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Abstract
In this review, we briefly describe work devoted in recent years
towards the effective control of morphology, structure and > Al

F'l W

optical properties of ZnO nanostructures, with particular focus U
on cost effective and simple methods for ZnO nanowires (NWSs)
fabrication. For the vapor transport technique, we describe in detail
mechanisms for growth precursors generation, their transport in
inert and forming gas, as well as their reactions on different pre-
treated substrates and corresponding growth mechanisms. As for
low temperature synthesis methods, three techniques are outlined:
sol-gel, solvothermal and electrophoretic deposition, with emphasis on effective morphology, structure
and optical properties control. In this context, we discuss recent attempts to understand the role of solvent
and alkaline agents used during solvothermal synthesis of ZnO nanostructures on their morphology and
photoluminescence properties. Recent success of electrophoretic deposition of ZnO nanoparticles on
pre-patterned silicon substrates in the form of NWs and NW bunches is highlighted over many previous
attempts to fabricate ZnO NWs with inconvenient sacrificial templates. Finally, we present a critical
discussion on the current understanding of passivation mechanisms of ZnO NW surfaces by MgO shells.
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Introduction

As a result of the rapid progress of modern microelectronics and nanophotonics, semiconductor nanostructures, in par-
ticular nanowires (NWs), have attracted much attention during the last two decades, becoming a very active field of
research!?2. Due to their numerous applications, their versatile properties, and the possibility of integrating them into large
areas, new techniques have been developed for the creation of flexible electronic and optoelectronic systems based on
these nanostructures, which can eventually be manufactured at mass production scale’.

Zinc oxide NWs are part of a large family of wide band gap semiconductor nanostructures, including nanoparti-
cles (NPs), nanocombs and nanolayers®. Many promising innovative applications in different fields such as photonics?,
spintronics® and optoelectronics* have been envisaged. ZnO is a II-VI semiconductor that regularly crystallizes in the
hexagonal structure of wurzite, where monoatomic planes of tetrahedrally coordinated O* or Zn*" atoms alternate along



the axis of hexagonal symmetry (c). This property leads to a preferential growth along this axis, originating elongated
nanostructures such as NWs, nanobelts, or nanorods.

Much of the potential of nanotechnology depends on the ability to manipulate atoms during the fabrication process of
nanostructures. For ZnO nanostructures, bottom-up approaches have been applied through various growth methods where
the specific morphologies were engineered by controlling growth kinetics or thermodynamic conditions through specific
choices of techniques and/or fabrication parameters.

In this review, we focus on specific cost effective and simple techniques for ZnO nanostructure growth that our group
has thoroughly studied in recent years, such as the vapor transport technique, sol-gel, solvothermal and electrophoretic
deposition.

1. Assessment and discussion

1.1. Growth of ZnO nanowires

There are several techniques for the growth of ZnO nanowires, which can be grossly divided into two categories: vapor
phase and liquid phase synthesis. Traditionally, vapor phase techniques have been preferred for electronic and optoelec-
tronic device quality materials, while the liquid phase has been regarded as a group of low-cost methods providing the
possibility of fabricating NWs at low temperature. However, recent efforts have shown that the latter can yield to opti-
mum high quality ZnO NW materials as well’.

1.1.1. Gas phase methods

Among gas phase methods, the most popular ones are vapor transport deposition (VTD), molecular beam epitaxy (MBE),
pulsed laser deposition (PLD) and atomic layer deposition (ALD).

The VTD technique is one of the simplest methods available to synthesize one-dimensional ZnO nanostructures and
is probably the most widely used because of its relatively low-cost and versatility®. Basically, this ZnO NW fabrication
method consists in transporting Zn and O vapors from some source at high temperature, using an inert gas flow, to the
zone of a substrate at lower temperature, where vapor atoms condense, deposit and react, forming nanostructures.

Three important points in this technique should be emphasized: 1) the process used to generate source vapors, 2) the
transport regime and 3) the mechanism for NW growth on the substrates.

1) Vapor source: Zn and O precursors generation can occur in several ways, such as (to name a few):

A) Direct sublimation of ZnO powder in an inert atmosphere: for this, temperatures of 1400°C or higher are
required, which is technically difficult and relatively expensive’.

B) Sublimation of Zn metal in an O, atmosphere: this can be achieved at lower temperatures, approximately
500°C?, but control of the Zn to O, partial pressure ratio (P, /P_,) on the substrate may be difficult. This
directly affects the ability to control the resulting nanostructure stoichiometry and morphology.

C) The carbothermal reaction, with or without O, *'?, where solid ZnO and graphite powders are mixed to
react at high temperature (between 800°C and 1100°C) to reduce the ZnO into Zn and ZnO_ (x<1) cluster
vapors, with the formation of CO/CO, as a byproduct. Vapors rich in Zn then condense on the substrate and
react with O atoms to form the ZnO nanocrystals, while most of the CO/CO, molecules (due to their great
stability) are essentially removed by the pumping system'*!4.

2) Vapor transport: Once Zn or ZnO vapors are generated, they are transported within or by the inert or forming gas
through essentially two main mechanisms: diffusion and advection''. Roughly speaking, and assuming laminar
flow, the first mechanism will become dominant at large working pressures within the reactor tube (typically above
few Torr) while the second mechanism dominates at lower pressures. At intermediate pressures, transport by both
mechanisms may compete. One way to experimentally check the importance of diffusion is searching for growth
on substrates placed upstream the source crucible!'2, The transport mechanism will determine the velocity and
pressure distributions of Zn precursors along the reactor tube axis, and hence it must be considered when studying
growth mechanisms. When advection is dominant, the Zn vapors mean velocity is directly determined by transport
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gas flow rate and pumping speed. Under these conditions, Zn precursor pressure (P, ) will be maximum at a certain
distance from the Zn source and then it will decrease to zero at larger distances'"'>'>'°. The distance at which P, is
maximum increases with increasing transport gas flow rate. Other parameters that may locally influence Zn growth
precursor concentration and velocity distribution at the growth region are the reactor tube diameter, substrate hold-
er shape, and its position along the tube’s cross section'’.

NW growth mechanisms: As the Zn, ZnO_and O precursors reach the substrate, they react to form the final ZnO prod-
uct. Substrates in VTD must support high temperatures (usually, they are placed not too far away from the source, in
a colder region within the furnace, where temperature is typically between 500°C and 800°C). NW growth typically
requires a metal nanocatalyst seed before fabrication'!, although catalyst-free substrates have been also reported’®.

Depending on growth conditions, the application of various mechanisms has been proposed, such as the catalyst-free
self-nucleation mechanisms (CFSN), vapor-solid (VS), vapor-liquid-solid (VLS) and combined VLS+V'S processes.

The VLS mechanism was originally proposed for Si NW'" and later reported for ZnO NW growth as well®. A typical
VLS process begins with the absorption of vapor precursor molecules into particles of a catalyst metal previously de-
posited on the substrate and melted to the liquid state at a high temperature. Adsorbed reactant gases diffuse through
the liquid phase of the metal. Then, the drop is supersaturated and nucleation of a precipitate of the source material
occurs at the liquid/solid interface between the alloy drop and the substrate. A mark thatreveals the VLS process is the
presence of catalyst metal NPs on the tips of the fabricated NWs typically observed through electronic microscopy.

The catalyst must be properly selected to make a one-dimensional nanostructure possible and to avoid unwanted solid
phases formation in the medium or to avoid metal contamination of the ZnO NWs. Catalyst species reported for the
growth of ZnO NWs are Au, Ag, Se, Cu, and Sn*. Also, Zn has been found to act as a self-catalyst, as a result of the
decomposition of the Zn growth precursor and its subsequent condensation'’. This is believed to be the principle for
ZnO NW growth on many catalyst-free substrates (CFSN mechanism). The most used catalyst, however, has been
Au, which has the advantage that, when it is alloyed with Zn, its melting temperature turns out to be considerably
lower than that of pure Au, due to the Au-Zn eutectic temperature of 680°C for an Au rich composition (66%)?'.

Another growth mechanism is VS, which dominates when no intermediate liquid phase for VLS growth
is available. In this case, nucleation sites are, in general, structural irregularities at the substrate surface,
such as steps, craters, or solid metallic nanoparticles (NPs), whose nanometric roughness results in reac-
tive atomic sites for growth. The VS mechanism was proposed for several ZnO nanostructure growth exper-
iments on substrates without catalysts''>?>%*, When synthetizing ZnO NWs under conditions favoring the
VS mechanism, a porous ZnO wetting layer on the metal-seeded substrate has been often observed below the
ZnO NWs!''2 In this case, the metal catalysts remain below the porous ZnO layer and NWs grow by a VS
mechanism on the porous ZnO layer. The mechanism behind this behavior is believed to be a 2D-1D growth
transition to reduce strain after some critical strain has accumulated within the 2D ZnO layer'!. The absence
of metal nanoclusters, however, leads to total suppression of any growth on polished crystalline Si wafers'!.

A combined VLS + VS mechanism can also occur on substrates that have catalytic NPs, which re-
main attached to the substrate during growth? or are immersed in a base layer of ZnO. This phenome-
non can occur due to the rapid saturation of the catalyst metal droplets, when a large flow of ZnO particles
is absorbed, generating a new semiconductor nucleation center, from which the nanostructure grows?.

Different VTD parameters and their influence on NW morphology and other physical properties have been
studied by various authors. When ZnO NWs are grown in the advection regime in O,-containing forming gas,
the Zn partial pressure, P, , dependence on the substrate-source distance can be used as a means of changing
the P, /P, ratio (P, = oxygen partial pressure) to control nanostructure growth morphology'-"*. While P, is
fixed by the O, flow rate Q,,, P, is determined by the transport gas flow rate, Q_, which carries the Zn vapor
from the source to the substrate positions. This important variation of P, with position has been overlooked
in many reports, where only temperature variations with position along the reactor tube axis were considered.

Vega et al.! showed that an increase in the vapor source-substrate distance in the advection re-
gime results in a proportional reduction of NW mean diameters and lengths by more than an or-
der of magnitude (from 800 to 40 nm and from 22 to 1 um, respectively). This was explained as
an effect of the reduction of the Zn supersaturation with increasing distance from the Zn source.

It has been shown that ZnO NWs can grow on carbon-based substrates without any metal catalyst'"'"-*. Further-
more, NWs grow directly from the graphite surface without the presence of any wetting ZnO layer''”. The ZnO/C



system is particularly interesting for field emission applications. In*, the growth of NWs on amorphous carbon
substrates was reported and analyzed, and explained in terms of a VS mechanism favored by the immiscibility
between ZnO and C. According to the authors, this immiscibility promotes NW — as opposed to film — growth to
reduce the ZnO/C interface area to minimize interface energy.

1.1.2. Liquid phase synthesis methods

ZnO nanostructures can also be obtained through sol-gel?*?, hydrothermal or solvothermal synthesis?, co-precipita-
tion, electrophoretic deposition?, and other liquid phase synthesis techniques. The various advantages offered by these
synthetic routes confer them high industrial as well as scientific interest, such as reduction of synthesis temperature and
larger yields with respect to vapor deposition methods, and the possibility of implementing scalable processes with better
controllability and lower costs. Furthermore, the low synthesis temperature used allows obtaining new metastable phases
and materials that would not be feasible using high-temperature fabrication processes, hence paving the way for the
exploration of new technological applications.

Sol-gel

Sol-gel synthesis is among the most popular routes for ZnO synthesis due to its low cost and possibility to operate at tem-
peratures as low as 150°C. In sol-gel, molecular precursors are transformed on a stable condensed oxide network through
multiple stages — in the first step, the formation of a stable sol precursor through hydrolysis and polymerization occurs,
followed by condensation through dehydration, nucleation and growth. The highest temperature throughout the synthesis
process occurs at the annealing process needed for the growth stage; for ZnO, an annealing temperature as low as 150°C
has been reported*.

Several parameters affect the growth and orientation of sol-gel synthesized nanostructured ZnO films — the main ones
are type of chelating agent and drying temperature®'-*>. Marin et al. synthesized ZnO on SiO,/Si substrates using the sol-
gel technique with diethanolamine (DEA) as chelating agent and annealing at 600°C in an Ar/O, atmosphere®'-*>. Contrary
to what is commonly found when methanolamine (MEA) is used as chelating agent (for which oriented growth along the
c-direction of wurtzite occurs only when subjecting samples to high drying temperature at the condensation stage®®), for
DEA such a preferred orientation is observed at low temperature (150°C) and lost at larger temperature (300°C)*. This
result emphasizes the important role of the chelating agent during condensation and polymerization in determining the
final ZnO film texture.

The sol-gel technique also allows the relatively easy fabrication of ZnO alloys. In**, nanostructured Zn Ni,_ O films
(0 <x <0.2) were fabricated using DEA as chelating agent. Since a drying temperature of 300°C was used, samples for
x=0 (pure ZnO) did not show any preferred orientation. Interestingly, the incorporation of Ni was found to promote strong
preferential orientation along the c-direction of the wurtzite structure. The experiments showed that for low x values (x
< 0.1), Ni*" ions were incorporated into the ZnO lattice substitutionally. This was evidenced by a reduction of the lattice
parameter, the observation of oxidized Ni by X-ray photoelectrons spectroscopy and the absence of the NiO phase in
diffraction patterns*.

Typically, the sol-gel method is used for the fabrication of nanocrystalline thin films on substrates, or it may also be
employed to obtain nanostructured powders. In contrast, the growth of ZnO NWs (or nanorods) has been rarely reported,
mainly due to the nature of the sol formation process and subsequent gelification. During these stages, nucleation cen-
ters are formed within a homogeneous pseudo-polymeric net, and they remain evenly dispersed therein, with no evident
mechanism capable of imposing anisotropic growth along any given crystalline direction. However, some reports on ZnO
nanorod growth through sol-gel can be found in the literature®®?!, albeit this was achieved during the annealing stage
of initially fabricated ZnO thin films through a mechanism that involved surface diffusion of Zn atoms in a solid-solid
process®. When growing from solution, the fabrication of ZnO NWs and nanotubes using alumina templates has been
reported?, however this technique is complicated due to the high viscosity of colloids used in the sol-gel technique, which
hinders their penetration into template pores.

Solvothermal

In recent years, the interest in ZnO nanostructure synthesis by solvothermal routes has increased considerably, mainly
motivated by i) the possibility of easily attaining different morphologies through the modification of alkaline agent or
solvent, ii) the very low temperature of synthesis, usually between 90 to 150°C, iii) easy doping processes and iv) the
possibility of growing different ZnO arrangements on substrates.
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The synthesis procedure involves the reaction between a metal precursor with an alkaline agent solubilized in a suit-
able solvent, which can be either water or organic; the reaction occurs in a polytetrafluoroethylene (PTFE) vessel, which
is put inside a stainless steel autoclave.

As for the morphology and its relation with the alkaline agent, synthesis of nanostructured ZnO using several kinds
of alkaline agents have been reported, including alkali hydroxides (NaOH and KOH), ammonia hydroxide (NH,OH),
ethanolamine family reagents, and hexamethylenetetramine (MHTA), among others.

It has been demonstrated that the use of alkaline agents from the ethanolamine family, when water is used as the
solvent, leads to the formation of ZnO microspheres resulting from ZnO nanoparticles agglomeration®3, see Fig. 1(a).
Experiments with different diethanolamine (DEA) concentrations indicated that DEA plays a multiple role during the
synthesis of such microspheres, including precursor stabilization through the formation a stable colloidal phase, provid-
ing a growth medium at alkaline pH for the_formation of basic ZnO precursors, and the control of the morphology and
nanoparticle agglomeration?. On the other hand, when HMTA is used as alkaline agent in presence of water, ZnO NWs
are obtained instead of nanoparticles or microspheres*, see Figures 1(b, c).

Figure 1. (a) Microspheres obtained with DEA/water; (b, ¢) top and lateral view of nanowires obtained with HMTA/
water respectively; (d) nano and microprism obtained with HMTA and water:methanol 50:50; (¢) columnar thin film ob-
tained with DEA/water; (f) microporous thin film obtained with HMTA/methanol.

As mentioned before, the solvothermal synthesis allows obtaining different arrangements of ZnO on a substrate, in-
cluding oriented ZnO NWs, ZnO nano/microprisms and nanostructured films, just by changing either the alkaline agent
or the solvent®. Thus, with water as solvent, HMTA leads to oriented NWs, while DEA results in a compact columnar
nanostructured film?*34, Synthesis with alcohols as solvents using DEA also results in compact columnar films, but for
HMTA in alcoholic media, a micropourous film formed by an assemble of NPs instead of NWs is obtained, see Fig. 1(d-f).

The mechanism behind this shape-control with HMTA is currently under discussion. Two main hypotheses have been
proposed: i) HMTA is absorbed on non-polar surfaces of the growing ZnO and acts as capping agent, promoting the aniso-
tropic growth along the polar direction and ii) the solubilization and heating of HMTA in water produces its decomposi-
tion to formaldehyde and ammonia, and the ammonia can be hydrolyzed to produce OH-**; HMTA acts as pH buffer that
releases OH-ions slowly to the reactive media, hence promoting a very low ZnO growth rate resembling thermodynamic
quasi-equilibrium conditions. In this case, the anisotropic growth arises from the minimization of the surface area on the
polar faces, whose surface energy is larger than that of non-polar faces™.

Regarding the first hypothesis, it has been reported that nanorod synthesis can also be carried out by using NH,OH or
adding metallic cations to the solution®’**, showing that the presence of HMTA or another particular capping agent is not
a necessary condition. In addition, the growth of microporous thin films using methanol as solvent, even in presence of
HMTA, demonstrates that HMTA by itself does not promote the anisotropic growth that results in ZnO NWs*,

Recently observed changes in ZnO nanorod morphology induced by varying HMTA concentration®” and temperature®
(using water as solvent) indicate that the key to obtain ZnO nanorods is related to the concentration of OH- ions in the
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reactive medium. When OH- concentration is low, nanorod growth is promoted. When it increases, other morphologies
appear. These findings agree with the hypothesis that the synthesis of ZnO nanorods is controlled by the slow release of
OH- rather than by the presence of capping agents on non-polar ZnO faces.

Less studied, but not less interesting, is the relationship between the structure of intermediate compounds in the syn-
thesis and the final morphology of the synthesized ZnO products. Since the composition of such intermediate compounds
could be related to the composition of the reactive medium, they are expected to correlate with OH- concentration, which
in turn is fixed by alkaline agent concentration. Hence, a current challenge in solvothermal synthesis is designing experi-
ments or autoclaves aimed at studying in-situ the initial stages of nanomaterial synthesis in general and ZnO in particular.
Some such experiments have already been designed and carried out*'>. Of special interest are the compositions of the
intermediate compounds, as well as their morphological and structural properties. A detailed study of these could provide
valuable information in efforts to unveil the mechanism controlling the morphology, among other physical properties, of
solvothermal synthesized nanomaterials.

Photoluminescence

Photoluminescence (PL) is one of the most widely studied characteristics of ZnO because it is one of the properties that
lead to promising technological applications such as LED and laser, in addition to providing valuable partial information
on the defect structure and bandgap in the ZnO nanostructure'!-'*!7:1824. A PL spectrum from a ZnO sample excited with
larger than bandgap energy photons (usually in the UV) typically exhibits two bands: one in the near-UV (at ~3.2 eV)
corresponding to near band-edge (NBE) electron-hole recombination processes (“NBE band”), and a broader one in the
visible due to luminescent defect centers with states in the ZnO bandgap (“defect band”). The reader should bear in mind,
however, that there is no consensus about a specific defect type responsible for the defect band. For instance, a component
centered at ~2.06 eV (yellow emission) has been associated with interstitial oxygen defects but also with oxygen vacan-
cies'®. For the component centered at ~2.48 eV (green emission), there is also controversy, since it has been attributed
to both oxygen vacancies, zinc vacancies and copper contamination'®**. Given its relatively large width, the defect band
most probably contains contributions from different point defects and defect configurations. Conversely, different point
defects may have electronic states at similar energies within the bandgap, thus giving overlapping contributions to the
defect PL band.

Hence, it may be expected that PL spectra are very sensitive to the fabrication process. Indeed, in the ZnO nanostruc-
tures obtained by high temperature methods (solid state reactions, VTD, sputtering, etc.), the defect band is usually dom-
inated by the green component!!1317:1824 while in those synthesized through chemical methods (sol-gel, co-precipitation,
solvothermal synthesis, etc.), the yellow component predominates?.

Let us first discuss the PL from ZnO nano and microstructures synthesized by solvothermal techniques. When DEA
was used as alkaline agent, a time evolution of the PL spectrum while the samples were continuously excited with laser
radiation in the UV (3.81 eV) was observed®®. The defect band in the visible increased and, concomitantly, the NBE band
in the UV decreased with irradiation time, see Fig. 2. This PL dependence on irradiation time disappeared, however, when
samples were annealed at 900°C for 1 h in air?®. The fact that the PL could be stabilized both thermally and by prolonged
UV illumination led authors to propose that the observed PL behavior was associated with structural metastable configu-
rations that resulted from the low growth temperature®.

The PL from VTD ZnO NWs is discussed in Section 2.2.
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Figure 2. Evolution of the photoluminescence spectrum as function of the excitation time for microspheres obtained with
DEA/water. The legend indicates the excitation times at which each spectrum was acquired. From [28], copyright IOP.
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In addition to the elimination of PL metastability, the annealing treatment also was found to induce enhancement of
the yellow emission and reduction of the NBE intensity in the UV. The fact that the yellow component dominates the
visible emission in the as-grown samples as well as in the annealed samples, in addition to the yellow band increase at the
expense of the UV emission (see Fig. 3), suggests that these samples are in a metastable state characterized by a lower
than equilibrium defect density, which increases towards its higher equilibrium value by thermal annealing or by laser
irradiation®®.
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Figure 3. PL evolution for microspheres obtained with DEA/water after annealing at 900°C in air. (a, b) integrated emis-
sion intensity from the as-grown sample, (c, d) integrated emission intensity from the sample annealed at 900°C for 1 h.
(e) PL spectra for the as-grown (black) and annealed (red) samples. From?, copyright IOP.

Electrophoretic deposition technique

In the electrophoretic deposition (EPD) technique, charged particles suspended in a liquid move under the action of an
electric field through a process known as electrophoresis**. The electric field is usually produced by a two-electrode
system immersed in the liquid suspension, so that charged particles are collected on the oppositely charged electrode to
form a deposit. If a stable colloidal suspension with sufficiently low particle content (<10 g/L) is used*, then the parti-
cles are sufficiently separated from each other and arrive individually at the electrode. Hence, by conveniently attaching
a substrate to this electrode in such conditions, deposits with excellent particle packing uniformity can be obtained. By
changing the colloidal suspension, combined depositions of different types of materials can be obtained on the substrate.
Materials deposited by EPD include oxides, nitrides, semiconductors, carbides, cermet, bioactive glasses, organic mate-
rials, living cells, and others*+>47,

EPD has been recognized as one of the most versatile techniques for particle processing due to the wide variety of size
ranges to which it can be applied (from micrometric to nanometric size*’**). Nanoparticle EPD was first used by Giersig
et al.¥ to prepare ordered monolayers of gold nanoparticles. One of the advantages of EPD over other methods lies on
it being a technique based on particles, whose stoichiometry can be controlled during their production stage and, there-
fore, is directly transferred to the deposit™. The characteristics of materials deposited via EPD are influenced as much by
parameters related to the colloidal suspension (zeta potential, electrophoretic mobility, pH, conductivity, viscosity, and
others) as by physical parameters related to the deposition (working electrode type, substrate material, applied voltage,
separation between electrodes, current intensity, deposition time, and others).

The EPD method is an interesting option because it can be used to deposit materials on objects of several shapes and
geometrically complicated configurations*##>!, As most wet chemistry methods, EPD does not demand costly or sophis-
ticated equipment. EPD constitutes a low energy consumption, eco-friendly and easily scalable method, which translates
as an enormous advantage for its application in the development of low-cost nanotechnology devices.

In this context, the number of publications on electrophoretic deposition of ZnO has been exponentially increasing in
the past few years. These cover different topics of the EPD process, such as electrokinetic phenomena, particle stabiliza-
tion and surface charge, or the use of templates, as well as growth and applications of EPD ZnO thin films.

Experimental results using EPD show that the morphology and quality obtained in the deposition are strongly depen-
dent on the substrate type used*#>*7. Substrate conductivity and surface morphology are critical parameters that determine
deposit quality. For instance, several authors claim that a low conductivity substrate leads to a non-uniform film and slow
deposition rates*>,
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Table I shows a selected summary of published data on EPD ZnO fabrication; substrates, colloidal suspensions and
main EPD process parameters used, as well as resulting morphologies, are listed.

Table I. Summary of results from the literature on EPD ZnO. In all cases parallel electrodes were used, measurements
were performed under room conditions and the deposited material was ZnO.

Substrate Liquid medium Chemical additives Process parameters
Electrode Iy ZnO concentration and ZnO average used for stablil- p EPD type Deposition
(deposition . L . V, AL, At Reference
diameter ization and binder morphology
electrode)
agent
0.004 M
Stainless Tin oxide Zn0 colloidal suspension in No chemical =10V I=const. - Wong and
2-Propanol . 2 cm Thin Film Searson [52]
steel coated glass O additives . 10 mA
average diam.= 5 nm 15 min
Bahnemann [67]
0.004 M
i ‘o1 i ~10?
Stainless Tin oxide Zn0 colloidal suspension in No chemical =10ty I=const. - Wong and
2-Propanol e 2cm Thin Film Searson [53]
steel coated glass S additives 10 mA
average diam.~ 5 nm 1h
Bahnemann [67]
AAM 200 nm pore ZnO colloidal suspension in Binder agent: 10-30 V Nanofibrils
. 2-Propanol 60-400 V _ Nanotubules Wang et al. [54]
Pt diameter . Zn(NO,),.6H,0 V=const.
attached to Cu foil average diam.~ 5 nm Y 2cm InAAM
4 Bahnemann [67] 5-25 min chanels
AAM 200 nm ZnO colloidal suspension in . 10-30 V Nanofibrils
; Binder agent: Wang et al.
Pt pore diameter, 2-Propanol Zn(NO.)..6H.0 60-400 V V=const Nanotubules [55. 56]
Au one side coated average diam.=~ 5 nm ¥ 2 cm . In AAM ’
attached to Cu foil Bahnemann [67] 5-25 min chanels
Zn0 colloidal suspension in Binder agent 20100V
Pt Cu foil P _ Zn(NO,),.6H,0 2 cm V=const. Uniform films Wang et al. [57]
average diam.= 5 nm v 30-1500 s
Bahnemann [67]
Etched n-type Si substrates 15 EtOH/CHCI. mixture, o
uncovered/covered with a 3o . 20-100 V Films with
. ZnO concentrations No chemical - . Lommens et
Cu patterned, developed resist 10-40 uM additives 1-3 cm V=const. different al. [58]
attached to a Cu electrode * 1 1's-60 min thickness )
with In-Ga eutectic
Conductive ITO-glass Zn0 COHZO_IS?; s;lsglensmn mn No chemical 2.5-25V High-quality
Pt substrate with P _ . 2 cm ‘V=const. ZnO inverse Chung et al. [59]
deposited colloidal crystal average diam~ 5 nm additives 5 min opal
Bahnemann [67]
ZnO colloidal suspension in ) 50-300 V )
. 2-Propanol No chemical _ . Miao et al. [60]
Pt ITO conductive glass L . 1cm V=const. Films
average diam.~ 5 nm additives 8 min
Bahnemann [67]
dopamine hydro- 20-50V
Pt Stainless Steel and Pt 10 g/L ZnO suspension in ethanol chloride 1.5cm V=const. Films Wuetal. [61]
or alizarin yellow 1-10 min
g/L and
. . 1 g/L aqueous flake-shaped <5V
Pt Electropolished stainless ZnO nanopowder suspension PEI (]?ol?fethylen- 2 cm T=const. Films Verde et al. [50]
steel . imine) .
average size 1-10 min
~9.8 nm
5 g/Lde ZnO in 10° M Zn(NO,), in a
Stainless mixture No chemical 254V
WE43 magnesium alloy 0f 95% vol. anhydrous ethanol and e 2cm V=const. Films Qu et al. [62]
steel o . additives .
5 % vol. deionized water, 30-210 min
average diam. = 50 nm
Si substrate with Au ZnO colloidal suspension in ) 0V
. 2-Propanol No chemical _ . Sandoval et al.
Pt nanoclusters previously . .. 7 mm V=const. Nanowires
deposited average diam.~ 5 nm additives Ih [29]
P Bahnemann [67]
ZnO colloidal suspension in ) 3y ) Real et al. [63]
. 2-Propanol No chemical _ Nanowires .
Pt B doped Si substrate U . 7.5 mm ‘V=const. Espindola et
average diam.= 5 nm additives Ih bunches al. [64]
Bahnemann [67] :

EPD is generally used to obtain films, whereas, according to the bibliography, ZnO with other morphologies or as-
pect ratios have been achieved mainly through templates. Some of the most widely used templates are anodic alumina
membranes (AAM) or porous alumina membranes*-®. In these publications, two types of ZnO nanostructure morpholo-
gies (fibrils, tubules) and a mix of both, were reported, depending on the voltage-dependent filling characteristics of the
AAM. The use of membranes, however, is relatively expensive and difficulties often arise when post-growth elimination
of templates is necessary, as is generally the case due to undesired impacts of the membrane on the fabricated composite
properties (see, for instance, ref.*).
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In order to avoid these drawbacks, our research group proposed the use of substrates on which Au nanoclusters had
been previously deposited for the growth of ZnO NWs without any membrane templates®. Au nanoclusters (15-25 nm)
change the morphology of working electrodes and, hence, may promote a concentration of the electric field lines on
nanoclusters, thus inducing the preferential deposition of particles on the nanoclusters. Indeed, the metallic character of
the nanoclusters should impose new boundary conditions on the electric field lines, leading to their alignment normally to
the curved nanocluster surfaces. This would in turn produce a “focusing effect”, driving electric field lines away from the
uncovered low-conductivity Si substrate and towards the Au nanoclusters. ZnO NPs are electrophoretically transferred
from the colloidal suspension to the substrate along the electric field lines, resulting in their columnar packing on Au
nanoclusters, giving rise to the observed growth of ZnO NWs. It should be noted that Au nanoclusters do not affect the
band gap energy of ZnO nanowires as they are not incorporated into ZnO structure.

EPD deposition was carried out from a low concentration colloidal suspension of ZnO nanoparticles in 2-propanol,
synthesized following the precipitation method reported by Bahnemann et al.’. The nanoparticles obtained in the colloi-
dal suspension have an average diameter of 5 nm with a narrow size distribution, between 4 and 6 nm, which induces a
more orderly packing, since similar sized particles tend to pack together, in concordance with Tabellion et al.®. The sam-
ple obtained showed a large density of ZnO N'Ws, with preferential vertical orientation. Their diameters ranged between
20 and 90 nm, and lengths were around ~ 1.2 um. The possibility of growing ZnO NWs at room temperature and without
the use of templates by EPD is to be highlighted and should lead to further work to explore controllability of the method
and properties of the NWs obtained.

More recently, efforts were directed to attain ZnO NW growth by EPD without using metallic nanoclusters. Experi-
ments included the use of highly doped Si substrates for improved conductivity and uniformity of the electric field lines
close to the substrates. EPD samples grown on boron doped Si substrates without Au nanoclusters showed novel nano-
structures consisting of ZnO NW bunches®*. Figures 4 (a, b) show scanning electron microscopy (SEM) micrographs
at different magnifications of the ZnO nanostructures grown on p-type crystalline Si doped with B <100> substrates,
polished surface high quality, with resistivity (1-10) Q cm. Optimum parameters of applied voltage, separation between
electrodes and deposition time were 33 V, 7.5 mm and 1 h, respectively. The sample obtained showed a large density of
ZnO NW bunches, with diameters ranging between 55 and 85 nm, apparent lengths between 330 and 500 nm and NW
bunch diameters around 1 pm.

Mag = 200.00 KX

Figure 4. SEM micrographs at different magnifications a) 100 KX and b) 200 KX, of ZnO nanowire bunches, grown
on p-type crystalline Si doped with B <100> substrates, with resistivity (1-10) Q cm. Optimum parameters of applied
voltage, electrode-substrate separation and deposition time were 33 V, 7.5 mm and 1 h, respectively.
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In the early stages of deposition (at 40 minutes), SEM micrographs show the appearance of a nanoporous film on
which NW bunches grow, see Figure 5 (a, b). One might think that the formation of these NW bunches comes from pref-
erential centers of growth, whether present in the substrate or in the nanoporous film. According to Besra et al.®, particle
deposition by EPD on a poor-conducting substrate is made possible through the use of an adequately porous substrate
which facilitates availability of electric field near the substrate. The pores, when saturated with the solvent, help establish-
ing a conductive path between the electrical contact and the particles in suspension. Besra found that deposition increases
with increasing porosity up to a certain value. For a given applied voltage, there exists a threshold porosity value above
which deposition by EPD is possible®.

300 nm

EHT = 5.00 kV WD = 2.9 mm Mag = 100.00KX  Signal A= InLens

EHT = 5.00 kv WD = 2.9 mm Mag= 10000 KX  Signal A= InLens

Figure 5. SEM micrographs of ZnO nanowires grown in the first stages of deposition by EPD, corresponding to two
different zones of the same sample (a and b). It shows the initial appearance of a nanoporous film on which the ZnO
nanowires grow. Parameters of applied voltage, electrode-substrate separation and deposition time were 33 V, 7.5 mm and
40 minutes, respectively. SEM micrographs at 100 KX of magnification.

1.2. Surface passivation of ZnO NWs

Many years of research have shown that the effective surface passivation of ZnO nanomaterials to neutralize surface elec-
tronic and optical effects is crucial for applications in optoelectronics due to the large specific surface area of these nano-
structures. For instance, surface trap states shorten carrier lifetimes and are responsible for deep-defect luminescence in
the visible**™. Strategies proposed to provide effective passivation have included annealing in forming atmospheres and
the deposition of various shell materials, such as PMMA”', polyvinyl-alcohol (PVA)™ or polymers™. The MgO coating
of the ZnO NW has been proved to reduce lasing thresholds and enhance excitonic PL*7*7. As ZnO, MgO is I1I-VI wide
band-gap oxide; however, since it exhibits a much larger MgO bandgap than that of ZnO (~7.8 eV as compared to ~3.3
eV), a MgO shell is expected to provide very efficient confining barriers to both electrons and holes within the ZnO core,
which in turn should further favor UV radiative excitonic recombination. Typically, hydrothermal* and electron beam
evaporation synthesis’ have been used to coat ZnO NWs with MgO. An attractive method for the fabrication of ZnO and
ZnO/MgO core/shell NWs is VTD™.

While the MgO shell is indeed very useful in improving the UV emission from ZnO nanostructures and reducing
the spurious visible emission due to surface defects, the physical passivation mechanisms behind these improvements
remained elusive for many years. Some authors suggested that the MgO shell physically removes oxygen vacancies or
other defects from the ZnO NW walls, thus eliminating the recombination channels that compete with the excitonic re-
combination”. Others, inspired by the fact that efficient passivation effects have been achieved using not only MgO, but
also polymers and other insulating materials, proposed a model where dielectric screening that could be provided by any
dielectric shell was responsible for the beneficial effects observed®. Later, a new model was introduced where passivation
is not due to elimination of surface states, but a result of mechanical stabilization of the nanosurfaces®'.

Grinblat et al.* and Vega et al.”® studied this problem in ZnO/MgO core/shell NWs grown by a two-step VTD tech-
nique. Scanning and transmission electron microscopy (SEM and HRTEM) images of the ZnO and ZnO/MgO core/
shell NWs are shown in Fig. 6. A clear correlation between the PL defect/NBE bands ratio and the specific surface area
of hierarchical ZnO nanostructures'? had shown previously that most luminescent defects were at the ZnO surfaces. By
analyzing PL temperature dependence on ZnO/MgO core/shell NW samples, it was concluded that the MgO shell, when
grown under the right conditions, led to strong shortening of the excitonic radiative recombination time and to orders of
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magnitude increase of the UV emission®. In"®, ZnO/MgO core/shell NWs with varying shell widths (w) were grown in
an effort to shed light on the passivation mechanism. The PL dependence on w revealed that a thin MgO shell of a few
monolayers was not enough to fully passivate the surface. Instead, a gradual increase (decrease) of the PL intensity for the
UV (visible) band with increasing w was observed. Only after a sufficiently thick shell was deposited (w ~ 17 nm), optimal
passivation was attained’®. This was explained as the combination of two effects: one related to the elimination of the ZnO
NWt/air interface, which is achieved for the thinnest MgO shell, and another w-dependent effect.

/n0O ZnO/MgO

0.26nm

A
~[002]

Figure 6. SEM images with different magnifications of a ZnO NW sample (a), (b) and of a ZnO/MgO core/shell NW
sample (d), (e). As observed in (b), the ZnO NWs are highly crystalline, exhibiting hexagonal cross-section expected from
wurtzite c-axis alignment. (c) and (f) show HRTEM images of a ZnO NW and of a ZnO/MgO core/shell NW, respectively.
From’.

To understand these effects, the excitonic NBE emission band shape dependence on w was carefully studied. The
intensities of the first and second longitudinal-optical (LO) phonon replica of the free exciton recombination emission,
which dominate the NBE band from ZnO at room temperature, changed dramatically with the incorporation of the MgO
shell; see Fig. 77. The relative contribution of the second phonon replica was strongly reduced, while the otherwise weak
free exciton recombination contribution was intensified by orders of magnitude. This indicated a reduced exciton-phonon
coupling probably because the MgO shell induced reduction of Zn and O atoms surface vibrational amplitudes.
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Figure 7. Experimental (black symbols) and fitted (yellow lines) PL spectra from ZnO (a) and from ZnO/MgO core/
shell NW samples (b, ¢, d), for different MgO shell widths, w, in the UV region (NBE band). The components of the fits
attributed to the excitonic emission (X) and its phonon replica (X-1LO, X-2LO) are indicated by vertical dashed lines
(positions) and by blue, red, and green, respectively. Note the very different vertical scales in (a, b, ¢, d). From’.

The study also found significant strain build-up within the ZnO core, which increased with increasing MgO shell
width w and correlated with the NBE/defect bands intensity ratio. It was then concluded that the NBE band enhancement
and defect band quench in the core/shell NWs involved complex mechanisms that include elimination of adsorbates and
mechanical stabilization of the ZnO NW interface (which dominate for small w) and strain build-up (which becomes
increasingly important with increasing w).

Conclusion

In this review, we have briefly described much of the important work devoted in recent years towards the effective con-
trol of the morphology, structure and optical properties of ZnO nanostructures, with special focus on our own work on
ZnO NWs. Much progress has been achieved in the basic understanding of the main mechanisms involved in VTD, en-
abling better control and reproducibility of ZnO NW growth and properties, such as length, diameter and luminescence.
Furthermore, it has been possible to synthetize ZnO NWs under different prevailing mechanisms (such as VLS, VS and
VLS+VS), to systematically change the ZnO nanostructure morphology by changing the P, /P, ratio, to synthetize NWs
without metal catalyst, to eliminate the ZnO layer that grows under advection conditions on various metal catalyzed sub-
strates, and to fabricate ZnO/MgO core/shell NWs.

In the quest for novel applications of NWs potential in general, and ZnO NWs in particular, the proposal for their in-
tegration into flexible (optoelectronic, electronic, spintronic, photonic or any combination of these) circuits has promoted
the development of novel growth methods at low temperatures. The possibility of synthetizing ZnO NWs at room tem-
perature on at least two types of conveniently preformed substrates by just manipulating colloidal ZnO NPs with electric
fields, as in EPD, is very encouraging. Even though understanding of growth mechanisms during sol-gel, solvothermal
and EPD techniques has improved substantially as a result of years of research, especially on the role of the solvent and
the alkaline agent on the morphology during solvothermal synthesis, it is clear that much work is still needed. In particu-
lar, studies on the composition and structure of intermediate products within the complex reactive media in solvothermal
synthesis are needed to achieve a better control of the size and defect structure of ZnO nanostructures deposited at low
temperatures on the one hand. PL metastability, on the other hand, deserves greater attention because it shows structural
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metastabilities that, albeit expected for low temperature processing, could be detrimental for real life applications of these
nanostructures.

Last but not least, it is clear that after many years of work, a consistent picture of the ZnO NW surface passivation
mechanism is finally emerging. The main role of the shell is that of a physical barrier that separates the ZnO NW walls
from atmospheric adsorbates, which otherwise provide detrimental surface states on ZnO NW walls. Hence, to a first
approximation, this can explain the large enhancements of the UV emission and the quenching of the defect band when
NWs are covered with a broad range of shells (from polymers to ceramic oxides). However, other important physical
effects (such as strain buildup, mechanical stabilization and confinement) may also occur, which lead to strong changes
in PL spectra and may depend on shell thickness. Some of these effects are specific to the shell material, as they depend
on the shell electronic, structural and mechanical properties. Future studies will focus on applications of these passivated
ZnO NWs on different devices and the choice of the passivating shell material will certainly depend on each technological
platform specific requirements.
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