deformation is induced, where the “t” signs indicate the
polarity of the local piezoelectric potential created in the NWs. Adapted from [53].

18
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ZnO nanostructures are also suitable for photovoltaic application.
The low reflectivity helps to optimize the light absorption, the high surface-
to-volume ratio increases the charge separation probability and the effective
electron transport along 1D structures enhances the charge collection. The
potentialities ZnO nanostructures have been investigated in herojunction
device as demonstrated by several papers published on n-ZnO/p-CuO, solar
cells [54]. Moreover, considerable interest is focused on ZnO-based dye-
sensitized solar cells (DSSCs) [55, 56], organic solar cells (OSCs) [57, 58],
and hybrid organic-inorganic solar cells (HSCs) [59, 60]. These kinds of
device represent promising approaches for inexpensive, large-scale solar
energy conversion. In 2005, M. Law et al. first introduced a new version of
the dye-sensitized cell in which the traditional nanoparticle film was
replaced by a dense array of oriented ZnO nanowires [56], reaching a
conversion efficiency n=1.2-1.5% (Figure 1.13).

nanowire aray
in electrolyte

1 L7
P i__ Transparent

Figure 1.13: (a)Schematic diagram of ZnO NWs based dye sensitized cell. (b) SEM
cross-section of ZnO NWs array on FTO. Scale bar, 5 um. Adapted from [56].

In HSCs, ZnO nanostructures are widely used to replace the electron
acceptor organic semiconductors used in pure organic solar cells. Inorganic
semiconductors, ZnO in particular, have higher electron mobility and
chemical stability compared to those of organic semiconductor. Moreover,
the versatility of ZnO nanostructures has led to the application of ZnO in
solar cells with different device architectures, as shown in Figure 1.14. The
power conversion efficiencies are typically below 1%, much lower than

19
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those related to fully OSCs. Mainly, this may be due to the limited polymer
infiltration in ZnO nanostructure as well as low polymer/ZnO wettability.
[59, 61].

(A)
Electrode

Electron Donor/
Organic Semiconductor

Zn0O

ZnO-NC/organic HSCs

(B)
Electrode
Electron Donor/
Organic Semiconductor
Zn0
Electrode

ZnO-NR/organic HSCs

Figure 1.14: Schematic diagrams of ZnO nanostructures/organic semiconductor
HSCs. (A) ZnO- nanocrystals (NC)/organic bulk heterojunction HSCs with
randomly dispersed ZnO nanocrystals; (B) ZnO-NR/organic HSCs with vertically
aligned ZnO nanorods. Adapted from [61].

Compared to ZnO/organic HSCs, the application of ZnO nanostructures as
cathode buffer layer (CBL) or transparent electrode in OSCs are more
promising [57, 62, 63]. ZnO films and nanostructures, by creating an Ohmic
contact with the acceptor material, collect and extract electron carriers while
block hole carriers. The improved carrier collection across the interface
enhances the efficiency of the device.

20
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1.2.2 UV Detection and Lighting

UV  detection is another promising application of ZnO
nanostructures. Photodetectors sensitive to UV radiation have a huge
potential in spectroscopy, sensing device, astronomical studies and optical
communications [64]. These technologies require the detection of UV light
without the influence of visible or infrared light, in order to minimize the
background signal and avoid erroneous detection. ZnO nanorods and
nanowires, changing their electrical potential under UV irradiation, are
particularly suitable for this purpose due to higher spatial resolution
compared to thin film. The first individual ZnO-based nanowire
photodetectors were reported by Kind ef al. in 2002 [65]. The conductivity
of the ZnO nanowires was extremely sensitive to UV light exposure (365
nm) and increases by a typically four to six orders of magnitude as shown in
Figure 1.15.
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Figure 1.15: Reversible switching of a ZnO nanowire between low and high
conductivity states when the UV-lamp (365 nm) was turned on and off. The bias on
the nanowire is 1 V [65].

Many efforts were devoted to properly describe the mechanisms driving the
UV sensing [8, 66]. It is generally supposed that atmospheric oxygen O, was
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absorbed at the Vo sites on ZnO surface. Under UV illumination, electron-
hole pairs are generated, holes migrate to the surface where O, desorption
occurs. At the same time, the unpaired electrons contribute to enhance the
conductivity. Recently, ZnO NRs grown by chemical bath deposition (CBD)
within this PhD thesis work aimed to understand the role of the defect states
with respect to O, desorption [67]. ZnO NRs exhibited two main PL peaks
related to surface defects at 555 nm - originated from single ionized oxygen
vacancy (V,") - and 610 nm - due to V.. In particular, the 555 nm PL
intensity showed a transient in air ~20 s, which was correlated with the
change in resistance under UV excitation, as shown in Figure 1.16. This
correlation arises because O, desorption decreases the band bending and thus
the concentration of V, states; simultaneously, charge separation reduces
the sample resistance. On the other hand, the PL transient was suppressed in
vacuum, because the depletion region is stable since O, desorption does not
occur.
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Figure 1.16: Comparison of the resistance and 555nm PL transient for ZnO NRs
grown by CDB and dried in air at 100°C . Both transients have a decay time of 23 s.
The inset represents the resistance measurement geometry. Adapted from [67].

ZnO nanostructures are attractive also for light emitting diodes
(LED) and lasing in blue-UV spectral region. In 2001, room temperature UV
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lasing in ZnO-nanowires was demonstrated [68]. Homojunction LEDs based
on p-ZnO/n-ZnO structures are generally difficult to achieve due to the
unavailability of high quality and stable p-type doping of ZnO. However,
heterojunction LED using the combination of n-type ZnO with various p-
type materials have been investigated [69].

1.2.3  Sensing

ZnO is widely employed also in chemical, gas and bio-sensing
because it is particularly sensitive to the chemical environment. In particular,
the nanostructures have the great advantages of high surface area over planar
device configuration. The detection of gas is usually achieved using a
conductometric gas sensor, since the adsorption of the gas on the sensor
surface causes a change in its conductivity [70]. Hydrothermally grown ZnO
NRs were widely studied for sensing different kinds of gas. Figure 1.17
reports the variation of the resistance of ZnO NRs exposed to H,, NH; and
CO [71].
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Figure 1.17: Resistance response curves of ZnO NRs gas sensor exposed to 200ppm
H,, NH; and CO, measured at 250 °C [71].
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The basic working principle of a biosensor is shown in Figure 1.18.
The sensing biomolecules need a support able to immobilize them and to
enhance the electrochemical or optical signal transduction. Thanks to their
biocompatibility, high isoelectric point (IEP= 9.5), chemical stability in the
range of biological pH-values and strong binding properties, ZnO
nanostructures is an excellent base matrix for biosensor devices [72].
Moreover, the increased sensing surface can allow single-molecule
detection.
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Figure 1.18: Schematic of biosensor assembly [72].

As example of ZnO nanostructures employed in biosensing, Figure 1.19
reports the SEM images of a selective intracellular glucose biosensor based
on a tip coated with ZnO NWLs [73] whose monitoring capability was
demonstrated by following the variation induced by insulin in the
intracellular glucose concentration in human dipocytes and frog oocytes. For
increased stability and selectivity, the sensing layer was functionalized by
glucose oxides (GO) and protected by Nafion.
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Figure 1.19: SEM images, with different magnification of the ZnO NWLs grown
on an aluminum-coated glass capillary [73].

1.3  Synthesis of ZnO nanostructures

ZnO nanostructures can be synthesized by different techniques,
including high temperature vapor phase deposition and low temperature
solution routes, both methods based on “bottom up” approach.

1.3.1  Vapor Phase Synthesis Methods

Traditionally, the primary ways of growing ZnO nanostructures were
the vapor-phase syntheses [69]. They can be categorized, based on the
method used, as follows:

- Physical Vapor Deposition (PVD), including, among the others,
thermal evaporation, sputtering, pulsed laser deposition (PLD),
molecular beam epitaxy (MBE).

- Chemical Vapor Deposition (CVD), including organic chemical
vapor deposition (MOCVD), metal organic vapor phase epitaxy
(MOVPE), plasma-enhanced CVD (PECVD); most of them are
based on vapor-liquid-solid (VLS) growth.
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In general, the vapor phase synthesis method takes place in a vacuum
chamber with a gaseous environment. Vapor species are first produced and
then transferred and condensed onto the surface of a solid substrate. In PVD
technology the material to be deposited is physically released from a source
and transferred to a substrate with no chemical reactions during the process.
CVD methods exploit the chemical reactions occurring between the
vaporized material and the volatile precursor. Typically, the temperature
involved in this kind of process ranges from 500°C to 1500°C.

The vapor-phase approaches mentioned so far have dominated the synthesis
of ZnO based nanostructures. They allow to produce very high quality,
single crystal ZnO nanostructures but several processing parameters such as
temperature, pressure, gas species, flow rate, evaporation period must be
accurately controlled. In addition, they require expensive equipment, and
relatively high growth temperatures. Consequently, they do not meet the
demand of cost effectiveness, often requested for disposable and massive
production. Thus, many efforts have been made to developing simpler wet-
chemical synthesis methods at lower temperature.

1.3.2  Solution Phase Syntheses Methods

Compared with high temperature vapor techniques, solution growth
methods take the great advantages of low growth temperature (<300°C)
allowing a greater choice of shape and type of substrates including flexible-
stretchable substrate, fibers and temperature sensitive substrate like
polydimethylsiloxane (PDMS) and Polymethyl methacrylate (PMMA) [30].
Figure 1.20 shows, as example, a flexible and fully rollable nanogenerator
and a flexible plastic hybrid solar cell based on solution-derived ZnO
nanorods. Other benefits are the simplicity of the experimental setup, the low
costs of the process and the high potential in scalability. Obviously, there are
also disadvantages. Chemical waste treatment needs to be addressed in view
of future commercialization. In addition, the control of morphology of the
nanostructures, using these techniques, is challenging due to the partial
understanding of the whole process underlying the growth of nanostructures.
Consequently, with respect to vacuum techniques, the solution based
synthesis methods have the drawbacks of lack of good control over growth
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kinetics and unsatisfactory reproducibility from one laboratory to another.
Such problems can be even more severe when large scale production is
attempted.

Figure 1.20: (a) Cover Picture of Advanced Material 18/2010 related to ref [74]
representing a fully rollable transparent nanogenerators based on ZnO NRs growth
by solution growth method on graphene transferred onto flexible polymer substrate.
(b) Photograph of flexible plastic solar cell of conjugated polymer hybridized with
ZnO nanorods. Circular patterns of silver are top electrodes. Adapted from [75].

The most common solution based synthesis approaches include the
electrochemical deposition (ECD), the sol-gel synthesis and chemical bath
deposition (CBD). Figure 1.21 illustrates the simplified schemes of these
techniques.

ZnO nanostructure, like nanorods, nanotubes and nano-porous film
[77, 78] can be deposited electrochemically from an aqueous solution of Zn
salt in the presence of dissolved oxygen. The basic principle is the increase
of the surface pH controlled by the electrochemical formation of hydroxyl
ions (OH") in the reduction reaction of the oxygen precursor. This leads to a
local supersaturation for ZnO precipitation which drives the formation of a
zinc oxide film on the electrode surface. The three most commonly used
oxygen precursors for this purpose include nitrate ions, dissolved molecular
oxygen and hydrogen peroxide [30,79]. One advantage of this technique is
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the improved nucleation density so that many substrates do not need a
pretreatment to generate a seed layer. In addition, although doping of ZnO is
a critical issue for aqueous methods, electrodeposition has been successfully
employed for this purpose [80, 81].
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Figure 1.21: Schematic diagram of different techniques of solution deposition. M"
refers to a cation (usually a metallic precursor); X-L a precursor compound where X
is the non-metallic species (generally a group VI element) and L a ligand. Adapted
from [76].

The sol-gel methods is the most used method in the synthesis of ZnO
nanoparticles even if also thin film and nanorods with preferred
crystallographic orientation have been synthesized with this method [82, 83].
The growth solution contains four different kinds of material: precursor,
solvent, catalyst and stabilizer and the process generally involves different
stages leading the monomers to agglomerate in nanoparticles. The properties
of a particular sol-gel network are related to several parameters such as pH,
temperature and time of reaction, reagent concentrations, catalyst nature and
concentration, aging temperature and time, and drying process [84].
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The chemical bath deposition is the simplest and most versatile
among all the solution growth methods. It does not require the application of
external potential, it is also suitable for insulating substrate and shows the
highest deposition rate. Moreover, CBD well suits for large-area production.
There is currently a vibrant research effort in developing controlled growth
of ZnO nanostructures by CBD and the present thesis mainly focuses on the
study and optimization of this technique. Chemical bath deposition has been
employed to deposit films of metal sulfides, selenides and oxides since
almost 150 years ago [Semiconductor by CBD2] but only recently, within
the “nanotechnology revolution”, it has emerged as powerful deposition
technique. In general, CBD refers to the synthesis in solution involving, in
the case of oxides deposition, the hydrolysis of metal cations. Figure 1.22
shows the number of publications as given by the information-service
provider Thomson Reuters on 16" November 2015 by looking for “ZnO and
Chemical Bath Deposition”.
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Figure 1.22: Published items per year related to ZnO and CBD.

The bibliometric data reflect the growing interest of the scientific
community for this kind of synthesis for ZnO, confirmed also by the over
15000 citations from 1995 to 2014 (almost 3000 citations only in 2014).
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However, the emerging trend has only a qualitative value, being
underestimated by the variable nomenclature associated to CBD. Indeed,
many different terms are used to denote CBD: chemical solution deposition,
chemical deposition, electroless plating, liquid phase deposition and aqueous
chemical growth. In the last years a general consensus has begun to favor the
term CBD. In addition, the chemical bath deposition has many similarities
with another type of synthesis named hydrothermal deposition, an aqueous
solution method carried out using a closed bath inside a laboratory (or
microwave) oven instead of open beaker on hotplate as in CBD (Figure
1.23). Hydrothermal synthesis involves process at low temperature aqueous
solution and at high pressures. In general, the solubility of ZnO is greater
under hydrothermal conditions and the growth is typically slower [85].

beaker autoclave

Hydrothermal Method

hotplate laboratory oven

Figure 1.23: Schematic experimetal setup of CBD and hydrothermal method.

1.4 ZnO Nanorods: Key Features in CBD

ZnO NRs are of great of interest due to their quasi 1D structure. The
most important requirements for ZnO NRs to become industrially viable are
the synthesis reproducibility and the production costs. Low-cost CBD route
allows to synthesize ZnO NRs with structural quality comparable with those
produced by expensive gas-phase approaches [11, 69-70, 86]. In addition,
recent scientific research has been able to solve critical issues that prevented
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the deep understanding and good control of the chemico-physical
mechanisms underlying the formation of ZnO NRs via CBD.

Many combinations of chemical precursors can be used for the
synthesis of zinc oxide micro/nano rods via CBD [30, 85, 87, 88] but,
undoubtedly, the most performing chemical procedure is that described by
Vayssieres et al. in 2001 [89]. They achieved in the deposition of highly
oriented ZnO NRs array on substrate by readapting an effective method for
the formation of rod-like ZnO in homogeneous solution [90, 91].

Figure 1.24: SEM images of ZnO NRs grown by aqueous chemical method on (a)
silicon wafer, (b) ZnO nanostructured thin film. Adapted from [89].
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Arrays of ZnO NRs were formed on rough substrates immersed in an
aqueous solution of Zinc nitrate (Zn(NO);) and hexamethylenetetramine
(HMTA, (CH;)¢N,) under continuous heating. In Figure 1.24 shown SEM
micrographs of ZnO nanorods grown on silicon substrate and on ZnO
nanostructured thin film.

Zn*" ions, coming from the dissociation of zinc nitrate in water,
gives rise to the formation of different hydroxyl species, depending on Zn**
concentration, pH and temperature of the solution. Typically, the pH and
Zn*" concentration in chemical bath deposition are such that the formation of
ZnO on the substrate occurs via Zn(OH), formation[92]. Then solid ZnO
nuclei are formed by the dehydration of these hydroxyl species [93].

In CBD of ZnO, ligands like HMTA are employed for keeping under control
the concentration of free zinc ions. The formation of a solid phase in the
solution should start when the ionic product (IP) exceeds the solubility
product constant (Ksp). The constant Ksp for Zn(OH), is in the order of
107", In absence of ligands, the IP for Zn(OH), easily exceeds the Ksp value
while their addition tends to reduce the concentration of the Zn>* ion by
producing complex ions which avoids the spontaneous precipitation [94].
The following chemical reactions summarise the typical processes occuring
in solution:

[Zn(H,0)]*" + H,0 < [Zn(H,0)sOH]" + H;0" (1.1)
[ZH(H20)5OH]+ + H20 > ZH(OH)Q(S) + H3()+ +4 H20 (1 2)
Zn(OH)ys <> ZnOy, + H,0 (1.3)

After Zn nitrate dissociation, Zn®" ion forms a complex with 6 water
molecules [Zn(H,0)¢]*", while hydrolysis equilibria of Zn2+(aq) move to the
right for the simultaneous protonation of the HMTA itself or of the ammonia
groups coming from HMTA decomposition:

(CH,)¢N4 + H;O" > [(CH,)gN4JH" + H,O (1.4)

or
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(CH,)6N, + 6 H,O <> 6 HCHO + 4 NH; (1.52)
NH; + H;0" & NH* + H,0 (1.5b)

It is worth outline that stoichiometric deposits are easily obtained since the
basic building blocks are ions instead of atoms [94].

Two different kinds of nucleation mechanisms occur in the solution.
The homogeneous nucleation of solid ZnO takes place in bulk solution and
requires a higher activation energy while the heterogeneous one, promoted at
any solution-substrate interface, is energetically more favorable.
Consequently, hetero-nucleation can occur at a lower saturation ratio onto a
substrate than in bulk solution. Under such synthetic conditions, ZnO
anisotropically grows on the substrate assuming the shape of crystal micro-
nanorods along the easiest direction of crystallization, as expected when the
system is closer to thermodynamic equilibrium [95]. Indeed, the
thermodynamically stable phase for ZnO, as described above, is wurtzite
structure. In particular, the polar faces are less stable and with higher energy
than the non-polar phases, so the c-axis results the fastest growth direction.
However, the growth rates of different surfaces can also be kinetically
controlled by using additives that preferentially adsorb to specific crystal
faces [96] or by modifying the molar ratio of the precursors.

A fundamental contribution was given by the work of Greene’s
group at of Lawrence Berkeley National Laboratory (University of
California) [97]. They expanded the synthetic approach developed by
Vayssieres et al. and proposed a simple two-step procedure enabling the
deposition of dense arrays of ZnO nanorods on any kind of substrate [ref.].
In the first step, zinc oxide nanocrystals (prepared according to the method
of Pacholski [98]) were spin-coated on the substrate, then the seeded
substrate is suspending in the growth solution containing zinc nitrate and
HMTA (25mM), kept at 90°C. Figure 1.25 reports a SEM image of ZnO
NRs grown on silicon by following the Greene’s procedure. The presence of
the seed layer allows the use of a very wide range of substrate material and
improves the adhesion of the nanorods on the substrate. Afterwards,
different methods for creating ZnO seed layer were developed and numerous
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studies were conducted with the aim to clarify the relationships between the
morphology of the seed layer and the structural properties of resulting
nanorods [99, 100]. Guillemin et al. [101] demonstrated that increasing the
diameter of ZnO nanoparticles of the seed layer, leads to a decrease of the
average diameter of the resulted NRs and to an improvement of their
alignment.

Figure 1.25: Cross-sectional SEM image of an array grown over 1.5 h on a silicon
wafer (scale bar=1 pm). Adapted from ref [97]

Another work of the same group, reported on the crucial role of crystal
orientation and polarity of the ZnO monocrystal seed layer [102]. ZnO
nanorods showed to preferentially nucleate on polar c-plane due to the strong
electrostatic interactions with Zn>" and OH™ ions dispersed in solution. When
the seed layer was highly textured along the c-axis, the nanorods array
resulted well aligned and dense, on the contrary of the case of poorly
textured seed layer, Figure 1.26.
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- O-polar c-plane crientation D Zn-polar c-plane orientation - Other orientations

Figure 1.26: Diagram for the nucleation and growth processes of ZnO NRs on a (a)
thin, poorly textured or (b) thick, well textured seed layer. Adapted from ref [102]

Understanding the CBD kinetics of ZnO nanostructures is a
fundamental issue to achieve a good control of the morphology and thus to
ensure the required level of reproducibility. In the past decades a
considerable experience has been acquired and many groups have studied
the effects on the growth mechanism arising from the variation of the
experimental parameters such as reagents concentration, temperature, pH,
growth time [85, 96, 103, 104]. The refined work of Boercker et al. [105]
demonstrated that the heterogeneous growth of ZnO nanorods on seeded
substrate is mass transport limited, resulting in an inverse relationship
between NRs density and dimension. A one-dimensional model,
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schematically illustrated in Figure 1.27, was developed, describing the
transport of the chemical species near the substrate.
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Figure 1.27: One-dimensional model used to calculate the temporal evolution of the
nanowire height and diameter. J is the thickness of the concentration boundary
layer; c is the concentration of the NR precursor that varies along y. ¢, is the bulk
precursor concentration, and ¢ is the concentration at the NRs surface. (b) A portion
of (a). Rw and / are NRs radius and height, respectively. kz and kr are the first order
surface reaction rate constants on the top (0001) and sides of the nanowires (1010),
respectively [105].

The main assumptions were the absence of homogeneous reaction near the
substrate and the consumption of the zinc precursor via first order
heterogeneous reactions. The NRs radius, Rw, and height, 4, are functions of
time and increase at different rates. The (0001) and (1010) surface reaction
rates were taken to be first order in the precursor concentration and
parameterized by reaction coefficients £z and kr. Under these assumptions
the precursor concentration in the boundary layer of thickness 0 is linear and
decreases from the bulk concentration, c,., to the concentration in the
solution just above the nanorods, c,.. This model predicts that when the
growth is mass transport limited, the nanorods height and diameter scale as
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~1/N, being N the NRs density. Experiments carried out by varying the NRs
density confirmed such theoretical expectation, as shown in Figure 1.28.
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Figure 1.28: Experimentally determined NRs height (M) and diameter (O) as a
function of nanowire density. Both trends are consistent with 1/N [105].
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Figure 1.29: (a) Image of a sample ZnO NRs on a Si substrate patterned with an ~8
mm wide strip of ZnO seeds in the middle of the substrate. The darker part of the
substrate is where the nanowires have grown and the lighter parts are unseeded
regions where there are no NRs. (c) Cross-sectional SEM images of the NRs array at
different locations between the positions 0-4 indicated in (a). Adapted from [105].
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As further confirmation, the mass transport limitation was proved to be
responsible to the non-uniform growth in the area between seeded and
unseeded regions. A Si substrate was patterned and seeded only in the
middle of the substrate, leaving the rest of the surface unseeded.
Consequently, ZnO NRs grew only in the middle of the substrate (Figure
1.29(a)). Figure 1.29(b) shows cross sectional SEM images at various points
between the position 0-4 labeled in Figure 1.29(a). Moving towards the
unseeded region, NRs height increases because of the higher ZnO precursor
concentration near the boundary between the seeded and unseeded regions.
Finally, Boerker et al. confirmed that the anisotropic growth of ZnO NRs is
not driven by the mass transport growth but by the growth kinetics of (0001)
and (1010) planes of ZnO in the considered synthetic conditions, as already
verified also by other authors [106].

1.5 ZnO Nanowalls: a brand new material

The effect of the substrate on the nature of the ZnO nanostructure
formed via CBD was extensively studied [85]. It was observed that the usual
shape assumed by ZnO, in chemical bath containing zinc nitrate and HMTA,
is the nanorod one. However, as the substrate is Al or Al covered wafer, a
particular 2D morphology of ZnO is formed, named usually nanowalls
(NWLs) consisting of ZnO crystalline foils. ZnO NWLs (or nanoplatelets)
grow vertically on Al substrates, with an intertwined, random, honeycomb-
like pattern and c-axes parallel to the substrate. The first study of ZnO
nanowalls was reported by Ng et al. [107] through carbothermal reduction
(thus not a CBD method) for growing vertical ZnO nanowalls on a sapphire
substrate, Figure 1.20.
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Figure 1.20: ZnO nanowalls grown by carbothermal reduction on sapphire with a
height of Sum. Adapted from [107]

As in the case of ZnO NRs, NWLs can be prepared by both physical and
chemical vapour deposition techniques, with operating temperatures higher
than 800 °C [108, 109]. Alternatively, ZnO NWs can be easily synthesized
on Al-covered substrate by CDB at 90 — 100 °C [110-112]. However, in
contrast to the case of 1D ZnO NRs, ZnO nanowall structure has not been
investigated as much, although its huge surface-to-volume ratio and
extremely thin wall thicknesses pave the route for many interesting
applications [108,110- 112]. Ye et al. [110] reported the synthesis of ZnO
NWLs on Al wafer in an equimolar solution of zinc nitrate hexahydrate and
HMTA. For comparison, they produced ZnO NRs on Si substrate, using the
same growth solution, as presented in Figure 1.21.

It is reasonable to assume that the presence of Al in the substrate is
important for obtaining ZnO NWs, since the growth suppression effect along
[001] direction can be originated from Al. Indeed, aluminum is an
amphoteric metal and it can dissolve in the alkaline conditions. Therefore, in
aqueous solution containing HMTA, Al undergoes chemical reaction,
forming Al (OH), ", as follows:

2Al + 6H,0 + 20H — 2 AI(OH), + 3H, (1.6)

These Al complexes bind to the Zn** terminated (0001) surface and
suppressed the growth along [0001] direction [110-112].
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Figure 1.21: SEM images of nanostructures grown by CBD. (a) ZnO nanowalls at
low magnification and higher magnification (inset); (b) ZnO nanorods arrays.
Adapted from ref [110].

Ye et al. [110] demonstrated that by increasing pH from 6 to 12 (by
adding ammonium hydroxide, AH), thinner nanowalls could be obtained.
Changing the pH value of the solution alters the concentration of AI(OH), in
the solution as well as its adsorption quantity and coverage rate [110].
Moreover, NWLs of Zn-Al carbonate hydroxide hydrate, a layered
compound, and ZnO nanorods were obtained at pH 10 with zinc acetate,
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ammonium hydroxide, and e-beam evaporated Al film [113]. The
concentration of AI(OH), influenced the particular product obtained; at high
concentration of the Al complex, made possible by using a 1 um Al film,
only the Zn-Al carbonate hydroxide hydrate NWLs were obtained, while a
100 nm Al film gave the layer compound first, and later ZnO nanorods on
top. The authors attributed the formation of ZnO nanorod to the exhaustion
of AI(OH), needed to ensure the NW morphology. Therefore, it is clear that
the growth rate of ZnO NWLs can be controlled by manipulating the rate of
AI(OH), generation that can be enhanced by increasing the pH of the
solution. Moreover, starting from a solution of HMTA and zinc nitrate, a fast
(10 min) sonochemical route for ZnO NW growth on Al and alumina
substrates (with) at ambient conditions was reported by Nayak et al.[114].
However, there is no information on whether the growth dynamics and film
quality differ between the two substrates. Moreover, prolonged sonication
caused the NWs to peel off. ZnO NWLs can be also obtained by the
selective etching of dense ZnO NRs films grown by CBD [115]. The process
consists in three steps: the formation of a ZnO seed layer, the growth of ZnO
NRs in an equimolar solution of 0.1M zinc nitrate and HMTA at 75°C and,
finally, the etching into 0.3M KOH aqueous solution. The defect-selective
dissolution in (0001) planes and along the c-axis, caused by the preferential
adsorption of OH™ on particular faces, drives the formation of nanowall
structure. Figure 1.22 shows etched ZnO NWLs and the initial NRs film.

At present, a complete picture of formation process of ZnO NWLs
on Al substrate as well as an effective way to control the growth, have not
yet been achieved.
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Figure 1.22: SEM images of (a) dense ZnO NRs film grown by CBD; (b) etched
ZnO NWLs at different magnification. Adapted from ref [115].
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Chapter 2

ZnO Nanorods Growth by Chemical Bath
Deposition

ZnO nanorods grown by CBD are among the most promising
semiconducting nanostructures currently investigated for a variety of
applications. As a consequence, many works have been devoted to
deeply understand the microscopic mechanisms leading to high aspect
ratio and vertically aligned ZnO NRs. Still, contrasting experimental
results appear in the literature.

This chapter presents a systematic investigation of the chemical
deposition of ZnO nanorods wusing zinc nitrate salt and
hexamethylenetetramine (HMTA). An optimized procedure for
reproducible synthesis is presented as well as the growth kinetics is
discussed. In addition, an empirical study evidences the double role of
HMTA in the NRs growth mechanism. HMTA is shown to participate
both as a supplier of OH ions and as a capping agent promoting the
anisotropic growth. These two actions are not mutually exclusive and
the amount of HMTA in solution determines the key process variable.
This represents a promising step towards a better control of CBD
synthesis.
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2.1 HMTA, the key player

In recent years the possibility to fully exploit the advantages of CBD
of dense arrays of zinc oxide NRs has stimulated detailed studies. Significant
progress has been made in investigating the growth mechanisms,
nevertheless the interpretation of the obtained results has been often matter
of discussion. In particular, the role of HMTA in the growth kinetics is
currently under debate and in this regard the literature proposes some
contrasting interpretations. HMTA is a tertiary amine highly soluble in
water, having a symmetric tetrahedral cage-like structure with four nitrogen
atoms (N) at the four corners and six methylene bridges (-CH,-) as shown in
Figure 2.1. It is the most used ligand in the chemical bath deposition of zinc
oxide nanostructures.

N

NJ|__N
Figure 2.1: Chemical structure of HMTA. Adapted from ref. [116].

Many works have reported on the slow hydrolysis of HMTA in
formaldehyde [CH,O] and ammonia [NHj;] in the range of temperature and
pH values involved in CBD [87, 92, 102, 117, 118]. Therefore, HMTA
gradually releases the hydroxide ions driving the formation of ZnO (see
Equations 1.1-1.5 in Chapter 1); at the same time, it controls the pH solution
[85]. Ashfold et al. [92] have reported that the rate of HMTA decomposition
at 90°C calculated for a zinc-free solution is the same of that observed
experimentally in a solution containing zinc nitrate, implying that HMTA
decomposition does not depend on the reactions taking place during ZnO
formation and that HMTA is an effective pH buffer. Furthermore, HMTA or
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other ammonia ligands can bind to the free zinc ions in solution, forming
metal complexes and keeping the Zn(II) concentration under control [85,
93]. It is worth noting that the presence of HMTA in not essential for the
ZnO nanorods growth [85, 116, 119] but it ensures crystalline and
morphological properties better than other alkaline agent [Govender2004].
Near thermodynamic equilibrium, the driving force for the growth of
wurtzite structured ZnO NRs is the minimization of the free energy of the
system, as described in the Section 1.4. The elongated ZnO crystals are
characterized by higher energy polar c-planes (with the alternation of Zn**
terminated and O” terminated surfaces) and by non-polar lateral facets
having lower surface energy. The fact that the anisotropic growth of these
nanostructures is intrinsic to wet chemical methods and to wurtzite structure
has found several experimental evidences [55, 105]. However, these
thermodynamic considerations are not sufficient to explain the wide variety
of nanostructures and the role of the bath composition on the growth rate of
polar and nonpolar crystal plane must be taken in account [55, 120].

Even if HMTA decomposition is assumed in most papers [117, 121],
Sugunan et al. [122] first have proposed that HMTA does not degrade during
CBD of ZnO NR. They used attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectroscopy performed on a mixture of 0.1 M HMTA
and zinc nitrate upon continued heating, and revealed no change in the
tertiary amine structure. As shown in Figure 2.2, the absorption peak at 1012
cm’, (stretching vibrations of C-N bonds of HMTA) was monitored at
different times. If thermal decomposition of HMTA into formaldehyde and
ammonia had occurred, a significant reduction of the absorption signal
would have been detected. Only a negligible degradation of the tertiary
amine has been revealed by infra-red spectroscopy, although the anisotropic
growth of ZnO was observed within 5 hours.
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Figure 2.2: ATR-FTIR spectra for a solution of HMTA and zinc nitrate kept at
65°C for 1, 2 and 5 hours. Adapted from ref. [122].

They have also suggested that HMTA molecules, being non-polar chelators,
are able to attach the non-polar surfaces of the nanorods acting as a capping
agent for these facets and propelling the anisotropic growth along the c-axis,

Figure 2.3.

Figure 2.3: Illustration of the possible role of HMTA in the anisotropic growth of
zinc oxide nanowires. Adapted from ref. [122].
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Such shape-inducing effect of HMTA has been recently refuted in 2014 by
McPeak et al. [116], who have claimed that ZnO nanorods growth by CBD
does not involve the adsorption of HMTA on the ZnO lateral faces and the
role of HMTA is only to control the saturation index of ZnO through the
slow release of hydroxide ions.

1238 ma

I N

_‘_/_U_M»—I\f\-n-ﬂ/—\.-ﬁ——'-fm M—NM/\ \’éw

ﬁwﬂjr\\’%»ﬂw’hn—l\—/ﬂ_ ~ “__""_“‘/J’\V\léin\ig

Absorbance [a.u.]

1 min

1300 1200 1100 1000
Wavenumber [cm'1]

Figure 2.4: Time resolved ATR-FTIR spectra during the adsorption study of ImM
HMTA in 25mM KCI on ZnO nanoparticles. Adapted from ref. [116].

Figure 2.4 reports the results of in situ ATR-FTIR analysis performed by
flowing ImM HMTA in 25mM KCI solution on ZnO nanoparticles film for
60 minutes, followed by 10 minutes of rinsing with an aqueous solution of
KCl. After 5 minutes the peaks at 1012 and 1238 cm’' appeared,
corresponding to C-N stretch and CH, rock respectively. Moreover, the peak
positions and intensities did not change within 60 minutes while all the
signals disappeared after 10 minutes of rinsing. McPeak et al. interpreted
these data as coming from the solution phase rather than as indicating
HTMA adsorption on ZnO.

Both works of Sugunan and McPeak are based on the results of
attenuated total reflection Fourier transform infrared spectroscopy that,
actually, allows to investigate the solid-liquid interface with high sensitivity.
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On the other hand, to perform ATR-FTIR analysis of the zinc salt-HMTA
chemical system, many expedients are needed in order to mimic the same
mechanisms occurring under CBD conditions. In Sugunan et al.’s work, the
ATR-FTIR spectroscopy was performed on a solution kept at 65°C with
HMTA and zinc nitrate concentration higher than typical concentrations of
the reactants used for the NRs growth, thus adapting it to the sensitivity of
the ATR measurements. McPeak et al. carried out the absorption study on
ZnO nanopowder, instead of NRs, in order to maximize the ZnO surface
area available for absorption. In addition, the ATR-FRT analyses were made
at RT since higher temperature resulted in extensive dissolution of the ZnO
nanoparticle film. To avoid ZnO dissolution and maintain the same fraction
of unprotonated to protonated HMTA molecules, all aqueous solutions were
titrated to a pH of 7.5 using KOH or HCI. Such approaches are generally
well-accepted in literature, however, further investigations are needed.
Moreover, the Sugunan’s thesis on the shaping effect of HMTA was not
supported by strong experimental evidences. For these reasons part of this
thesis aims to clarify the mode of action of HMTA, representing a
fundamental issue to achieve a good control of the morphology of one-
dimensional ZnO nanostructures grown via CBD.

2.2 ZnO NRs Synthesis and Structural Characterizations

The first purpose of our work was developing the experimental
procedure able to ensure high reproducibility and uniformity of the growth
on the 2 x 2 cm’ substrate area. We have referred to the two-step method
proposed by Greene et al. in 2003 [97, 123] which involves a pre-coating
step of ZnO crystallites and a subsequent CBD process. The seed layer
promotes the heterogeneous nucleation on the substrate (while the
homogeneous one typically occurs in the bulk solution at slower nucleation
rate) and allows to produce perpendicularly oriented ZnO nanorods on any
substrate. Figure 2.5 reports a cross section view of ZnO NRs arrays grown
on very rough Si substrate, showing that however the surface is oriented,
ZnO NR grows along the direction normal to the surface.
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Figure 2.5: Cross section view of ZnO NRs grown by CBD on very rough Si
substrate.

2.2.1 Seed Layer Preparation

ZnO nanorods arrays were grown by chemical bath deposition on n-
type crystalline silicon (c-Si), glass, indium tin oxide (ITO) and gold coated
(Au) substrate. However, if not specified, we will refer to nanorods grown
on c¢-Si. The surface was cleaned by isopropanol and acetone rinsing. In our
optimized procedure (see Appendix for details), a seed layer of ZnO
crystallites was obtained by spin-coating (1000 rpm, 60 s) the surface with a
solution of 5 mM zinc acetate dihydrate [(CH3;CO0)2Zn-2H,0] in ethanol
(puriss. p.a., ACS reagent, >99.8%). Then the substrate was rinsed with a
droplet of clean ethanol and annealed in air on a hot plate (at nominal
temperature of 240 °C) for 20 minutes. A schematic of the seeding step is
depicted in Figure 2.6.
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Figure 2.6: Illustration of the procedure for the preparation of the ZnO seed layer.

The morphological properties of the nanostructures were
investigated by Scanning Electron Microscopy (SEM) using a field emission
Zeiss Supra 25 system. The measurements were carried out with an
acceleration voltage of 3-5 kV (the lower voltage was selected for analyzing
nanorods arrays grown on glass in order to minimize charging effects) with
an aperture size of 30 um and a working distance of 2-5 mm. /n lens detector
was used for enhancing the signal coming from the secondary electrons (SE)
generated in the upper range of the interaction volume and from the low-loss
backscattered electrons originating from the beam spot centre. Therefore,
high contrast images (containing direct information on the sample surface)
are easily achieved. The statistical analysis based on the digital analysis of
SEM images were conducted with the Gatan Digital Microscope software.
Figure 2.7(a) reports the SEM plane view of a seeded substrate consisting in
small islands of ZnO (white spots) with an average size of 23 nm (size
distribution from 5 to 50 nm) and a density of about 2.7x10'* seed/cm”. This
points out that the average distance (center to center) is about 60 nm, as it
can be also appreciated by the SEM image. The evaluation of the average
thickness of the seeds was done by Rutherford Backscattering Spectrometry
(RBS). As shown in Figure 2.7(b), the RBS spectrum (2 MeV He" beam and
165° backscattering angle) contains a well-defined peak at 1.57 MeV
corresponding to the atoms backscattered by surface ZnO atoms. The area
under this peak is a quantitative estimation of the Zn dose [(1.8+0.1)x10"
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Zn at./cm®]. Assuming a cylindrical shape (diameter 23 nm) for the seeds
and considering the ZnO density of 4.2x10% ZnO molecules/cm’, an average
height of seeds of 4 nm can be estimated.
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Figure 2.7: (a) SEM plan view of a seeded substrate (white spots are the seeds on
the bare Si substrate). (b) Rutherford Backscattering Spectrum of He ions
backscattered from Zn atoms, taken from the same sample of (a) with a 2.0 MeV
He+ beam at a backscattering angle of 165 °, as depicted in the inset graph.

222 CBD

After the substrate was uniformly coated with ZnO seeds, the
deposition of ZnO nanorods is carried out by vertically suspending the
substrate in the growth solution for 1 hour, Figure 2.6. The sample position
in the solution affects the sample quality. After many tests of the orientation,
such as horizontal face up/ down, the vertical positioning of the sample,
away from the bottom of the beaker, was revealed to be the best choice to
minimize the deposition of crystallites on the substrate, coming from
homogeneous nucleation in solution.An open large beaker filled with a 100
mL solution (50 mM) of zinc nitrate hexahydrate [Zn(NOs),-6H,0] in
deionized (DI) water (Milli-Q, 18 MQ-cm) and a small beaker filled with
100 mL solution of varying HMTA concentration in DI water were stirred
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for 15 minutes and preheated at 90 °C. The HMTA solution was then poured
in the large beaker. While zinc nitrate concentration in the CBD bath was set
at 25 mM (after solution mixing), HMTA final concentration was varied in
the 12.5-50 mM range. In some tests, HMTA was substituted or combined
with propylamine [PA, (CH;);N], a liquid primary amine highly soluble in
water.

Figure 2.8: Experimental setup for the growth step. The apparatus which supports
the samples was realized ad hoc, with Teflon bars placed so as to allow the
simultaneous immersion of three samples.

As the concentrations of reactants vary with time (and at different specific
rates), an aging effect of the solution can occur, decreasing the Zn*"/OH™
ratio in a long CBD process [92, 117, 121]. In addition, the temperature of
the solution heavily affects the growth kinetics [85, 103, 104]. These effects
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have to be considered when performing CBD experiments; thus, particular
care was taken to immerse the substrates immediately after the solution
mixing and to keep the solution temperature fixed at 90 °C through a boiling
water bath (bain-marie configuration, Figure 2.8). Only for the kinetics study
presented in the section 2.4, reaction time and bath temperature were varied
in the range 0.5-3 h and 65-90°C, respectively. pH and temperature were
measured before, during and after the CDB with a pH-meter (EUTECH
Instruments, pH2007) equipped with a temperature probe. Once the
substrates were removed from the CBD beaker, they were rinsed with DI
water and dried with N2 gas.

Figure 2.9: SEM images of ZnO nanorods arrays deposited on (a) Au-coated, (b)
glass, (c) Si and (d) ITO substrates from 25mM solution of zinc nitrate and HMTA
at 90°C for 1h. The scale bar is the same for all the images.
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To test the versatility of the procedure, deposition experiments were
performed using identical bath deposition (25mM Zn(NOj;),"6H,O and
HMTA, pH 5.7, 90°C, 1h) but different substrates. Micrographs of ZnO
nanorods arrays on gold-coated, glass, silicon and ITO substrates are shown
in Figure 2.9. The alignment of the ZnO nanorods is substrate-independent
due to the presence of ZnO crystalline seeds, unlike the case of the seedless
synthesis [85, 101, 102].

2.2.3  Structural Properties

Once defined the synthesis procedure, preliminary characterizations
were performed in order to ascertain the crystalline and structural
characteristics of the obtained ZnO nanorods.

RBS analysis was employed to verify the composition and the
proper stoichiometry of a ZnO nanorods film (200 nm thick) grown for 30
minutes at 90°C, Figure 2.10. The signals at 1.6 and 0.7 MeV are related to
the He" ions backscattered from zinc and oxygen atoms while the signal at
1.0 MeV refers to Si substrate. The area of each peak (after a proper
background subtraction) is proportional to the dose of that element in the
sample. The calculated atomic amount is the same for zinc and oxygen
(about 7.5x10"at/cm?®) corresponding to a stoichiometric relationship
Zn:0=1:1.
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Figure 2.10: RBS spectrum of a ZnO NRs film grown by CBD for 30’at 90°C with
a pH solution 5.7.

The structural characterization was also performed by using High Resolution
X-Ray diffraction (HR-XRD: D8Discover Bruker AXS) using a Cu,, source,
in symmetric geometry configuration. The XRD pattern reported in Figure

2.11 demonstrates that the ZnO nanorods have a clear preferential

orientation along [0001] direction as evidenced by the intense diffraction
peak at 20=34.4° related to (0002) plane.
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Figure 2.11: X-ray diffraction patterns of ZnO NRs deposited on Si at 90°C, pH 5.7
for 1h.
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The ultraviolet and visible photoluminescence (PL) measurements of
as-grown nanorods arrays were performed in air, at room temperature, by
pumping at 1.5 mW the 325 nm line of a He-Cd laser chopped through an
acousto-optic modulator at a frequency of 55Hz. The PL signal is collected
and analyzed by a single grating monochromator, detected with a
Hamamatsu visible photomultiplier. The spectrum has been recorded with a
lock-in amplifier using the acousto-optic modulator frequency as a reference.
As Figure 2.12 shows, the spectrum consists of two peaks, one in the UV
region centered at 382 nm (3.24 eV) corresponding to the near band edge
emission and the other one consisting of a broad emission related to defects
energy level in the bandgap. The PL signal reported in Figure 2.12 (refers to
NRs grown by CBD having diameter~60nm) is comparable with PL spectra
of ZnO NWs grown by high-temperature synthesis method (see for example
Figure 1.6 and 1.7).
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Figure 2.12: Room temperature PL spectrum for as-grown ZnO NRs array
deposited on Si at 90°C, pH 5.7 for 1h.

2.3 Growth Kinetics

Time and temperature evolutions of the lateral size have been
investigated, keeping fixed the other synthesis parameters (reagents
concentrations and solution pH).

As reported in many studies [94], the formation of ZnO via CDB can
occur at temperature as low as 65 °C. We have chosen to examine the
temporal trend of the lateral dimension at that temperature by ranging the
deposition time from 5 minutes to 2 hours. The average diameter (defined as
the largest circumference inscribed in the hexagonal section of NR) of the
nanorods was extracted by SEM image analysis.
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Figure 2.13: Nanorods average diameter as a function of the deposition time. The
syntheses were carried out at 65°C. Error bars are included in the symbols size.

Two linear regions can be located in the curve reported in Figure 2.13 : after
30 minutes the lateral growth seems to slightly drop. Indeed, several kinetics
tests have shown that the NRs size scales linearly with growth time up to a
certain moment (dependent on the bath conditions) after which the growth
rate decreases. As stated in the Section 2.2.1, the average distance among
ZnO seeds is 60 nm so, assuming that each nanorod comes from a single
seed, as soon as the nanorod reaches a lateral dimension of 100-120 nm, a
further lateral growth will be affected by the presence of neighbors rods. At
this point it may happen that two or more nanorods fuse together. The graph
in Figure 2.13 does not show the value of the lateral size of the
nanostructures grown in 2 hours long synthesis because the nanorods
merging is such that the evaluation of an average diameter of a single NR
becomes meaningless; contiguous nanorods seem to connect each other in a
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common crystallographic orientation driving by a mechanism similar to the
oriented attachment [98, 124, 125] and a spiral growth phenomenon begins
to dominate, as shown in Figure 2.14.

Figure 2.14: SEM image of ZnO NRs grown by CBD for 2h in a chemical bath
kept at 65°C. Merging and spiral growth phenomena are evidenced.

The trend of the average diameter has been studied also as a function
of the growth temperature. Four different temperatures were probed (65, 80,
85, 90 °C) while the duration of the deposition has been set to 1 hour. In
Figure 2.15 it is evidenced that increasing the growth temperature, the lateral
growth rate decreases and, as a consequence, the probability of the NRs
merging is reduced. The lateral size ranges from 150nm for nanorods grown
in a chemical bath kept at 65°C to 60 nm in the case of 90 °C. This is
consistent with the result presented in literature[ 126, 127].
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Figure 2.15: Influence of the growth temperature on the average diameter reached

by ZnO NRs in 1 h long synthesis. Error bars for height are as large as the symbols
size.

A summary diagram of the results discussed so far is shown in Figure 2.16.
Increasing the deposition time, at temperature of 65°C the lateral growth is
observed until neighbors nanorods merge. Increasing the growth temperature
(1 hour long deposition) well-separated nanorods can be obtained since the
lateral growth rate decreases. Limiting merging phenomena in favor of the
formation of well-defined nanorods represents a key aspect for many
applications. In this regard, it is clear that the optimum bath temperature is
90°C, so further investigations of the growth kinetics will be presented for
this temperature.

To study the vertical growth kinetics at 90°C, we measured the
height of NRs obtained after different durations of CBD. The result is
reported in Figure 2.17(a).
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Figure 2.16: Summary diagram of the dependence of nanorods morphology on the
growth time and temperature. Scale bar is the same for all the images.
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Figure 2.17: (a) Time evolution of NRs height (growth at 90°C, pH 5.7). Dashed
line is the linear fit to extract growth rate and time offset, for data up to 2 h growth
time. Error bars for height are as large as the symbols size. (b) SEM plan view of

ZnO NRs grown at 90 °C for 8§ minutes.
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In many experimental tests, we have always observed that the NRs height
increases proportionally with growth time, up to a maximum time of 2 h.
This can be related to the change in Zn>" ions concentration in the solution,
as reported in ref [92]. For prolonged growth time, the concentration of Zn*"
ions in solution starts to decrease, leading to a lower NR vertical growth. So
we have focused our attention on the 0—2 h growth time interval. In this time
range we observed no significant lateral growth: the samples show ZnO NRs
as large as ~50 nm from the beginning up to 2 h. The vertical growth rate
can be determined with a simple linear fit and it was found that the growth
rate is 12.5 nm/min. In addition, a systematic time offset (of about 15 min) is
detected before the beginning of the vertical growth. The origin of this time
offset can be explained by analyzing the early stages of the synthesis. We
observed by SEM analysis the presence of ZnO NRs after 8 minutes growth,
with a fairly low substrate coverage, Figure 2.17(b). The micrograph frames
a transitory phase between the starting seed layer and a fully compact array
of NRs uniformly covering the substrate. This is obtained after an incubation
time corresponding to the time offset measured in the vertical growth rate
analysis. A linear trend in the vertical growth can be reached after the
incubation time. The vertical growth kinetics was analyzed also for the
synthesis involving higher HMTA concentration (50mM) and it is reported
in Appendix. In this case, the vertical growth rate resulted 13.0 nm/min. This
means that by increasing the HMTA concentration, the hydrolysis
equilibrium of Zn’ ) is not significantly changed.

2.4 Role of HMTA

Some work demonstrated the control of ZnO morphology through
the tailoring of the bath chemistry. We have conducted several experiments
varying the HMTA concentration (12.5, 25 and 50 mM) and keeping fixed
(25 mM) the concentration of zinc nitrate, with the aim to achieve a better
understanding of the effect on the final structural properties. Figures 2.18 (a-
c¢) show the SEM analysis of ZnO NRs in plan and cross view, evidencing
that there is a strong dependence of the obtained morphology on the amount
of HMTA. All the samples were grown for 1 h at 90 °C, and the measured
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pH was 5.7. For 50 or 25 mM HMTA, a dense array of ZnO nanorods is
obtained, with well-aligned and separated nanorods (40—50 nm wide,
600—700 nm high). The array is composed of ZnO nanorods with the well-
known prism shape and hexagonal section with a flat top. If 12.5 mM
HMTA is used, a remarkably different structure is obtained, as ZnO platelets
(100 nm wide and 80 nm high) form, merged each other to form an almost
continuous film. In this case, the height is even smaller than the lateral size,
and moreover a large number of defects arose at the junction between these
randomly oriented platelets. Thus, it is clear that there is a lower limit in the
HMTA concentration over which the growth is biased toward the rodlike
structure. Still, no difference in the pH of the solution is observed among the
three cases; thus, the rodlike growth cannot be due only to the OH release
coming from the HTMA or ammonia protonation (see Equations 1-5(a-b)).

SomNL HMTA |22 suiVE Ve | 12.5mM HMTA
als X C \ 3 r >

Figure 2.18: SEM images of the plane (top panel) and cross-sectional (bottom
panel) views of the ZnO NRs grown with a zinc nitrate concentration of 25 mM and
different molar concentrations of HMTA: 50 (a), 25 (b), and 12.5 mM (c). The
growth temperature and time were 90 °C and 1 h, while the pH = 5.7. The scale bar
is for all images [128].
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The role of the pH value in ZnO NR growth by CBD has been largely
discussed, [90, 91, 99, 116, 129]] with a general consensus that by changing
pH different ZnO nanostructures can be formed. In this work, we have set
the pH of the chemical bath at 5.7, with HMTA acting as pH regulator. In
order to clarify if HMTA has any other role beyond that of pH regulation, we
replaced it with a simpler amine, propylamine (PA). pH regulation can also
be achieved by using inorganic salt, but we decided not to use them as they
are known to affect morphology of oxide nanostructures in low-temperature
solution growth [128]. Figure 2.19(a) reports the pH values of a 25 mM
solution of Zn nitrate kept at 90 °C with different concentration of HMTA or
PA. Without any amine, the Zn nitrate solution is acidic (pH = 4.2) due to
the hydrolysis of Zn2+(aq) complex. HMTA shows a strong pH regulation
activity, quickly stabilizing the pH at 5.7 in the 12.5-25 mM range of
HMTA concentration. The behavior of PA at low concentration is similar,
while for PA concentration larger than 50 mM, pH increases up to 9. In
particular, a 35 mM PA solution has a pH= 5.7 (indicated by vertical arrow
in Figure 2.19(a)). In principle, if the role of HMTA is only to keep the pH =
5.7, using another reagent capable of ensuring the same pH condition should
permit the synthesis of zinc oxide nanostructures with morphological
features similar to those obtained by employing HMTA. Figure 2.19(b)
shows the plan view of the CBD with 25 mM zinc nitrate and 35 mM PA
solution. No nanorods or platelet structures were found. Given this results,
we tried to repeat the growth by adding a small amount of HMTA. Figure
2.19(c) reports the SEM images in plan (top panel) and cross (bottom panel)
of the ZnO nanorods obtained combining 35 mM PA and 12.5 mM HMTA
(with a fixed 25 mM Zn nitrate). Under such conditions, very high and thin
ZnO nanorods were obtained. It is worth noting that the same amount of
HMTA (without PA) gave the merged ZnO platelets (Figure 2.19(c)). This
indicates that ZnO NRs can be obtained even if a low amount of HMTA is
used, as long as another pH regulator is present.
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Figure 2.19: 3. (a) pH measured in an aqueous solution of Zn nitrate (25 mM) kept
at 90 °C with different concentration of HMTA (close circles) or PA (stars). (b)
SEM plan view ZnO nanostructures grown with 35 mM PA (Zn nitrate
concentration of 25 mM, temperature of 90 °C, growth time of 1 h, pH = 5.7). (¢)
SEM images of the plane (top panel) and cross-sectional (bottom panel) views of the
ZnO NRs grown with 12.5 mM HMTA and 35 mM PA (Zn nitrate concentration of
25 mM, temperature of 90 °C, growth time of 1 h, pH = 5.7). The scale bar is for all
images [128].

Figure 2.20 provides an overview of the morphological features of ZnO NRs
grown with different concentration of HMTA, with and without PA. The
height and the lateral size were extracted from SEM images (error bars are of
the same size as the symbols size). When only HMTA is used, higher
HMTA concentration leads to significant increase in aspect ratio (AR),
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ranging from about 0.7 (12.5 mM HMTA) to about 15 (50 mM HMTA). The
combination of PA and 12.5 mM HMTA (stars) leads to height, lateral size,
and AR comparable to those obtained with higher amount of HMTA. This
effect of PA can be explained if a double role of HMTA 1is assumed:
primarily it is a pH buffer, while its secondary role is to induce the rodlike
growth of ZnO. In fact, looking at Figure 2.19(a), 12.5 mM HMTA turns out
to be high enough to maintain pH at 5.7, but in this case no ZnO nanorods
are obtained, implying that most or all of the HMTA is used up in pH
regulation. When more HMTA or PA is added, ZnO nanorods appear.
HMTA secondary function of biasing anisotropic growth of ZnO along the
c-axis can be related to the preferential attachment of chelating HMTA
molecules to the lateral faces of ZnO NRs [122]. HMTA can bind to
nonpolar ZnO crystal surfaces by means of at least two mechanisms: a dative
covalent bond between the basic N donor atoms and the acidic Zn*" site or a
hydrogen bonding between the tertiary ammonium cations and the O
crystal ions. Any of them can lead to a steric hindrance effect that hinders
the lateral growth of the ZnO NRs. [104, 130, 131]. This explanation is in
apparent contrast with ref. [116] where it is stated that HMTA does not
adsorb on ZnO nanoparticles film. However, they used very low HMTA
concentration (1 mM), and the HMTA absorption test was carried out at
temperature well below 90 °C. At these conditions, HMTA adsorption and
bonding to ZnO may not be favorable. Our results indicate that for typical
ZnO NR growth condition (90 °C, pH = 5.7, HMTA=25 mM) a clear steric
hindrance effect induced by HMTA cannot be ruled out.
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Figure 2.20: Circles refer to height (top), lateral sizes (medium), and aspect ratio
(bottom) of ZnO NRs grown with different HMTA concentrations. Stars refer to
ZnO NRs grown with HMTA (12.5 mM) and PA (35 mM). In all cases, Zn nitrate
concentration was 25 mM, temperature was 90 °C, growth time 1 h, and pH = 5.7
[128].

2.5 Steric Hindrance Effect

Structural analyses were performed on ZnO NRs grown with 25 or
50 mM HMTA or with the combination of 12.5 mM HMTA and 35 mM PA
by using a transmission electron microscope (TEM, JEOL ARM200CF),
operating in conventional TEM (CTEM) and diffraction mode. In particular,
in order to study the morphology of the NRs below the surface of the film,
the NRs array was embedded by using an epoxy resin and then sliced up,
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extracting a plane of observation about 100 nm above the substrate. All the
TEM images refer to this kind of slice.

i (5

¥ 2

Figure 2.21: TEM images of a slice extracted 100 nm above the substrate of ZnO
NRs samples grown with 25 mM HMTA (a), 50 mM HMTA (b), or 12.5 mM
HMTA+35 mM PA (c) (Zn nitrate concentration of 25 mM, temperature of 90 °C,
growth time of 1 h, pH = 5.7). The scale bar is for all images [128].

Figure 2.21 shows the bright field transmission electron microscopy (BF-
TEM) images of ZnO NRs grown with 25 mM (a), 50 mM (b) of HMTA,
and with the combined use of 12.5 mM HMTA and 35 mM PA (c). NRs
with [0001] zone axis aligned with the line of sight appear with darker
contrast and sharper edges. As shown by SEM images in Figure 2.19, not all
NRs are properly perpendicular to the substrate, so some misalignment
occurs

25mMHMTA SOmMHMTA 12.5mMHMTA+ 35SmMPA

Figure 2.22: Selected Area Diffraction (SAD) patterns of TEM images of ZnO NRs
grown with 25mM HMTA (a), 50mM HMTA (b), or 12.5mM HMTA+35mM
propylamine (c) (Zn nitrate concentration of 25 mM, temperature of 90°C, growth
time of 1 hour, pH=5.7) [128].
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The selected area diffractions (SAD) patterns of TEM images are reported in
Figure 2.22. This analysis and the extracted interplanar distances show that
NRs are consistent with a wurtzite ZnO crystal, with white rings (green
labeled) corresponding to [100], [101] and [110] axis directions, going from
center to periphery. Spots with red labels in Figure 2.22(a) are referred to the
diffraction spots of the c-Si substrate, and are disposed with a square lattice.
The SAD shows that a predominant <0001> growth direction occurs for the
NRs. It is clear that large differences arose among the three samples in terms
of NRs density, dimension and uniformity. In order to investigate this aspect,
we calculated the size distribution (Figure 2.23) of ZnO NRs both on the top
plane and at 100 nm (bottom plane, hereafter) above the substrate, using
SEM and TEM images analyses. Although two different techniques have
been used on top and bottom of NRs, a fair comparison can be done and
many reliable information can be drawn. For each sample, the areal density
of NRs is reported, for both planes. In the case of only HMTA, the NR
density clearly decreases from the bottom plane to the top one, in particular
for the 25 mM HMTA sample. The same sample, moreover, shows a
markedly larger size distribution at the bottom plane in comparison to all the
other samples and the most representative size (35—40 nm) at the top plane is
larger than the most representative size (10—20 nm) at the bottom plane. This
may indicate that most of the ZnO NRs present at the bottom do not reach
the top plane, perhaps suppressed during the growth. Another explanation is
that merging of small NRs probably occurred by means of crystal coarsening
or oriented attachment. The 50 mM HMTA NRs behaves slightly different,
as the average size slightly increases from the bottom to the top plane, with a
decrease of the NR density. The HMTA + PA sample shows fairly the same
average size among the two planes, with only a moderate reduction in the
NR density. It should be noted that this sample shows the lowest reduction in
NRs density going from the bottom to the top plane and that also at the
bottom plane the NRs density is quite low (see Figure 2.21(c)). The value of
NRs density at bottom plane (280 NRs/um?) is really close to the density of
seeds, indicating that most probably the NRs growth started at the
preexisting seeds. In the 25 and 50 mM HMTA cases, instead, the NRs
density at the bottom plane is much larger, suggesting that NR nucleation
should have occurred well above the seed density.
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Figure 2.23: Size distribution of ZnO NRs in samples grown with 25 mM HMTA,
50 mM HMTA or 12.5 mM HMTA+35 mM PA, (Zn nitrate 25 mM, temperature of
90 °C, growth time of 1 h, pH = 5.7). Black and red histograms refer to the top or
bottom (100 nm above the substrate) planes, as depicted in the drawing. NRs density
per um?2 are also reported in the legend for each.sample, at the bottom and top
planes [128].

In general, for the HMTA + PA samples ZnO NRs growth seemed to occur
without any merging or NR suppression. These results can be interpreted
with the steric hindrance effect. Basically, there is a sort of dynamic
equilibrium among attached molecules (HMTA*) and molecules dispersed
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in solution. When only 25 mM HMTA is used, the HMTA concentration in
the residual solution at the bottom part of NRs during the growth becomes
less and less, shifting the equilibrium toward molecules dispersed in
solution. This reduces the HMTA* amount and consequently the steric
hindrance effect. Merging phenomena can then occur. As the HMTA is
increased, a more controlled growth occurs with 50 mM HMTA or even
better with the HMTA + PA combination.

To counterprove the HMTA-induced steric hindrance action, a
double-step synthesis test was carried out with HMTA concentration varied
during the growth. Two seeded substrates were immersed in an equimolar
solution (25 mM) of zinc nitrate and HMTA at 90 °C (pH = 5.7). After 1 h,
one sample was extracted, rinsed, and dried, and a solution of 25 mM zinc
nitrate (preheated heated at 90 °C) was added to double the original volume.
As a consequence, the nominal HMTA concentration was then halved (12.5
mM) while maintaining that of zinc nitrate at 25 mM. The diluted solution
had pH = 5.7, as expected. The second substrate was kept in the diluted
solution for a further 30 min, then removed, rinsed, and dried. Figure 2.24
reports the results of this double-step synthesis test. After the first growth,
ZnO NRs (Figure 2.20(a)) exhibit an average lateral size of 40 nm and a
height of 540 nm. The second step (Figure 2.20(b)) surprisingly did not give
any extra height (as observed by cross SEM images, not reported) but only a
significant lateral size growth (from 40 to 100 nm), with several evidence of
NR merging (red circles in Figure 7b). This scenario further confirms the
steric hindrance action of HMTA, giving an explicit evidence that the NRs
anisotropic growth strongly depends on the HMTA concentration. After the
dilution, the amount of HMTA becomes so low that growth along the c-axis
is essentially suppressed while only lateral growth occurs on the side walls
of NRs.
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Figure 2.24: SEM plan views of ZnO NRs grown with 25 mM HMTA for 1 h (a) or
with 25 mM HMTA for 1 h plus 12.5 mM HMTA for further 30 min (b) (Zn nitrate
concentration of 25 mM, temperature of 90 °C, pH = 5.7). Red circles indicate
merging ZnO NRs, while drawings below represent height and lateral size of NRs
before and after HMTA dilution. The scale bar is for all images [128].

2.6 Conclusions

In this chapter, a systematic study of the structural properties and of
the growth kinetics of ZnO nanorods synthesized by chemical bath
deposition is presented and discussed. The precise synthetic conditions for
ensuring a high degree of control and reproducibility were identified as well
as the temperature and deposition time ranges suitable for growing high
quality nanostructures. The investigation of the role of HMTA in the
chemical bath deposition of ZnO nanorods allowed to conclude that a lower
threshold in the HMTA concentration exists in order to induce the
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anisotropic growth of ZnO NRs along the c-axis. Beyond the well-
established pH buffering activity, HMTA is shown to introduce a strong
steric hindrance effect, biasing growth along the c-axis and ensuring the
vertical arrangement, Figure 2.25. This twofold function of HMTA should
be taken into account for avoiding detrimental phenomena such as merging
or suppression of NRs, which occur at low HMTA concentration.

Figure 2.25: Illustration of the shaping effect of HMTA in ZnO NRs grown by
CBD.
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Chapter 3

Light Scattering with ZnO Nanorods

In this chapter, the forward light scattering by ZnO NRs grown by
chemical bath deposition (CBD) on flat and transparent substrate is
presented.

The structural features of ZnO nanorods are analyzed and correlated
to corresponding optical responses. The light scattering performance
has been found to significantly increase with NRs longer than 1 um
and such a result is in qualitative agreement with theoretical
prediction provided by a simple light scattering model.

The applicability of ZnO NRs film as low-cost light diffuser layer upon
crystalline silicon (c-Si) solar cell is finally investigated. An
enhancement of the light-current conversion efficiency has been
achieved for wavelengths longer than 600 nm, attributable to the
scattering of light by NRs array.
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3.1 Nanostructures for cost effective Photovoltaics

Over the past decade, the constant increase of the global energy
demand combined with the need to provide a viable and sustainable
alternative to conventional fuels, have boosted the interest for renewable
energy sources. In particular, solar energy stands out as the most promising
candidate, being an almost limitless resource of the earth and relatively
available in all the globe's surface. Among the different conversion
technologies able to exploit the solar radiation, such as solar thermal or
artificial photosynthesis, photovoltaic has the greater potential to become the
major energy supply in the future, providing clean and affordable electricity.
Although the photovoltaic effect is known since 1839 thanks to the
experiments of Alexandre Edmond Becquerel on electrolytic cells, it found a
physical explanation only in 1905, within the quantum physics revolution,
through the photoelectric effect clarified by Albert Einstein. The first
commercial silicon solar cell was realized in 1954 by Person, Fuller and
Chapin at Bell Laboratories. Since then, the efforts of scientific research are
aimed at improving the yield of photovoltaic systems in terms of conversion
efficiency and manufacturing costs. In this regard, minimizing the thickness
of the active materials represent one of the most promising route not only
from the economy point of view but also for the decrease of the electrical
losses during the photocarrier transport. In addition, thin film based
technology permits a great versatility: thin film can be applied to almost all
kind of substrate, also paper or flexible plastic, therefore particularly suitable
for building integrated photovoltaic.

3.1.1  Light Trapping Approaches

Semiconductors are able to absorb a large part of the solar spectrum
according to the value of their bandgap energy (E,). For example, crystalline
silicon exhibits an optical bandgap of 1.1 eV while amorphous silicon has
higher bandgap (1.7 eV). The photons hitting the solar cell with energies
above E, can be absorbed and electron-hole pairs are formed within the
material. The photogenerated carriers are then separated by the action of the
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internal electric field (as in the case of a p-n junction) and collected to create
electric current. The highest achievable efficiency is determined by intrinsic
losses and, for the case of an ideal single junction device, the maximum
thermodynamic efficiency is about 30%, as demonstrated by Shockley and
Queisser in 1960 [132]. Moreover, especially for devices based on thin film,
the decrease of the absorption coefficient a whit the increasing of the light
wavelength represents a further limiting step for reaching high device
performance. Figure 3.1 shows the trends of the absorption coefficient for
crystalline, microcrystalline and amorphous silicon. In the visible range, the
values of the parameter a are so high that the photons are easily absorbed in
a single pass across the device. In the near infrared spectral region, as the
energy of the light becomes comparable to E,, the probability of absorption
of photons strongly decreases. Therefore, the efficiency of the solar cell is
affected by the weak absorption at longer wavelengths and this effect is
particularly pronounced in thin film configurations where incoming light has
a low probability to be absorbed during one single pass. Developing very
effective photon management schemes is the key to maximize the light
absorption probability even maintaining the minimal material use [133].

Nanostructures can play a crucial role in light trapping to increase
the sunlight absorption in solar cell [134-136]. Firstly, the presence on the
top of the cell of an effective antireflection layer allows to maximize the
light entering into the cell. It has been demonstrated that nanostructures with
appropriate morphological features can effectively reduce the reflectance of
material with low absorption coefficient better than the conventional quarter-
wavelengths thin films [137]. However, many problems related to
nanostructuring hinder large-scale uniformity, fabrication costs and
mechanical resistance.
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Figure 3.1: Absorption coefficient of crystalline (dashed line), amorphous (circles),
and microcrystalline (triangles) silicon. Adapted from ref. [Muller2004].

Different approaches have been investigated to enhance the light
absorption by confining light inside the active layer, such as photonic
crystals, plasmonic nanostructures, and diffraction gratings [138-142].
Plasmonic nanostructures can be exploited in different ways to enhance the
absorption in the photovoltaic layers, as shown in Figure 3.2(a-c). Metallic
nanoparticles can serve as subwavelength scattering centers or work as
subwavelength antennas by near-field enhancement. In addition, metallic
gratings on the bottom of the cell can couple the incident sunlight in guided
mode.
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b

. UL

Figure 3.2: Illustration of light trapping mechanisms induced by plasmonic
nanostructures: (a) scattering, (b) near-field enhancement, (c) waveguide modes.
Adapted from ref [138].

Different geometry for diffraction grating have been investigated. Martins et
al. have proposed a supercell grating able to suppress the diffraction orders
that do not couple into the quasiguided modes and to enhance those ones
able (Figure 3.3).

* Supercell

|\\;}'
¥ #1402 +3 *4
(b)
Figure 3.3: (a) SEM image of the supercell grating. (b) Schematic of operation

principle: the diffraction orders that do not couple into quasiguided modes of the
thin film are suppressed. Adapted from ref. [140].

Although these approaches seem promising from a theoretical point of view,
the experimental evidences often have not confirmed the expectations.
Moreover, their implementation cost might be too high for the relatively
small enhancement of the solar cell efficiency they induce and, therefore, ill-
suited for industrial scale.

Light scattering from highly textured interfaces is the most common
way to improve the light management in the cells with superstrate
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configuration as well as the presence of metallic back reflector in substrate
configuration. The purpose of both approaches is to extend the light path
beyond the thickness of the material in order to increase the internal
absorption especially at energies corresponding to weak absorption. The
deposition of intentionally roughened transparent conductive oxide (TCO) as
front contact ensures a high electrical conductivity and a high transparency
in the spectral region where solar cell typically operates. Figure 3.4(a)
illustrates the cross section of a thin film silicon solar cell and the possible
light scattering events at interfaces between neighboring layers. The ability
to scatter the incident light of a TCO is related to the morphological features
of the surface. In Figure 3.4(b) the SEM micrograph of a ZnO layer after
chemical etching process is shown. In general, an appropriate choice of the
deposition methods and of the post-growth processes allows the design of
front electrodes with surface morphologies suitable for effective light

scattering.
ﬂ Incident light
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Figure 3.4: (a) Sketch of a Si thin film solar cell with superstate design. The arrows
represent all the possible light paths and scattering events. (b) SEM image of
magnetron-sputtered and texture-etched ZnO. Adapted from ref. [134].

Recently, strong efforts have been taken to improve the optical and electrical
properties of ZnO-based materials since zinc oxide, unlike the conventional
tin oxide (SnQO,), has the advantages of abundance in nature, non-toxicity
and great potential to be deposited via large area and cost-effective
techniques.
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3.1.2 Light Scattering Performances of solution derived ZnO NRs

Despite the solar cell technology is mainly focused on sputtering and
chemical vapor deposition techniques, several examples have been reported
where low temperature solution-phase synthesis methods have been
successfully employed. In particular, solution derived zinc oxide nanorods
layers are shown to be profitably used to increase the efficiency of thin-film
solar cells both as efficient antireflection coating [143-145] and as
broadband light scattering transparent layer [146-148].

Ko and Yu [146] have reported, on urchin-aggregation inspired hierarchical
nanostructures consisting in ZnO NRs grown by hydrothermal method on
silica microspheres monolayer covered with Al-doped ZnO (AZO).
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Figure 3.5: Transmittance Haze spectra of ITO/glass, ZnO NRs on AZO/ITO/glass,
and ZnO NRs on AZOf/silica microspheres of 320 nm, 540 nm, and 970
nm/ITO/glass, The insets show tilted-view SEM images. Adapted from ref. [146].

The transmittance haze spectra (diffused over total transmitted light)
shown in Figure 3.5(b), have revealed that ZnO NRs grown on 970 nm silica
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microspheres yield very high haze values about 80% - 60% in the
wavelength rage of 400-900 nm. This represents a prime example of how
different materials and synthesis methods could be well integrated into a
single promising device.

By a low temperature (75°C) double-step electrodeposition method,
Shinagawa et al. [147] have formed a layer of dense ZnO columnar grains

with a (101)-faceted pyramidal tips on TCO substrate, whose light scattering
effects give average haze values of about 50%, Figure 3.6. To provide a
better insight into the possible improvement in solar cell performances, the
authors tested the effects of the ZnO film with a pyramidally textured
surface on a ZnO/Cu,0 solar cell (1.3—1.5 pm thick Cu,0), achieving a 1.3
times higher short circuit current density (Jsc) than that using a non-textured
ZnO.
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Figure 3.6: (a) SEM images of ZnO cylinder with pyramidal tip electrodeposited on
fluorine tin oxide (FTO) substrate (second step deposition time 450 s) .(b) Variation
of average haze values depending on the second step deposition time. Adapted from
ref. [147].

A properly tuning of the size and shape of the nanostructures can
promote the light scattering effect, as Nowak et al. [148] have demonstrated
in their study on electrochemically deposited ZnO NRs arrays. In figure 3.7,
SEM micrographs and the corresponding transmission haze spectra are
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displayed revealing that the difference in morphology results in large
variation of the optical response. The amorphous Si thin film solar cells
grown on these ZnO nanorods (superstrate configuration) have evidenced a
significant reduction in the cell reflectivity. Still, the ZnO NR arrays with the
strong diffuse scattering (long and well-separated NR) have also caused
significant electrical losses in the solar cell (low open-circuit voltage and
low fill factor) cancelling out the benefits of the better optical performance.
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Figure 3.7: SEM images of ZnO NRs arrays grown with different electrochemical

deposition parameter and corresponding transmittance haze spectra compared with a
commercial TCO (ref). Adapted from ref. [148].

3.1.3  Decoupling the light diffuser layer: a new way

The implementation of high-haze layers in thin film solar cell is not
a trivial question and, although ZnO NRs have clearly shown large potential
in light management for sunlight-energy conversion, they may not have
favorable physio-chemical properties for being a suitable substrate for the
growth of the absorber layer. The high degree of roughness causes the
inevitable creation of defects responsible for increased recombination
probability in the photo-active material and consequent deterioration of the
electrical properties of the entire device.
In this thesis, a novel approach is proposed, consisting in physically
decoupling the ZnO light diffuser layer from the solar cell. This should
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permit to keep flat the film, to avoid device performance degradation and, at
the same time, to maximize the collection efficiency.

3.2  ZnO Nanorods on Transparent Substrate

3.2.1 Morphological and Structural Properties

ZnO nanorods arrays have been deposited on microscope glasses (2
X 2 cm’) by chemical bath deposition. After substrate cleaning (ultrasonic
baths of acetone, then isopropanol, followed by drying with N, gas) and seed
layer deposition, three NRs samples were grown, by immersing the seeded
glass in a 90 °C aqueous solution of 25mM zinc nitrate hexahydrate and 12.5
(NRIT) or 25 (NR2) or 50 (NR3) mM hexamethylenetetramine for 1 hour.
The geometry of nanostructures is known to dominate the light scattering
behavior. Since the diffusion of the sunlight can be optimized by adequate
design of the morphology of the nanostructures (diameter, length, density,
etc.), an accurate structural characterization is required in order to find some
correlation. Table 3.1 summarizes the morphological properties of the
samples indicating the values for the length (1), lateral size (d), and aspect
ratio (AR= 1/d) of ZnO NR, as extracted from the SEM images reported in
Figure 3.8(a-c). As expected, the morphology of grown ZnO structures is
strongly affected by the HMTA concentration, as by increasing the amount
of HMTA, longer and narrower NRs are obtained.

Sample [HMTA] [ (nm) d (nm) AR FWHM (°)
NRI1 12.5 mM 120 280 0.4 /
NR2 25 mM 780 80 9.7 10
NR3 50mM 1300 60 21.6 11

Table 3.1: ZnO nanorod length (1), lateral size (d), aspect ratio (AR), and FWHM of
rocking curves for the three ZnO NR samples synthesized with different HMTA
concentrations.
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Figure 3.8: SEM images of the plane (top panel) and cross-sectional (bottom panel)
views of ZnO NR grown with different molar concentrations of HMTA: 12.5mM for
NRI1 (a), 25mM for NR2 (b), and 5S0mM for NR3 (c¢). The scale bar is valid for all
images [149].

ZnO NRs lattice structure and orientation have been studied by HR-
XRD (D8Discover Bruker AXS, quipped with a Cu,, source and thin film
attachment; acquisition done in symmetric configuration). The diffraction
patterns in Figure 3.9(a) reveal peaks from (10-10), (0002), and (10-1 1)
planes of the ZnO wurtzite structure with different relative intensities
depending on the HMTA concentration used. In order to give quantitative
information about the growth axes of the ZnO NRs, the texturing coefficient
Juw has been calculated:

I(hkl)/lfhkz)

e 3.1
J(nk) Shkil i)/ Lnkery "

wherein the intensity of the experimental diffracted peaks (/) are
normalized to the reference /', values taken in a random poly-layer. The
results are shown in Figure 3.9(b). In all cases, a preferential growth of ZnO
NR along the wurtzite [0001] axis is observed, with growth axis
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perpendicular to the sample surface. NR1 has the lowest degree of
orientation along the [0001] direction, while NR2 has the highest degree of
texturing along the [0001] direction, as evidenced by the intense diffraction
peak at 26=34.4° related to the (0002) plane and the extremely weak signals
due to (1010) and (1011) planes. Finally, NR3 is well oriented too, with a
texturing value slightly lower than NR2.
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Figure 3.9: (a) X-ray diffraction patterns and (b) texturing coefficient values of ZnO
NR deposited on glass. The black dashed line in (b) indicates the expected value of a
randomly oriented ZnO layer [149].

The occurrence of a preferential growth was analyzed by the rocking curves
shown in Figure 3.10 which describes the angular distribution of the [0001]
growth axis with respect to the direction perpendicular to the sample surface.
The full width at half maximum (FWHM) of the curve is a measure of the
spread of the [0001] growth axis direction. The FWHM values for the
samples are reported in Table 3.1 and indicate that the NR2 and NR3
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samples have NR aligned around the vertical axis within an angular range of
10°-11°. The NR1 sample exhibits instead a flat distribution. The scenario
on the spread of the growth axis is consistent with the morphology of the
samples shown by the SEM images in Fig.3.8.

Intensity [a.u.]

Figure 3.10: Rocking curves around the [0001] direction for the three samples
[149].

3.2.2  Optical Analysis

In 1966, Tauc, Grigorovici and Vacu proposed a method to evaluate
the bang gap energy of Ge amorphous by using optical absorbance [150]. A
few years later, the method was extended for all amorphous semiconductors
by Davis and Mott’s study [151]. They concluded that the absorption

coefficient depends on the photon energy (#v) and the bandgap E,, according
to the follow equation:

(ahv)'/n = A(hv — E,) (3.2)
where /4 is the Plank’s constant, v the photon’s frequency and 4 a constant.

Depending on the nature of the electronic transition, n can take different

values: n = 1/2 for direct transition, n = 2 for indirect transition. By
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plotting (ahv)l/n as a function of hv, E, is determined by the x-axis
intercept at the linear region of the plot. Although originally the “Tauc
method” has been developed for amorphous materials, many studies have
demonstrated its validity also for crystalline and polycrystalline
semiconductors [152].

The optical properties of the samples have been measured using a UV-Vis
Lambda 40 spectrophotometer with a 50mm integrating sphere that allows to
detect the total transmittance and reflectance (T, Ri) as well as the
diffused light in both transmission and reflection mode (T, Rair). Starting
from such optical integrated measurements, the absorption coefficient has
been calculated as:

S
1 ln Ttot(l_Rtot)

a=1 (3.3)

Ttot

where T3, is the total transmittance of the glass substrate, R.,; and Ty, are,
respectively, the total reflectance and transmittance of the samples. The
experimental data of the absorption coefficient have been used to estimate
the value of ZnO NRs optical bangap. Figure 3.11 reports the Tauc plot
related to NR2 sample, calculated by setting n = 1/ o in the equation 3.2,
being zinc oxide a direct bandgap material. The x-axis intercept of the linear
fit identifies a value for the optical bangap E,= 3.2+0.1 eV, in good
agreement with the data reported in literature [153].
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Figure 3.11: Tauc plot (circles) and relative linear fit according to the reported Tauc
law (Eq 3.2) for NR2 sample.

In the Figure 3.12(a), the total and diffuse transmittance spectra for
ZnO NR samples are shown. All the samples show very high Ty, (larger than
90%) in the 600—1100 nm A range, with a cutoff at ~380 nm due to ZnO
band-to-band absorption. In the 400-600 nm A range, NR samples show a
lower T, because of light reflection at air/glass interface and light
absorption onset at ZnO bandgap energy. No antireflection coating was
employed to further increase the transmittance in the investigated range.
However, a significant portion of transmitted light is diffused at high angle.
In order to estimate the light scattering effect, transmittance haze (Hr),
defined as the ratio of diffused light to total transmitted radiation
(Hr-T4/Tior), 1s typically used. Fig. 3.12(b) shows Hry spectra for the three
ZnO NR samples.
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Figure 3.12: (a) Total and diffuse transmittance of ZnO NR samples and of
microscope glass used as substrate. (b) Transmittance haze spectra of ZnO NR
samples. For comparison, the transmission haze of a commercial textured FTO layer
is reported [149].

The NR1 and NR2 spectra have a similar shape, with Hy higher than that of
a commercial textured fluorine-doped tin oxide (FTO) layer [148]. The Hy
spectrum for NR3 is even much higher, reaching a max value of 70% at 400
nm, as high as the highest haze values reported in the literature [147, 148].
Although there is a large difference in 1, d, and FWHM, NR1 and NR2
samples show quite similar light scattering properties, which can be ascribed
to the refractive index of ZnO rather than to the NR shape. On the other
hand, NR3 shows a much higher transmittance haze, in spite of having rc-
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FWHM and d values similar to those of NR2. Given the much longer NR,
the haze improvement in the NR3 sample suggests a threshold in NR length
over which the light scattering is effectively enhanced.

Light scattering simulations have been performed to investigate the
role of the NRs shape, if any. Using the software MIST [154] we simulated
the scattering of non-polarized light from a single cylinder of refractive
index 2.0 (appropriate for ZnO in the visible range) immersed in vacuum
(inset in Figure 3.13). The calculated differential scattering cross section (o)
was integrated over the forward hemisphere and averaged over different
incidence angles 0; [0°—10°] to account for the spread in the real samples.
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Figure 3.13: Calculated spectra of logarithmic differential scattering cross section
(o,) for a single ZnO cylinder (diameter d, length /) immersed in air integrated over
the forward hemisphere and averaged over incidence angle between 0° and 10°. The
results of the calculations have been smoothed for clarity.

The results are reported in Figure 3.13 as log o, vs. wavelength, for lengths
and lateral sizes equal to the experimental ones. Due to the presence of the

91



Chapter 3: Light Scattering with ZnO Nanorods

substrate and, above all, to the high density of the rods, which causes
multiple scattering, we are prevented from a tight comparison between
calculations and data. Nevertheless, the trend of the higher light scattering
for the longer cylinder is in good agreement with the experimental data
(Figure 3.12), confirming the hypothesis of a threshold in the ZnO NR
length for a large improvement of the haze.

3.3 Effect of ZnO NRs light diffuser layer on c-Si Solar
Cell

A crucial point is to ascertain if the presence of ZnO light diffuser
layer does not entail a deterioration of the solar cell electrical parameters,
therefore a thin c-Si solar cell was used to test the scattering effect on the
light-energy conversion efficiency. This cell of ~lcm?, illustrated in Figure
3.14, is composed of a p-type monocrystalline-silicon layer, 1.1 um-thick
layer with a i/n" a-Si:H emitter at the front-side, covered with a 75 nm-thick
ITO layer and Ti/Pd/Ag emitter fingers. The rear-side was covered by an Al
layer as base contact and bonded to a glass substrate. Further fabrication
details can be found in ref. [155].

Ti/Pd/Ag ‘

g
e~

¥)
~

Figure 3.14: Image and schematic of c-Si solar cell.

Current density (J) versus voltage (V) measurement was carried in
dark and under 150W halogen lamp condition both on the bare cell and on
the cell with highest haze NR3 sample placed on top. The results are
reported in Figure 3.15.

92



Chapter 3: Light Scattering with ZnO Nanorods

2.5x10° , : : . . | . |
2.0x10° -_ cell in dark

Lsx10® b T cell under light
o cell+NR3 in dark
1.0x10” = = cell*NR3 under light
5.0x10" |

0.0

-5.0x10™*

Current [A]

-1.0x10° |
-1.5x10° |
2.0x10° |

_— — =
- -
- - —
b = = - - -
=

25xI10°E 2 =2 = = = = .

-3.0x10° ' : ' : : : : :
0.4 0.2 0.0 0.2 0.4

Voltage [V]

Figure 3.15: J-V curve under 150W halogen lamp for the bare cell and for the cell
with NR3 sample on top.

The open circuit-voltage (V,.) and the fill factor (FF), extracted from J-V
curves, do not change with ZnO NRs film application and only a small
decrease (~8%) of short circuit current density (J4.) is observed which finds a
justification by considering the lower total transmittance at wavelengths
shorter than 600 nm, as shown in Figure 3.12. Such drawback, caused by the
light reflection at air/glass interface and the light absorption in ZnO at
energy close to its bandgap, can be reduced by a fine tuning of NR length
and density and by using an antireflection coating.

External quantum efficiency (EQE) measurements have been done
in short-circuit condition in the 400-1100 nm wavelength range (with a
20nm step), by dividing the net current density increment (Jjigh—Jqarc) per the
incident light power. NR2 and NR3 samples have been placed, as in the case
of J-V measurements, in between the c-Si solar cell and the light beam, as
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shown in the sketch in Figure 3.16. To measure the net effect on the light-
energy conversion of the NR induced light scattering, disentangled from the
above shortcoming, EQE analyses were carried out by considering the actual
light intensity hitting the cell after passing the NR film, corresponding to Ty
reported in Figure 3.15(a).
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Figure 3.16: (a) External quantum efficiency (EQE) of c-Si cell and of the cell with
NR2 or NR3 placed on top (see drawing). (b) EQE difference between cell with and
without ZnO NR layer [149].
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EQE curves of the c-Si cell with and without the ZnO NR layer are shown in
Figure 3.16(a). Given the fact that the absorber layer of the cell is ~1 um, the
scattering effect of ZnO NRs, if any, is expected only for A larger than 600
nm (shorter wavelengths are certainly absorbed in 1 pm Si). A clear increase
of the quantum efficiency is observed for NR3 at A longer than 600 nm. This
can be attributed to the longer pathways experienced in the c-Si solar cell by
light deflected by the NR layer, and to the higher incident angle at the c-
Si/Al interface reducing the plasmonic loss [156, 157]. To better visualize
the effect, Figure 3.16(b) plots the EQE difference among the cell with or
without the NRs film. A positive gain in EQE is observed at 400 nm for both
samples (probably due to normalization effect of Ty, at A close to the ZnO
bandgap energy), while for NR2 sample, a negative EQE difference is
recorded in the 450—-650 nm range. In this last A range, NR3 and NR2
samples have the same T, but NR3 has a much larger Haze. Finally, a net
positive gain in EQE is observed at wavelengths longer than 600 nm, much
more evident for NR3 than for NR2.

Given the EQE above reported, J;. under 1 sun illumination can be
estimated by using the formula [158]:

dj
Jse = e J EQE) (GF) d2 (3:4)
. 1dj, . :
being (d—/1) the standard AM1.5G solar intensity spectrum and e the

electron charge. In the case of NR3 sample, J. increases from 12.0 (bare
cell) to 12.7 mA/ecm®. These data prove that the ZnO NR layer may
effectively improve the light-energy conversion for A longer than 600 nm.

It should be also noted that Figure 3.16 evidences the ZnO NR effect on the
EQE for the specific solar cell we used. Further improvement may be
expected in alternative solar cell configurations. In fact, in the present cell, a
significant amount of photons is lost by parasitic absorption of the Al rear
layer that is directly contacted with the c-Si film [155].
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3.4 Conclusions

Transparent film based on ZnO nanorods with different
morphological and structural features were synthesized on transparent glass
by CBD. The light scattering effect of ZnO NRs was investigated and
simulated, pointing out that a threshold in the ZnO NR length (~1 pm) exists
over which the scattering efficiency is greatly enhanced. ZnO NR film was
also tested on a c-Si (~1 pum thick) solar cell, physically decoupled from the
ZnO NR film, proving that EQE is enhanced for A larger than 600 nm. These
results show that ZnO NRs can be applied as light scattering layer on top of
a solar cell without having to modify the cell fabrication process.

Although the present study has been mainly focused on silicon based
thin film technology, the achieved results, in terms of control of the
nanostructures morphology and of the corresponding optical properties, can
be successfully used to improve the efficiency in many kinds of zinc oxides
based solar cells as polymer, hybrid and dye sensitized photovoltaic devices.

Finally, decoupling the ZnO film from the solar cell, greatly
increases the versatility of such light diffuser layer, making them suitable
also for photovoltaic device in substrate configuration, suited for deposition
on flexible.
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Chapter 4

ZnO Nanowalls by Chemical Bath Deposition:
Growth and Applications

ZnO nanowalls are a new form of nanostructure with high surface-to
volume ratio and reactivity, key elements for enhancing the material-
environment interactions. Indeed, ZnO NWLs are extremely active in
sensing and photocatalytic applications. As an additional advantage,
ZnO NWLs can be synthesized via low temperature chemical bath
deposition on Al-covered substrate. A clear understanding of the main
factors driving the growth mechanism of ZnO NWLs is lacking,
hindering a good control of the synthesis. In this regard, the scientific
efforts that have been made so far are limited and many aspects
remain to be investigated.

In this chapter the effects of the solution composition, pH,
concentration of A(OH)4 and growth time on the quality of ZnO NWL
films are examined. A prior oxidation of Al substrate is proposed as a
new, easy and inexpensive route for enhancing the quality of ZnO
NWLs. A self-screening model has been developed to explain the
growth kinetics of ZnO NWLs. The promising results of ZnO NWLs as
pH sensing material and as photocatalyst are shown in the last
sections.
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4.1 ZnO Nanowalls growth: role of pH

Ye et al. [110] reported the possibility to tune the thickness and the
growth rate of ZnO NWL films by regulating the pH of the solution in
chemical bath deposition. As discussed in the Section 1.5, the role of
AI(OH), ions in determining the morphology of NWLs is generally
accepted.

We studied the effect of solution composition and pH on the growth
of NWLs by varying the reagents composing the chemical bath. All the ZnO
NWL films presented were synthesized under chemical bath deposition
conditions, illustrated in Figure 4.1, using a solution of DI water (18.2
MQ-cm) with 25 mM zinc nitrate hexahydrate and HMTA and, in some
cases, 16 mM ammonium hydroxide (AH). Except if otherwise indicated, the
growth was performed at 95 °C for 300 s on Al film (100 nm thick, sputtered
on silica over silicon substrates). For some test the Al film was previously
electro-anodized . For all samples, the bare Al films were sonicated in soapy
water, water, ethanol, and acetone before use. The NWL film quality is
defined in terms of homogeneity in film thickness across the substrate and
the presence or absence of embedded ZnO (micro/nano) particles.
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Figure 4.1: Simplified scheme of the synthesis of ZnO NWLs by CBD.

Three kind of samples of ZnO NWLs were prepared using zinc nitrate with
HMTA (sample named ZNW1), zinc nitrate with AH (ZNW2) or zinc
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nitrate with the combination of HMTA and AH (ZNW3), as summarized in
Table 4.1. When only HMTA was used, measured pH was 5.7, while the
addition of AH -with or without HMTA- increased the pH to 7.4.

Sample Solution Content Solution pH Thickness [nm]
ZNW1 Zinc Nitrate + HMTA 5.7 850
ZNW2 Zinc Nitrate + AH 7.4 600
ZNW3 Zinc Nitrate + HMTA+AH 7.4 1200

Table 4.1: Synthesis condition of ZnO NWL samples and related film thicknesses.
Adapted from ref. [159].

Figure 4.2 reports the SEM plan views of the three samples. ZNW1 presents
the lowest density of ZnO NWLs compared with the other samples, while
both ZNW2 and ZNW3 have a more interlaced structure. This can be
attributed to an increased nucleation of NWLs as a result of a higher
concentration of AlI(OH), at high pH. It should be stressed that the SEM
micrograph in Figure 4.2(b) reports the best NWL density for ZNW2, that
showed quite significant variation in the density of NWLs across a wide area
of the substrate. Uniformity in the density of the NWLs improves
significantly in ZNW3. However, the increase of the pH was accompanied
by an unwanted side effect. Both ZNW2 and ZNW3 samples presented a
significant number of micro and nano-particles embedded in the film. This
presence of embedded particles is likely due to a fast precipitation of ZnO in
solution at higher pH. We also observed that, in the case of the synthesis
with only zinc nitrate and AH, further increase in AH concentration to 32
mM gave the same film thickness as ZNW?2 but with even worse quality. As
shown in Table 4.1, the thicknesses of NWL films are 850, 600, and 1200
nm for ZNWI1, ZNW2, and ZNW3, respectively. This indicates that
increasing pH, as a way of increasing the concentration of Al(OH), , does
not necessarily lead to increase in film thickness. The combination of
HMTA and higher pH (ZNW3) gives a faster growth, implying that this
combination is essential for both higher nucleation and growth rates of
NWLs.
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Figure 4.2: Plan view SEM micrographs of ZnO NWL films: (a) ZNW1, (b) ZNW2,
(c) ZNW3. Scale bar is the same for all the images [159].
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To investigate the composition of as grown material and to define
the thickness of the possible residual aluminum after the growth of ZnO
NWLs, we carried out RBS analyses on ZNW1 and ZNW2 samples and Al
film used as substrate. The thickness of ZNW3 hindered the acquisition of a
reliable RBS spectrum. The peaks at 1.6, 1.1 and 0.75 MeV, reported in
Figure 4.3, are related to He" ions backscattered by Zn, Al, and O atoms,
respectively. The Al film shows a sharp peak at 1.1 MeV while the O signal
at 0.71 MeV comes from the silica below. ZNW1 and ZNW2 have a similar
Zn peak at 1.6 MeV but only ZNW1 shows a strong Al peak at 1.05 MeV
(shifted to lower energy because of the NWL film on top). Only a very small
signal at 1.05 MeV is observed for ZNW2. This suggests a fast corrosion of
the Al film during ZNW2 growth at higher pH and it may be responsible for
the smaller thickness and poor quality of its ZnO NWL film, as this fast
corrosion might have delayed or impeded the heterogeneous NWL
nucleation. The reason this deleterious effect was not seen in ZNW3
(prepared at the same pH) can be related to the presence of HMTA. One
possible explanation is that HMTA helped in keeping under control the Zn>*
concentration by reducing the spontaneous precipitation of ZnO in the
chemical bath (for example, through chelating free Zn>* ions [Pachauri]).
This then would enhance NWL nucleation and growth. It is also possible that
steric hindrance caused by interaction of HMTA with alumina (AI’")
inhibited its fast dissolution. The area of Zn peak (Az,) is proportional to the
dose of Zn in the NWL film, which is 0.82 x 10'” and 1.05 x 10" Zn at./em’
in ZNWI1 and ZNW2, respectively. In both cases, the O signal is in
agreement with a Zn:O ratio of 1:1. ZNW?2 contains a larger amount of ZnO
compared to ZNW1, according to the more dense structure. On the basis of
these data and growth time (300 s), we also estimated the deposition rate of
ZnO molecules in this NWL structures, which results about 3 x 10" ZnO
molecules/(cm® x s). It is worth noting that ZnO NRs, grown with the same
synthetic condition as ZNW1, showed a vertical growth rate of 12 nm/min,
as reported in Chapter 2, which translates to around 4 x 10'* ZnO
molecules/(cm® x s). This demonstrates that the precipitation kinetics of ZnO
molecules is not greatly affected by the presence of AI(OH), , whose main
function is shaping the solid ZnO.
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Figure 4.3: RBS spectra of ZNW1, ZNW2, and Al film. The inset shows the
experimental setup and the sample structure (ZnO NWL film on Al/silica/silicon)
[159].

To evaluate the porosity in these two samples, the filling factor (FF, fraction
of volume occupied by ZnO) was calculated. An equivalent thickness (t.q)
was derived from the RBS spectra, as teq = (Azy/pzn), wWhere pz, (2.05 x 10*
Zn at./cm’) is the density of Zn atoms in ZnO. FF is the ratio of t., to the
measured thickness. We obtained t.q and FF of 40 nm and 4.7% for ZNW1,
and 51 nm and 8.5% for ZNW?2. It is therefore clear that ZnO NWL film is a
highly porous material, with pore size in the range of 50-200 nm.

The impact of AI(OH); on ZnO NWL film thickness and quality
was further investigated by carrying out synthesis on substrates seeded with
ZnO nanoparticles layer. A volume of 20 pL of 1 or 0.1 wt % ZnO colloid
(diluted with ethanol, particle size <40 nm) was spin coated on 1 cm” of
substrate at 7000 rpm for 30 s, followed by heating at 120 °C for 20 min.
ZNW3 0.1% and ZNW3 1% samples were synthesized using the same
synthetic conditions of ZNW3 on Al film spin coated with 0.1 and 1 wt %
ZnO colloidal solutions, respectively. ZNW3 0.1% yielded a film thickness
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(Figure 4.4(c)) and porosity (Figure 4.4(a)) similar to ZNW3- the related
seed layer was too thin to be viewed by SEM in cross section but was clearly
seen in plan view (not shown). In ZNW3 1% sample, the more concentrated
ZnO colloidal solution gives rise to a thicker seed layer (about 70nm) and
the NWL film shows a reduced thickness (4.4(d)) of 600 nm, with a lower
porosity (Figure 4.4(b)) than even ZNW1. This implies that the presence of
thicker seed layer, limiting the penetration of the synthetic solution and the
consequent diffusion of AI(OH), from the Al substrate, significantly
reduces the concentration of AI(OH), . In any case, the Al films were not
completely corroded in these samples.

Figure 4.4: SEM images of plan (a) and cross-section (¢) of ZNW3 0.1% and plan
(b) and cross section (d) of ZNW3 1%. The scale bar is the same for each kind
[159].
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The experimental data prove that the production rate of AI(OH),
ions largely affects the thickness and porosity of NWL film and thicker film
can be obtained with a higher concentration of AI(OH),, achieved by
increasing pH. However, the latter is not suitable for Al or some pH sensitive
substrates, whose fast corrosion in a highly basic solution damages the
quality of NWLs grown on them. Therefore it is worthwhile developing a
different approach for enhancing the rate of generation Al(OH), and the
quality of the resulted ZnO NWLs film.

4.2 Pre-anodization of Al substrate

We tested a preliminary and controlled anodization of Al substrate
as a way to increase its oxide layer and to enhance the rate of generation of
Al(OH), -, with the aim to avoid the detrimental effects on NWL film quality
produced by high pH. The basic assumption of this approach is that
dissolution of anodic aluminum oxide should be faster than that of pure Al
The particular morphology and properties of porous aluminum oxide (or
alumina, Al,O;), formed by the anodization process of aluminum in presence
of particular electrolytes, has attracted the scientific attention and determined
the numerous applications of anodized Al in nanotechnology [160]. The
geometry of anodic alumina can be represented schematically by a
honeycomb structure with a closed-packet array of columnar cells, as
depicted in Figure 4.5. The structure of anodic alumina is characterized by
the presence of a thin oxide layer contiguous to metallic Al substrate that
continually regenerates during the growth of the pore walls. Many studies
have focused on investigating the role of synthetic parameters (type and
concentration of electrolyte, anodic voltage, bath temperature and process
time) in controlling the electrochemical growth of aluminum oxide [161,
162].

104



Chapter 4 ZnO Nanowalls by CBD: Growth and Applications

Figure 4.5: Schematic model of (a) porous anodic alumina and (b) cross-sectional
view of the anodized layer. Adapted from [160].

In general, the overall reaction leading to the formation of anodic alumina is
the following [163]:

2Al + 3H,0 — ALOs+ 3H, 4.1)

The self-organized growth of ordered pores on anodized aluminum occurs
within a relatively limited range of conditions and a mild anodization can be
carried out at room temperature, using sulfuric, oxalic or phosphoric acid as
electrolytes [160]. For each kind of electrolyte, a particular value of
anodizing potential exists, at which the optimum degree of pore ordering is
reached (self-ordering regime). Moreover, nowadays multi-steps anodizing
procedure is commonly used, instead of single-step approach, in order to
enhance the periodic arrangement of the porous structure. Bwana reported on
the production of anodic Al by a two-step anodizing process in 0.4 M
sulphuric acid at constant cell potentials of between 5 and 25 V and at a
constant current density of 20 mA ¢cm™ and demonstrated that 25 V is the
self-ordering voltage for sulfuric acid. However, for the purpose of the
present work it is not necessary to ensure a highly ordered porous structure,
therefore the anodization of Al was carried out at lower potential (5 V),
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using as reference electrode a saturated calomel electrode (SCE) and
VersaSTAT 4 potentiostat, in 0.4 M sulfuric acid for 2 min. Such conditions
yielded a thin porous aluminum oxide layer. A comparison of the RBS
spectra of Al film before and after this anodization process is presented in
Figure 4.6. The RBS spectra were obtained in glancing detection mode to
enhance the depth resolution at the surface. In this configuration, Al and O
peaks are at 1.35 and 1.05 MeV respectively. Spectral simulations were
performed with SimNRA software [164]. According to the sample structure
reported in the Table 4.2, Al film contains a very thin native Al oxide layer
at the surface, while the oxide layer on anodized Al is thicker and fairly
stoichiometric. SEM micrographs (insets in Figure 4.6) reveal that the
surface of pure Al is somehow rough, comprising big and small particles,
while that of the anodized film is smoother, exhibiting the expected porous
structure (pore size =~ 10 nm).
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Figure 4.6: RBS spectra (symbols) of Al and anodized Al films. The insets show
SEM micrographs in plan view of Al film (top) and anodized Al film (bottom). The
scale bar is the same for all the images. Adapted from [159].
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Sample Bottom Layer Top Layer
Al film 38 nm — Al:0=95:5 10 nm — AL1:0=70:30
Anodized Al 22 nm — Al:0=90:10 20 nm — Al:0=60:40

Table 4.2: Structures of the Al film before and after anodization, derived from the
simulation (lines) of RBS spectra.

A ZnO NWLs sample (named ZNW1_anod) was grown on anodized
aluminum under the same synthetic conditions as ZNW1 (pH=5.7). It can be
seen from Figure 4.7(a) that ZNW1 anod film is quite uniformly thick
across a wide area of the substrate, unlike ZNW1 which shows a variation in
film thickness, Figure 4.7(b). Since this lack of uniformity was also seen in
ZNW?3, it is possible conclude that it does not depend on the concentration
of the aluminum complex but it can be related to the surface roughness of
the non-anodized Al film, indicating a morphology-dependent rate of
AI(OH), across the substrate surface. Anodization therefore helps to
smoothen the surface of the substrate, ensuring a uniform rate of the
complex generation. It should be noted that the dark spots in Figure 4.7(b)
are not necessarily void of NWLs, though they may be less populated. The
insets of Figure 4.7 indicate that the thickness of ZNW1 anod is 1300 nm,
compared to 850 nm for ZNWI, representing an increase of 53%. This is
similar to the difference between ZNW1 and ZNW3, implying that the
concentration of AI(OH), can be increased at a lower pH value when Al is
replaced with anodic aluminum oxide. Therefore, ZNW1 anod possesses a
larger surface area than ZNW1. Moreover, there is little or no evidence of
embedded particles n ZNW1_anod.
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Figure 4.7: Low magnification SEM plan image of (a) ZNWI1 anod, and (b)
ZNW1. The insets are their cross sectional views. Scale bar in (a) is the same for (b).
Adapted from [159].

Room temperature photoluminescence spectra related to ZNWI,
ZNW1 anod and ZNW3 samples are reported in Figure 4.8. In all the cases
a peak centered at 560 nm was observed, attributed to radiative
recombination from band gap defect states. This indicates that increasing the
concentration of AI(OH), does not affect the energy level of the surface
defects.
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Figure 4.8: Photoluminescence spectra of ZNW1, ZNW1 anod and ZNW3 grown
at 95°C.

4.3 Growth Kinetics and Model

With the aim to gain insight into the growth kinetics of the ZnO
NWLs, various samples were grown on anodized Al for different duration. It
can be seen from Figure 4.9 (a—e) that after 10 s of growth the substrate is
only sparsely covered by NWLs, with the coverage increasing after 30 s. At
90 s the substrate becomes uniformly and densely covered, which was also
evident by visual observation. Little or no change in porosity occurs from 90
to 300 s. The sample grown for 900 s appears smoother than those grown for
90 and 300 s. As shown in Figure 4.9(f), there is an explosive growth within
90 s, with the film thickness reaching 800 nm, while the growth rate
decreases at higher duration.
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Figure 4.9: SEM plan views of ZNW1 _anod grown for (a) 10 s, (b) 30 s, (c) 90 s,
(d) 300 s, and (e) 900 s; the scale bar is the same for all. (f) NWL film thickness vs
growth time for ZNW1_anod. Adapted from [159].

The presence of the ZnO crystal structure was confirmed with high
resolution X-ray diffraction analyses of NWLs grown on non-anodized Al,
for 60 min at 90 °C [165]. In that case the X-ray diffraction pattern revealed
a peculiar splitting of the (002) peak into two components (corresponding to
d-spacing of 0.261 and 0.265nm) indicating the occurrence of a non-uniform
strain on the zincite planes. X-ray diffraction patterns were acquired also for
ZNWI1 and ZNW1 anod grown at 300 and 900 s, confirming the presence of
the ZnO crystalline structure, with clear signal of the expected reflections
(100, 002, 101) for the 900 s samples (Figure 4.10). Also in this case, the
(002) peak results split in two components at lower diffraction angles. The
films grown for a longer time exhibit more intense peaks, probably due to

110



Chapter 4 ZnO Nanowalls by CBD: Growth and Applications

enhanced film thickness or to progressive crystallization while the peaks for
the samples grown for 300 s are weak and quite hard to be detected.
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Figure 4.10: XRD spectra of ZNW1 and ZNW1 _anod grown at 95°C, for 300 and
900 s.

The growth trend of ZnO NWs suggests a kinetics process highly
affected by the concentration of AI(OH),. Indeed, taking into account also
the results of the synthesis on the substrate seeded with ZnO colloids (Figure
4.4), it can be assumed that initially, a maximum flux of the Al(OH),
complex is attained just over the surface of the substrate, ensuring a growth
rate as high as 15-20 nm/s at the early stage. With increasing NWL film
thickness, the flux of AI(OH), coming from the substrate decreases, because
the growing NWLs screen the Al film from the solution and, in addition, can
obstruct the diffusion of Al complex to the top of the film. A simplified
scheme of this process is shown in Figure 4.11. In solution, the diffusion of
the Al complex can be very fast compared with its generation, thus we
assume that the flux of AI(OH)s; complex is essentially limited by its
generation.
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Figure 4.11: Scheme representing the evolution of the flux (¢) of the AI(OH),
complex coming from the Al substrate.

The following two hypotheses are the basis for a self-screening model
developed to explain the growth kinetics:

(i) the flux (¢p) of AI(OH), generated at the surface of the substrate
decreases exponentially with film thickness (s);

(i1) the growth rate of the film is proportional to ¢.

These bring to fore the following equations:

% = —aod (4.2)
ds
= =bd (4.3)

Where a, b and ¢o(flux of AI(OH), at the beginning) are the only
parameters. The analytical solution for s(t), givenatt = 0 and s = 0, is:

s(t) = a X In(1+ ft) 4.4)

Where a = 1/a , B =abgy.
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Figure 4.12 reports the time evolution of the NWL thickness for
ZNWI1 anod (half-close circles) and ZNW1 (open circles) grown at 95 °C,
and for ZNWI1 (open squares) grown at 70 °C, giving a more complete
picture of the kinetics. The error bars are as large as the sizes of the symbols.
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Figure 4.12: NWL film thickness versus growth time for ZNW1_anod (half-filled
symbols) and ZNW1 (open symbols) grown at 95 °C (circles) and 70 °C (squares).
The lines represent the model fits to the data based on the reported equation and
parameters (aand ). Adapted from [159].

It is expected that NWL films grown on anodized Al show a faster growth
rate. The best fit procedure applied on ZNW1 anod at 95 °C gives the
following values: o = 0.53 um and p = 0.043 s™'. The first parameter
accounts for the self-screening effect, while the second one contains the
initial flux of the Al complex (¢) and the product a x b. Assuming that the
self-screening parameter (a) is not affected by the Al film anodization,
ZNWI1 grown at 95°C was fitted by fixing oo = 0.53 um and obtaining =
0.017 s '. This indicates that anodization increased the initial flux of Al
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complex, as expected. To fit the data of ZNW1 at 70 °C, a = 0.53 pum is
considered fixed and a best fit is obtained with f = 0.0024 s—1. This is
expected given the lower synthesis temperature.

Finally, the film thickness of ZNW1 anod at 70 °C (300 s growth
time, half-closed square) is as high as that of ZNW1 grown at 95 °C for the
same duration (Figure 4.12). In addition, the former possesses a good
quality-uniformity in NWL thickness and absence of embedded particle, as
shown in Figure 4.13. These evidences suggested that by preliminary
anodization of Al, the temperature growth for ZnO NWLs can be decreased
to 70 °C with no negative effect on NWL film quality, reaching a
considerable gain in the thermal budget used.

Figure 4.13: Low magnification SEM plan image of ZNW1_anod grown at 70°C.

4.4 7ZnO Nanowalls as pH sensitive material

The precise monitoring of the pH of a solution represents a
fundamental tool in laboratories, clinics and industries as many biological
and chemical processes are pH dependent. Although the usual glass bulb pH
electrode has a proven efficiency in pH measurements, the need of
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miniaturized and biocompatible pH sensing has driven the exploration of
new materials.

ZnO NWLs grown by CBD were proved to be an excellent
nanomaterial for a fully flexible pH sensor. This kind of device highlighted
some of the most intriguing properties of NWLs. First, the huge effective
surface area leads enhanced sensitivity, improved signal-to noise ratio and
faster response times [166, 167]. Moreover, a selective coating of Al easily
enables the synthesis of patterned ZnO NWLs, essential for optimizing the
device design. NWLs have also a steady contact with the substrate,
providing a continuous pathway for signal transport.

The pH sensing property of ZnO NWLs was tested in an extended
gate thin film transistor (EGTFT) based on low-temperature polycrystalline
silicon (LTPS) on polymide (PI) substrate. Details of the fabrication of
LTPS EGTEFT can be found in ref [165]. ZnO NWLs were deposited on top
of the sensing area of the extended Al-gate by following the same synthetic
conditions of the sample ZNW1 (see table 4.1).

Vgate

Ag/AgcCl
electrode \, Plastic chamber
pH solution
.:h-_'_""—'———._
Drain
Nanoporous ZnO — 7
rd 7
Soul '
Plastic substrate / )
Aluminum
extended gate

Figure 4.14: 1. Schematic of the flexible pH sensor, based on EGTFT and ZnO
NWLs, and the measurement setup. Adapted from ref. [165].
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The fabricated LTPS TFT is characterized by a leakage current below 10 pA,
Iow/Ios>10°, a threshold voltage V, of 7V, field effect mobility 50 cm?/ Vs,
and subthreshold slope 0.9 V/dec. The pH-sensitivity was tested by exposing
the extended gate to solutions having pH values ranging from 1 to 9, and
using an Ag/AgCl electrode as reference, as reported in Figure 4.14. The
transfer characteristics of the sensor were acquired (Figure 4.15) at low
drain-source voltage (V4=0.1V) for different pH-solutions and the threshold
voltage shift induced by pH variation was calculated (inset in Figure 4.15),
giving a slope of 59mV/pH.
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Figure 4.15: The shift in the transfer characteristic of the sensor for three increasing
pH solutions up to pH 9. In the inset, a graph that shows the linear response of the
sensor with a sensitivity of 59 mV/pH. Adapted from ref. [165].

Fixing the gate potential (V,) at 9V, the output characteristics of the pH-
EGTFT for different pH values were measured, Figure 4.16. The saturation
current shows a consistent variation with the pH, as a result of the induced
threshold voltage change.

116



Chapter 4 ZnO Nanowalls by CBD: Growth and Applications

1.2x107
= — pH1
5| = pHd PH1
1.0x10 = pHo
L= pH12
6 .'
- 8.0x10 " . M—l
- [ ]
f; 6.0x10°F  ma"

i .’_' E—
4.0x10°

Y B
:-

2.0x10°}
0.0 _ J pH12
0 2 4 6 8 10
Vds (V)

Figure 4.16: Output characteristic of the EGTFT for different pH solutions,
measured at Vg=9V. Adapted from ref. [165].

As stated above, the use of the ZnO NWLs as a pH sensing material is based
on the activity at the electrolyte-ZnO nanowalls interface. The H" specific
bonding sites located at ZnO surface can protonate or deprotonate, leading to
a surface charge and a surface potential that is dependent on the pH of the
electrolyte solution [166, 168]. ZnO is an amphoteric compound and the
hydroxyl groups present on the surface can act as proton donors or acceptors,
depending on the electrolyte pH. The corresponding reactions are [169]:

Zn0 sy + 2H,0 < Zn(OH)3(5) + H* (in basic solution) (4.6)
Zn0sy + H* < ZnOH(, (in acidic solution) 4.7)

The ZnO NWLs surface potential (E;) can be calculated according to the
Nerst equation:
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E, = E, — 2.303RT/F pH (4.8)

Where E, is the standard potential of ZnO electrode, R is the gas constant
(8.314 J/mol-K), T is the absolute temperature (298K) and F is the Faraday
constant (96487.34 C mol™"). At room temperature and at different pH
conditions, the values of E; give a slope of 59.1 mV/pH. It is possible
conclude that our ZnO NWLs based pH sensor has a sensitivity close to the
ideal Nerstian response and represents a further improvement compared to
the performance of ZnO nanostructures based devices reported in literature
((~28mV/pH for NRs and ~45 mV/pH for NTs ) [166, 169-171].

The enhanced pH sensitivity observed for NWLs can be ascribed to very
large surface-to-volume ratio and also to the presence of surface defects
acting as effective bonding sites for protonation/deprotonation reactions.

4.5 Photocatalytic Performance of ZnO NWLs Films

Photocatalysis mechanism has been extensively studied in the last 40
years [172] as promising method to face the increasing water pollution.
Semiconductors with appropriate wide band gap are used as effective
photocatalysts able to accelerate the photo-induced degradation of organic
contaminants. Figure 4.17 shows the schematic of the photocatalysis. When
a photocatalytic semiconductor absorbs a photon having energy greater than
the band gap energy, a valence band electron (¢) is excited to the conduction
band while a positive hole (h") is generated in the valence band. If the
semiconductor material is in contact with the water, the positive hole could
oxidize organic contaminants directly or produce very reactive hydroxyl
radicals (OHe), primary oxidants in the photocatalytic system. The photo-
generated electron reacts with O, forming highly reactive oxygen radicals.
Manly of these photochemical reaction take place on the surface of the
catalyst, therefore nanostructures, with their high surface-to-volume ratio,
offer enhanced photocatalytic efficiency compared to bulk material.
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Figure 4.17: Schematic of the photocatalysis process. Adapted from ref [69].

Different ZnO nanostructures used as photocatalysts have been
reported by many research groups [ref]. Ye et al. first investigated the
photocatalytic decomposition of organic dye through ZnO NWLs films.
They argued that the combination of large surface area and very small
thickness of ZnO foils- close to the quantum size effect regime — can have
favorable effect in photocatalytic efficiency. Figure 4.18(b) reports the data
related to the decomposition kinetics of methyl orange (MO) in presence of
ZnO NWLs film (Figure 4.18(a)) measured by Ye et al. They found that the
rate constants of the degradation reactions for MO is (1.5 + 0.2) x107s™" ,
measured in presence of 2 mg of ZnO in form of NWLs dispersed in DI
water.
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Figure 4.18: (a) SEM image of ZnO nanowall grown by CBD. (b) Apparent
photodegradation of methyl orange in presence of ZnO NWLs film reported in (a).
The solid squares are the experimental data, the solid lines is fitting curve using the
formula Y(¢) =Y(0) exp(-kt), where Y(¢) is the relative concentration of the organic
dyes in the solution at time ¢, ¥(0) is the initial relative concentration, namely, 100%,
and £ is the photodegradation rate constant. Adapted from ref.[110].

As discussed in the previous sections, the nanowalls on anodized Al
substrate have shown enhanced quality compared to those grown on pure Al.
A better morphology could imply a more effective photocatalytic activity,
therefore we conducted a comparative study to evaluated the efficiency of
ZnO nanowalls grown with and without pre-anodization step, by measuring
the degradation of a methyl orange solution under UV radiation. The first
step was keeping ZnO NWL samples under a UV light source (8 W power;
at 365 nm, 20 nm of full width at half maximum, irradiance of 1.1 mW cm°)
for 60 minutes in order to remove any organic compound on the sample
surface. Then the samples were immersed in an aqueous MO solution (2 mL,
starting MO concentration of 1.0 x 10> M). To distinguish the adsorption of
MO on ZnO from its own degradation, the samples were left immersed in
the solution under dark conditions for 20 h, until the MO concentration
remained constant (about 50% of the starting value). Thereafter, the samples
were irradiated with the UV light, at regular time intervals, the absorbance of
the solution was measured in the range from 350 to 650 nm using a
PerkinElmer Lambda 35 UV/vis spectrometer. The degradation of MO was
evaluated by the absorbance peak at 464 nm, based on the Lambert—Beer
law that defines the proportionality between the absorbance of the radiation
in a homogeneous isotropic medium and the concentration of the absorbing
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species [173, 174]. Moreover, the decomposition of the MO solution in the
absence of any catalyst was checked as a reference. Figure 4.19(a) shows the
time evolution of the residual concentration (C) of MO, normalized to the
initial concentration (C,) obtained after adsorption test in the dark. The
results clearly indicate that both the sample ZNW1 and ZNW1 anod act as
effective photocatalysts. Furthermore, ZNW1 _anod sample results to have a
higher photoactivity than ZNW1. On the other hand, no response was
obtained for Al film and anodized Al film. According to the
Langmuir—Hinshelwood model [175], the photodegradation reaction rate (k)
of water contaminants can be estimated by the following equation:

lnci = —kt (4.5)

0

where ¢ is the irradiation time. Therefore, fitting the experimental data, it is
possible to calculate the MO photodegradation rate. The rates for
ZNW1 anod and ZNW1 are 3.2 x 10° and 2.3 x 10°s™", respectively.
Given the sample area and the RBS estimation of Az, the mass of ZnO was
calculated resulting about 17 pug for ZNW. If normalized to this value, the
photocatalytic activity of ZNW1 becomes 0.13 (s g™'), which is in the same
order of magnitude of the value reported by Ye et al. [110]. In fact, we used
the less performing configuration of ZnO NWLs film on a substrate rather
than ZnO NWLs scratched away from the substrate and dispersed in water.
The calculated photodegradation rates for the discoloration process,
normalized to the value obtained for MO decomposition without any catalyst
(kmo) are reported in Figure 4.19(b). ZNW1 and ZNW1 anod show a clear
photodegradation activity, with the latter being 40% higher than the former.
This difference can be explained by the larger surface area of ZNW1 anod.
Finally, SEM analyses allowed to ascertain that the discoloration test did not
change the NWLs structure, suggesting a good chemical stability of the
material.
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Figure 4.19: Apparent photodegradation test of methyl orange (MO). (a)
Normalized MO concentration during irradiation time for ZNW1 anod (half-filled
symbols) or ZNW1 (open symbols) and for reference samples (Al, anodized Al, and
MO solution). (b) Photodegradation rates for the discoloration process. Adapted
from ref. [159].
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4.6 Conclusions

In this chapter the synthesis of ZnO nanowalls grown by CBD
(70-95 °C) on Al film was studied. AI(OH), ions generated in situ by the
reaction of the Al substrate with the solution, are assumed to be responsible
for engendering the NWL morphology. The growth rate of the film was
enhanced by increasing pH from 5.7 to 7.4, which translated to increasing
the concentration of Al(OH), . However, it was shown that this was
accompanied by a poor film quality. The enhancement of growth rate and a
good film quality could however be achieved at the lower pH by employing
a preliminary anodization of the Al film. Anodization allowed the growth of
a uniformly thick ZnO NWL film and it was also useful in increasing the
film thickness without recourse to higher (basic) pH which could
compromise film quality and substrate integrity. The growth kinetics was
investigated and modeled, describing the dependence of ZnO NWL film
thicknesses on the flux of AI(OH), .

A fully flexible pH sensor, based on EGTFT, was fabricated showing an
ideal Nernstian response (59 mV/pH).

Finally, the potentiality of ZnO NWLs as photocatalyst was investigated.
The enhanced morphology reached by the growth on anodized Al showed a
higher photocatalytic activity in the degradation of toxic methyl orange, than
corresponding NWLs grown on pure Al. Given these results, it would be
worth exploring the possibility to use the NWLs based technology for others
low-cost and marketable flexible sensing devices.
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The main aim of this thesis work was achieving a good control of
low-cost ZnO nanostructures. Such a goal has been obtained after a
systematic study of the growth kinetics and of the structural properties of
ZnO NRs and NWLs grown by chemical bath deposition in an aqueous
solution containing zinc nitrate and HMTA. In fact, such low-cost products
can be usefully employed in various nanoscale applications only when a
robust control of the growth process is achieved.

As the synthesis of aligned NRs arrays is concerned, the precise
synthetic conditions for ensuring a high degree of control and reproducibility
were identified as well as the temperature and deposition time ranges
suitable for growing high quality nanostructures. Under the optimized
synthetic conditions, a high and constant deposition rate was achieved
(around 10 nm/s). The investigation of the role of HMTA in the growth
process allowed to conclude that HMTA plays a dual role in the synthesis of
ZnO NRs, participating both as supplier of OH and as promoter of the
anisotropic growth. Indeed, the preferential attachment of HMTA molecules
to the non-polar faces of ZnO was found to lead to a steric hindrance effect
that inhibits the lateral growth of nanorods. The two modes of action are not
mutually exclusive, and the amount of HMTA resulted to be one of the key
variables in the growth process. In particular, a fine-tuning of the HMTA
concentration in the growth solution allows to avoid phenomena such as
merging or suppression of NRs which are detrimental for device
applications.

In this work the ZnO NRs have been shown to be a low-cost material
able to effectively scatter the visible and near infrared radiation. We
investigated the optical properties of transparent ZnO NRs (120-1300 nm
long, 280-60 nm wide) layer, getting transmission haze as high as 70% at
400 nm wavelength. By varying shape and size of ZnO NRs and by using
light scattering simulations we proved that a threshold exists in the NRs
length (~1 pm) over which the light scattering is significantly enhanced.
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ZnO NR film was also tested on a c-Si (~1 pm thick) solar cell, physically
decoupled from the ZnO NR film, proving that EQE is enhanced for A larger
than 600 nm. These results showed that ZnO NRs can be applied as light
scattering layer on top of a solar cell without having to modify the cell
fabrication process. At any rate, decoupling the ZnO NRs film from the solar
cell greatly increases the versatility of such light diffuser layer, making them
suitable also for photovoltaic device in substrate configuration, suited for
flexible technology.

Unlike the other kinds of ZnO morphologies, ZnO nanowall
structure has not been investigated as much in current literature, in spite of
its huge surface-to-volume ratio and extremely thin wall thicknesses. These
features make the ZnO NWLs a promising future candidate for technology
based on material-environment interactions. We studied the effect of the
solution composition and of the solution pH on the CBD growth of NWLs
upon Al film. AI(OH); complexes generated in situ by the reaction of the Al
substrate with the solution, are assumed to be responsible for engendering
the NWL morphology. The growth rate of the film was enhanced by
increasing pH of the solution which led to increase the production of
AI(OH); complexes. However, it was shown that the rise in the pH was
accompanied by a poor film quality. We demonstrated that a combined
enhancement of growth rate and a good film quality can be achieved at the
lower pH by employing a preliminary anodization of the Al film. The growth
kinetics of ZnO NWLs grown on both pure and anodized Al has been
investigated and modeled, describing the dependence of ZnO NWL film
thicknesses on the flux of AI(OH), .

The good control achieved in tuning the ZnO NWLs morphologies
allowed to explore their potentialities in photocatalysis and sensing
applications. ZnO nanowalls film was tested as sensitive membrane in a
fully flexible pH sensor, based on extended gate polysilicon thin film
transistor (TFT). The NWL based pH sensor showed an ideal Nernstian
response (59 mV/pH), suggesting that such a technology can give actual
opportunities for the fabrication of effective and marketable devices. Finally,
the potentiality of ZnO NWLs as photocatalyst in the degradation of toxic
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methyl orange was investigated, evidencing the advantage of a pre-
anodization of Al substrate.

The versatility of ZnO joined with the cost-effectiveness of CBD
make the nanostructures studied within this thesis promising candidates for
every-day devices. Beyond the results presented, there is still significant
space to improve the potentiality of ZnO nanostructures by CBD. Post-
growth processing, as low-temperature thermal treatment or UV exposure,
should be addressed with the aim to properly adjust the structural and
physical characteristics, and to perform surface defects engineering.
Preliminary electrical measurements showed that the thermal annealing in
forming gas (5% H, in N,) at 300°C for 30 minutes lead to a 100 times
improvement in the conductivity. As a final issue of this thesis work, we
recently succeeded in the synthesis of a brand new ZnO nanostructures,
combining NRs and NWLs. While such a novel ZnO shape needs to be
thoroughly investigated, its intriguing morphology can be useful for a variety
of applications. In details, a ZnO NRs array was grown via CBD by
following the procedure described in Chapter 2. Then, a thin layer of Al
(~20nm thick) was sputtered on top of the nanorods. Finally, the sample was
immersed in an equimolar (25mM) aqueous solution of zinc nitrate
hexahydrate and HMTA for 5 minutes, to induce he NWL growth. The
resulting nanostructure (ZnO NWL/NR) is shown in Figure 1.

Thin foil of ZnO rise from the top of the nanorods resulting in a
structure with very large surface area, particularly suitable for sensing
applications. The presence of the NRs may serve as a bridge for enhancing
the signal transport between NWLs and the substrate, while exposing the
bottom part of NWL to ambient. Further studies are on going on this novel
nanostructure.
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Figure 1: SEM images in cross (top panel) and plane (bottom panel) view of the
ZnO NWL/NR, a novel combined nanostructures obtained by CBD with ZnO NWLs
grown on top of ZnO NRs.
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Appendix

Effect of Seed Solution Concentration

A study of the effects of the seed solution was carried out by varying the
molar concentration of zinc acetate dihydrate in ethanol (1mM, 5 mM,
10mM). In addition, we tried to realize a sample without seeding. Figure A.1
shows the sample grown for lh in an equimolar (25mM) solution of zinc
nitrate hexahydrate and HMTA on Si substrates seeded using different seed
solution. Only 5SmM zinc acetate dehydrate solution provided a suitable seed
layer for the growth of oriented ZnO NRs array.

1mM Zint Acetatein ethanol

“Random crystallites

Yertically Aligned Nanorods

Figure A.1: Sample grown in 25 mM Zinc Nltrate and HMTA solutlon on substrate
seeded using solution with different concentration of zinc acetate dehydrate in
ethanol and on unseeded substrate.



Appendix

Vertical Growth Kinetics of ZnO NRs grown using S0mM HMTA

The vertical growth rate was determined by a linear fit (time range of 0.5-2h)
and resulted 13.0 nm/min. The time offset extracted from the data is 7.2
minutes that is about half of that found for the kinetics at 25mM HMTA.
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Figure A.2: Time evolution of NRs height grown with 50 mM HMTA concentration
(Zn nitrate concentration of 25 mM, temperature of 90 °C, pH = 5.7). Dashed line is
the linear fit to extract growth rate and time offset, for data up to 2 h growth time.
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