ACCEPTED MANUSCRIPT - This is the author’s peer reviewed, accepted manuscript. Original DOI:
https://doi.org/10.1016/j.mtchem.2020.100243

Photoluminescence investigations of ZnO micro/nano
structures

J. Rodrigues, N. Ben Sedrine, M. R. Correia, T. Monteiro*
Departamento de Fisica e 13N, Universidade de Aveiro, 3810 Aveiro, Portugal
*Corresponding author: tita@ua.pt

Abstract

Zinc oxide (ZnO) is probably one of the most researched wide bandgap semiconductors
in the last decades due to its unique characteristics in terms of low production cost, high
availability, bioinertness, and especially to its interesting optical properties. Even though
this semiconductor is considered an “old” material and is known to possess such unique
properties for more than three decades, the interest was renewed due to the advances in
nanotechnology and the possibility to be produced in a vast number of nanostructures
with tunable properties. An adequate knowledge of the nanomaterials’ optical response
is mandatory for assessing and optimize their functionalities towards different
applications. Even thought, the PL properties of ZnO bulk materials have been know from
several decades, a quite number of open questions remains, namely tegarding the nature
of defects responsible for the broad luminescence bands frequently observed in the visible
spectral region, as well as the effects of reducing the dimensionality of the material to the
nanoscale, since changes may arise due to the decisive role of the properties of
surface/interface in the luminescence outcome. Indeed, the surface effects can strongly
affect the nanostructure properties and can be used to tailor them, consequently having a
profound influence on the performance of the devices where the nanostructures are
employed. Hence, in this paper, an overview of the fundamental properties of ZnO, with
emphasis on the main recombination mechanisms, both in bulk and at the nanoscale, is
provided in order to disclose some of the current knowledge in this subject. Additionally,
some examples of the myriad of applications where this semiconductor has been exploited
are also discussed.
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1. Introduction

Zinc oxide (Zn0), a II-VI semiconductor compound, is still one of the most studied
wide bandgap materials worldwide due to its potential for a vast technical-scientific
applications, ranging from optoelectronics to sensing devices [1-6]. In fact, such oxide
host has already demonstrated its functionality in relevant domains, namely in gas sensing
[7-10], piezoelectric devices [11,12], antibacterial and antifungal agents [13-15],
transistors [16—18], etc. For several decades, this semiconductor has been used in its
polycrystalline form, namely in paint pigmentation, sunscreens, facial powders, catalysts
or even lubricant additives [1]. Even though the first reports on its characterization date
from the early decades of the 20" century, it was in the end of the 1970s and the beginning
of the 1980s that the research on ZnO reached its peak. However, the challenge in
attaining p-type conductivity in a stable and reproducible way led to a stagnation [1-3].
In the mid-1990s ZnO research reawakened and ZnO emerged again as a promising wide
bandgap semiconductor, which, together with gallium and related nitrides, revolutionized
an increasing number of applications [3,4]. Even with some optoelectronic applications
overlapping with that of gallium nitride (GaN), ZnO has some advantages among which
are the availability of fairly high-quality ZnO bulk single crystals, much simpler crystal-
growth technology, resulting in a potentially lower cost for ZnO-based devices. It is
environmentally friendly, cheaper than the nitrides and is already produced by some 100
thousand tons per year [2,5]. Other favorableaspects of ZnO include its broad chemistry,
its high energy radiation stability, biocompatibility and improved optical and electrical
response, just to name a few [1,2,19]. The emphasis of this new active period of ZnO
research was essentially promoted by the development of new growth techniques that
enable the growth of epitaxial/ layers, quantum-wells, quantum dots, as well as
nanostructures with different shapes and sizes [3,20-23].

As mentioned above;, one of the major drawbacks in using this material in
optoelectronic applications is the lack of high quality, stable and reproducible p-doping,
despite all the work devoted to this topic by numerous research groups [2,5,20]. A deep
understanding of physical processes in ZnO is necessary in order to overcome this
bottleneck; specifically regarding the nature of the residual n-type conductivity in
undoped ZnO [2]. Thus, there are still a number of important issues to be addressed,
where the nanostructures, as well as the formation of heterostructures and composite
materials, offer a path to.a new generation of devices, providing research material to
“feed” the ZnO investigation.

With a bandgap energy (E,) of ~3.4 eV at low temperature [5,24], this semiconductor
oxide crystallizes, at ambient conditions, preferentially in the thermodynamically stable
hexagonal modified wurtzite crystalline structure [1,5,25]. In such structure, each anion
has four cations as nearest neighbors distributed in the corners of a tetrahedral
arrangement (and vice versa), as a consequence of its hybrid sp® covalent bonding
[1,5,25]. Moreover, and as happens in the 1I-VI compounds, the bonds are not purely
covalent, revealing a substantial ionicity character [1]. The wurtzite structure (space
group Cg, symmetry in Schdenflies notation) can be described as an arrangement of two
hexagonal closed packed (hcp) sublattices, each with one type of atom (Zn and O), shifted
along the c-axis, with a slight deviation from the 1.633 value corresponding to the c/a
ratio in the conventional hexagonal lattice [1,5]. In the case of ZnO, the a and c lattice
parameters of the hexagonal cell unit have been reported as 3.2498 A and 5.2066 A [1,25],
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respectively, corresponding to a c/a ratio of 1.6021. The internal displacement parameter
in the conventional hexagonal cell u=(3/8)c, corresponds to ca. 0.382 in ZnO [1,25]. ZnO
lacks of inversion symmetry and therefore a spontaneous and strain induced polarization
develops in the wurtzite structure [1,25]. Additionally, ZnO crystals exhibit polar
surfaces, being the most common the (0001) basal planes, depending on the opposite Zn>*
and O* charged ions. Such behavior have a strong influence on the semiconductor
properties, as is the case of growth speed, etching rates and defect generation [1,5,25].

The knowledge of the electronic band structure of a given semiconductor is of
paramount importance to understand the material’s optical recombination processes. The
bulk ZnO is a direct bandgap semiconductor, with the conduction band (CB) minimum

and the valence band (VB) maximum occurring at the same k located at Brillouin zone

center where k = 0 [1,25,26]. The VB maximum is built by p-atomic electronic states
combined with d-atomic levels. Under the effect of the crystal field and spin-orbit
interaction, the VB splits into three Kramers levels labelled by A, B and C with I;, T, I
symmetry in the double group notation, respectively [27,28] (see Figure 1). Since the CB
has I'; symmetry, reflectivity measurements evidence that resonance features from A and

B free excitons appear for E 1 ¢ whereas the C peak occurs for E ||€ [29]. According to
the selection rules, I; = I transitions are allowed when lights oriented in a way that

E 1 ¢ while the [; = I, transitions are permitted for both polarizations (perpendicular
and parallel) [30]. The energy separation of the A and B electronic states has been
reported as 4.9 meV [27,31], whereas 43.7.meV corresponds to the energy difference
between B and C [1].

Figure 1 — Schematic representation of the conduction (CB) and valence (VB) bands symmetries near the
high-symmetry I” point (E = 6) and their spectral ordering (adapted from [1,27]).

The bandgap energy of a given semiconductor is known to decrease with increasing
temperature. The thermal lattice expansion and electron-phonon interaction [32,33] result
in a shrinkage effect of the fundamental bandgap that can be (in first approximation)
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described by a parabolic dependence on temperature, known as the empirical Varshni law
[34],

aT? Eq (1. 1)
p+T
where Ej;(0)corresponds to the bandgap energy at 0 K, T is the absolute temperature, and

a and f are the temperature parameters. [ is proportional to the Debye temperature, 6,
(399.5 K [25]), being approximately the same value at low temperatures [35] and

Ey(T) = E,(0) —

assuming a value ca. ZBD for T > 6p [36]. For bulk ZnO, the dependence of the excitonic

bandgap energy measured by photoluminescence (PL) experiments using Eq.(1) results
in values a and 6, that differ from each other by ~18% and 4% (a = 6.7 X 10~*eV/K
and 8, = 672 Kora = 8.2 x 10™*eV/K and 8, = 700 K, as reported by Boemare et al.
[32] and Wang et al. [37], respectively).

The wurtzite structure exhibits four atoms per unit cell, resulting in twelve phonon
modes at the Brillouin zone center, corresponding to the following phonon branches: one
longitudinal acoustic (LA), two transverse acoustic (TA), three longitudinal optical (LO),
and six transverse optical (TO) [1,38]. Since the wurtzite crystal structure belongs to the
C¢, spatial group, the group theory predicts eight sets of phonon modes at I'-point with
irreducible representation I' = [ + Ty = 241 + 2B, + 2B + 2E,,where I';; and [,
stand for acoustic and optical modes, respectively [39]. A; and By are nondegenerate
modes while E; and E, are doubly degenerated [38]. One set of A; and E; modes
correspond to acoustic phonons, whereas the remaining ones are optical modes, I, =
A, + E; + 2B, + 2E, [38-40]. A schematic representation of the atomic displacement of
the optical modes present in the wurtzite structure is depicted on Figure 2. Among these
vibrational modes, only the A;, E; and E, are Raman-active. A; and E;, due to their polar
character, are also infrared (IR) active-and B; are neither Raman or IR active and are
called silent modes [38—40]. The two nonpolar Raman active E, branches, EX°” and
Eg 19" are associated with the vibrations'of the Zn and O sub lattices, respectively [25].
Since the wurtzite structure 1s an anisotropic noncentrosymmetric crystal, the crystal field
leads to the polarity-induced splitting of the optical E; mode at I" into TO and LO branches
due to the macroscopic electric field [38]. A similar effect occurs for the optical A; mode,
showing different frequencies near the I'-point, which depend on the symmetry direction
[38]. Thus, the A; and E;j polar modes exhibit different energies for the LO and TO
polarizations. In both cases, the LO phonon frequency exceeds that of the TO mode. Due
to this frequency split of polar modes into LO and TO, a higher number of eigenfrequency
values arises in comparison to those predicted by group theory [5]. As for the case of the
electronic band structure, the knowledge of the vibrational modes assumes an important
role on the analysis of the optical properties of the ZnO structures. The typical phonon
energies found for the first-order Raman modes of ZnO are listed in Table 1 [39]. Figure
3 shows a typical Raman spectrum recorded for ZnO microrods produced by the laser-
assisted flow (LAFD) deposition approach.
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Figure 2 — Atomic displacement of optical phonon modes in the wurtzite structure. H and the L superscripts
correspond to high and low frequency modes, respectively. Adapted from reference [40].

Table 1 — Typical phonon energies at the zone center (75 = 6) of wurtzite ZnO at room temperature [39].
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Figure 3 — Representative Raman spectrum obtained for ZnO microrod samples prepared by the laser-
assisted flow deposition method. The spectrum was acquired at room temperature under 532 nm laser line
excitation under backscattering configuration.

The ZnO properties mentioned up to this point correspond to the semiconductor in
its bulk form. However, changes may arise by reducing the dimensionality of the material
to the nanoscale. Not only the reduction in the spatial dimension at a particular direction
can introduce quantum confinement effects, but also the increase in the surface-to-volume
ratio may have a tremendous impact on the semiconductor physical properties. In the case
of ZnO, the exciton Bohr radius is ~1.8 nm [41,42], meaning that for most nanostructures
quantum confinement effects can be neglected when compared with bulk material.
Therefore, the influence of the surface becomes the most relevant factor that rules the
changes observed at the nanoscale.
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The ZnO possesses one of the richest varieties of nanostructures, exhibiting a
diversity of morphologies, which can be produced by uncountable methods. In this way,
it is possible to obtain morphologies that maximize the surface-to-volume ratio, which is
of particular importance for several applications, namely in the sensing or photocatalysis
fields. With the increase of the surface area over the volume, surface effects tend to
dominate the crystal properties and new optical features may arise. These surface states
can be due to dangling bonds, point defects or adsorbed species at the ZnO surface [43].
In the presence of such states, the Fermi level is pinned at the surface, which causes a
bending of the electronic bands in the proximity of the surface, leading to the capture of
charge carriers in that region, and the generation of a surface charge [43—45]. This
bending will be determined by the charge distribution at the surface and its effects of the
materials’ properties will depend on the size of the nanostructures. There is a critical
diameter that leads to a full depletion of the structures, with a surface barrier height on the
order of the surface-pinned Fermi level. Fully depleted samples exhibit an insulating character
and strongly inhibit the recombination of carriers from the bulk, since @ potential barrier is
formed either for electrons and/or for holes [44]. On the other hand, if the defects
introduced by the surface states are optically active, new luminescence features will arise,
dominating over the bulk luminescence. It is also important to bear in mind that the
crystallographic orientation of the surface may promote the formation of different types
of defects, and thus with different implicationsto semiconductor properties [44].

Low dimensional ZnO nanostructures with “custom-made” geometries as building
blocks are expected to play a decisive role inthe fabrication of nanodevices [46,47]. 1D
ZnO nanostructures, namely nanorods and nanowires, have been subject to intense
research due to their excellent properties, mostly associated to their large surface
area/volume ratio [47]. Additionally, tetrapodal-like structures have attracted some
attention due to their unique electronic transport properties, demonstrating higher electron
transfer efficiency when compared with the nanorods [48-51]. Furthermore, the
branching structure provides a large surface area for sensing purposes and charge
separation, while the good interconnection between the branches offers multiple
pathways for electron transport [52,53].

For a wider comprehensive review of the ZnO physical properties please refer to the
work of references [1,2,5,25].

2. Recombination processes

ZnO 1is probably one of the most scrutinized semiconductors from the point of view
of its optical properties, particularly regarding its luminescence output. When light
interacts with a semiconductor, different phenomena may occur, namely the
photogeneration of electron-hole pairs that may subsequently recombine radiatively,
giving rise to the material’s PL spectra, which is strongly dependent on the optical
excitation photon energy. Additionally, the measured spontaneous emission also depends
on the nature of the semiconductor, namely regarding its intrinsic character or the preence
of foreign impurities. Any perturbation on the material lattice periodicity, the so-called
defects, may change dramatically the luminescence outcome of the semiconductor.
Several lattice imperfections can coexist in a given host, such as punctual (native and
contaminant impurities), extended and surface defects, being extremely conditioned by
the used growth method [54—58]. Moreover, most of the device applications, dealing with
semiconductors, require controlled and reproducible doping procedures to incorporate
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foreign species (impurities) in the host materials to promote/enhance properties like
metal-like conductivity or visible light absorption, for instance. Additionally, complex
defects may also be formed by the interaction of the different types of defects present in
the same sample [59-62]. Some of them may be optically active, resulting in both narrow
and broad PL features, covering the ultraviolet, visible and near infrared (UV-VIS-NIR)
spectral range. In the following section, we will briefly review some of the most common
optical recombination processes contributing to the PL spectra of ZnO bulk and
micro/nanostructures.

2.1 Bulk material

2.1.1 Near band edge recombination

When a semiconductor material is irradiated with photons with energy equal or higher
than the material’s bandgap, electron and hole carriers are photogenerated. In undoped
high purity crystals and owing to the Coulomb interaction between the electron and hole,
free excitons (FX) can be formed. In that case, the electron and hole remain bound to each
other as a hydrogen-like system, mediated by the dielectric constant of the material. Such
elementary excitation is free to travel through the material lattice covering several lattice
constants [63]. For direct bandgap materials, as 1s the case of ZnO, their radiative
recombination arises at energies [63,64]

hw = E; — Ex =nhw, Eq.(2.2)
where Ey denotes the Wannier-Mott [65] FX binding energy, which corresponds to the
energy required for the exciton dissociation and nhw;, denotes the optical phonons
assisting the transition, designated by vibronic replicas. If the transition occurs without
the participation of phonons, the narrow line is called zero phonon line (ZPL) [66].
However, in polar materials most of the PL processes are assisted by LO phonons with
the electron-phonon interaction quantified by the Huang-Rhys factor (S) [66,67].

As mentioned in the introduction, three types of FX can be distinguished in ZnO,
depending on whether the hole resides in the A, B, or C valence bands [1,27,28,68]. The
ZnO FX binding energy is one of the largest ones reported for wide bandgap
semiconductors (~ 60 meV against the ~25 meV of GaN) [2,58]. Several authors using
different spectroscopic techniques [1,2,29,69,70] have experimentally measured the
energy of FX transitions. For instance, the values for the ground state (n =1)
recombination for ZnO with natural isotopic composition using reflectivity measurements
at 8 K were reported by Tsoi et al. [68] as 3.3760 eV, 3.3813 eV and 3.4213 eV for the
A, B and C excitons, respectively.

Typically, the semiconductor crystals also present a number of defects and impurities
that can bound these FXs, forming the so-called bound exciton (BX) complexes
[31,69,71-74]. When donor and acceptor species are not ionized, the bound excitons are
labeled as D°X and A%X, respectively. As a consequence of its localization, the photon
emitted in the recombination of a bound exciton is [65],

hw = Eg - EX - ElOC - nthO Eq (2 2)
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spectrally located at lower energy than that of the FX recombination. E;,. corresponds to
the localization energy of the exciton in the impurity/defect. The observation of such
transitions represents an important optical indication of the presence of impurities in the
crystals.

Figure 4 shows the temperature-dependent PL spectra of a bulk ZnO sample in the
near band edge (NBE) spectral region. At low temperatures (14 K), one observes an
extremely low intensity of the FX recombination, followed at lower energies (~3.36 eV)
by the vibronically assisted (by ca. 72 meV LO phonons) D°X recombination lines (the
I; lines as mentioned by Thonke et al. [27,75]). Some of these sharp lines were already
attributed to the presence of impurities, as is the case of H, Al, Ga, and In, as reported by
Meyer et al. [71], however, others were not yet identified. Additionally, on the low-
energy side of the bound exciton lines (ca. 40 meV apart from the D°X lines [5,75]), the
recombination processes have been attributed to the two-electron satellite (TES) lines that
correspond to radiative recombination of a DX which leaves the donor in an excited state
[2]. The donor binding energy, Ej,, can be estimated by the Haynes rule, which establishes
a linear relationship between the localization energy of the exciton and Ej, [5]. The low
temperature spectrum also exhibits a line at 3.33 eV which has been tentatively assigned
to structural defects [5,76]. As the temperature increases the relative PL intensity decrease
due to the DX dissociation, and at RT the emission is dominated by the FX recombination
peaked at 3.28 eV.

Besides the FX and D°X transitions, many semiconductors exhibit free-to-bound
radiative recombination processes (e.g. (e, A%) where a free electron recombines with a
hole trapped at a neutral acceptor) and band to band transitions, which are favored
temperatures higher than the room temperature. In the case of free-to-bound
recombination the energy of the emitted photon is given by [65],

h(l) — Eg R EA - nh(l)LO Eq (2 3)
where Ej, is the binding energy of the hole to the acceptor. The line shape of a band-to-
band transition is known to be proportional to the joint density of states and Fermi
distribution function [65]. It is worth to mention that the above mentioned transitions are
also strongly sensitive to strain effects and concentration doping, which can, for instance,
influence their width and peak position [77-79].
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Figure 4 — Temperature-dependent near band edge PL spectra of bulk ZnO provided by Eagle-Picher
Technologies (grown by seeded chemical vapor transport). Lines labelled according reference [72]. “SD”
stand for structural defect. Data adapted with-permission from AIP Publishing [72].

Besides the aforementioned optical transitions, many semiconductors exhibit the so-
called donor-acceptor pair (DAP) transitions, as highlighted in Figure 5. In this case,
donor and acceptor species are simultaneously present in the material and the resulting
radiative recombination is due to the overlap of the wavefunctions of an electron in a
donor with a hole in an acceptor. The emission resulting from the DAP recombination
has an energy of [63,65],

2

h(l) — Eg s ED - EA + - nthO Eq (2 5)

47T€0 E+Tpa

where E, and E}, are the acceptor and donor binding energies, respectively. The last term
in Eq. 2.5 before the LO vibronic progression describes the Coulombic interaction
between donors and acceptors, with 4 being the distance between the donor and the
acceptor for a particular pair, e is the electron charge, ¢, is the permittivity of free space
and &, is the semiconductor dielectric constant [63,65]. Therefore, and as was well
explained by Dean ef al. [80], the energy transition of DAP optical centers depends if the
carriers are trapped by nearby or distant donors and acceptors in lattice sites, resulting in
high and low energy transitions. An experimental consequence of this is, e.g. that the
spectral position of the DAP PL transitions depends on the excitation density. Higher
excitation densities promote the population of a higher number of donor and acceptor
states and, consequently, there is a higher probability of having close-by recombination
partners, which is transduced in the observation of higher energy PL signals associated to
these recombination. For instance, in the case of ZnO layers intentionally doped with
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nitrogen, Zeuner et al. [81,82] reported a broad line peaked at 3.235 eV followed by LO-
phonon replicas which has been assigned to a DAP emission, involving the substitutional
nitrogen (No) acceptor. An activation energy of 165 meV for the No acceptor was
estimated from PL experiments [83].

The activation energies for the nonradiative processes that compete with the radiative
luminescence can be estimated from the temperature-dependent PL spectra. Usually,
narrow emission lines can be fitted to Lorentzian line shapes (Gaussian line shape in the
case of broad emission bands). Assuming that the nonradiative processes are negligible
at low temperatures, the PL intensity at a finite temperature, I(T), can be generally
calculated by the Arrehnius equation [67,84],

I(T) = 1(0)[1 + C exp(—E, /kzT] ™2 Eq. (2. 4)

where 1(0) accounts for the PL intensity at 0 K, E, is the activation energy for the
nonradiative process, kp is the Boltzmann constant and C is the pre-exponential factor
that accounts for the degeneracy of the involved electronic levels.

2.1.2 Deep level emission

Figure 5 shows typical low temperature PL spectra of two different bulk samples
(provided by Tokyo Denpa and CrysTec, both grown by hydrothermal methods). Besides
the aforementioned transitions in the near band edge region, deep level emissions peaked
in the visible spectral range are also observed. Although other emission bands in the blue,
yellow and orange/red spectral region have also been reported [2,85-87], the most
scrutinized deep level emission in ZnO. corresponds to the green luminescence (GL)
peaked ca. 2.4 eV [1,2,25]. Even so, there is still some controversy regarding the nature
of the different defect emissions in that region and different hypotheses have been
proposed to explain them [2,54,88-93]. Among those, the most common origins for this
defect-related luminescence account for intrinsic defects in the ZnO matrix, namely
oxygen/zinc vacancies (Vo/Vza), Zn antisites (Zno), interstitial Zn atoms (Zn;), transitions
from Zn interstitials to Zn vacaneies ‘and extrinsic impurities, as is the case of Cu [92—
94].

=325 J; (b) =325 I
1 05 )“exc_ nm ’\ —_ )"exc_ nm i\
14K * @102 14K
DAP M =
4
10% T g
//x s 10"
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Figure 5 — 14 K PL spectra of bulk ZnO obtained upon above bandgap excitation (325 nm), showing the
(a) unstructured (sample from Tokyo Denpa) and (b) structured (sample from CrysTec) green luminescence
band.
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The GL often exhibits distinct spectral shapes depending on the type of samples and
their growth methods. In some cases, a structured GL is observed, which is commonly
attributed to Cugz, related-defects. This band is known since the 60’s and was extensively
studied by Dingle [92]. As reported by Kuhnert and Helbig [95], the structure of the GL
can be well accounted by a vibronic progression of 72 meV-LO phonons and the emission
can be well described using the coordinate configuration model using the Born-
Oppenheimer approximation and considering a Huang-Rhys factor of S~6.5 [1]. Here,
the intensity of the n-th phonon replica is given by [96],

sS"

Inae F

Eq. (2. 6)

Nonetheless, a structureless band reported at nearly the same‘position as the structured
one is often associated with other defects, namely Vo or Vz, [2]. Thus, in spite having
similar peak positions and widths, the origin of the observed GL may be rather different
from sample to sample [1,2]. Indeed, it is known that different types of defects may be
responsible for broad luminescence emission in this spectral range. Moreover, the
observed broad bands frequently result from the overlap-of multiple transitions from
distinct optical centers, with the peak position of the overall band misleading the actual
energy position of the emitting centers and hampering a clear correlation between the
observed emission and the defects present in the analyzed crystal [97]. Additionally, the
formation of these defects is strongly dependent on the growth methodology, as well as
post-growth processing [54,55,57]. For instance, the formation energy of the oxygen
vacancy is strongly dependent on the availability of Zn and O atoms during the growth
process [55]. All these issues make the association between a specific defect and its
corresponded radiative recombinationin this (and any other) spectral region a tremendous
challenge and, as so, an unambiguous correspondence has not been yet effectively settled
[2,54,88-91]. As examples, should be highlighted the work of Meyer et al. [98,99], where
these authors performed both PL and optically detected magnetic resonance (ODMR)
studies on undoped commercial ZnO single crystals from Eagle-Picher and evidenced
that for those samples the unstructured GL was associated with oxygen vacancy defects.
On the other hand, Janotti and Walle [55] carried the first-principles investigations on
native point defects in ZnO based on the density functional theory and conclude that the
oxygen vacancy has an high formation energy, thus being less likely to form and not
contributing to the GL. These authors suggest zinc vacancies as a possible source of the
mentioned emission. However, Wang et al. [60] claimed that neither the zinc nor the
oxygen vacancies are responsible for the green emission in the samples analyzed by them.
Their conclusion were based on ODMR studies performed on different commercial ZnO
bulk single crystals nominally undoped (from Tokyo Denpa and Cermet Inc. providers).
They showed a direct correlation between the presence of Zn vacancies and the radiative
transitions related to the red PL emission, but not with the green one. Therefore, care must
be taken with the assignment of the radiative transitions to a given defect simply by
comparing with the literature reports. Complementary techniques are often necessary to
assess the chemical nature of an optical center, and even then the analysis may not be
straightforward.

In spite of less common reported, the visible emission bands in the blue, yellow and
orange/red spectral regions observed for bulk samples, they have been also attributed to
native defects in the ZnO. This attribution results from the fact that even high quality ZnO
crystals are known to possess relatively high density of native defects contributing to the
visible luminescence [87,97,100—102]. Indeed, even the defects indicated as the origin of
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the GL have been also associated with the transition in the remaining visible region, either
as single point defects or by forming complex with other defects. In fact, that is the case
for both yellow and orange/red bands, which have been connected to the same deep defect
level, however originating from different initial states [2,87]. The Zn vacancy and related
complexes are amongst the most popular assignments for such emissions [97,103], which
is not surprising since the Zn vacancy has one of the lowest formation energies [55].
According to Chai et al. [104], for such defect three peaks located at ~414 nm (~2.99 eV),
525 nm (~2.36 eV) and 600 nm (~2.07 eV) can be identified, being linked with different
charge state transitions. Such relation was corroborated by the theoretical work of Sokol
et al. [105], where these authors investigated intrinsic point defects in ZnO by means of
embedded cluster hybrid quantum mechanical/molecular mechanical calculation
approach. Their results demonstrated that Zn vacancies originate the major acceptor in
ZnO and that this defect is found to be stable in five different charged states, responsible
for PL bands in the ultraviolet (DAP transition involving an acceptor level at 3.2 eV);
green (triplet level at 2.5 eV) and red (1.9-2.0 eV). Moreover, they affirmed that neutral
oxygen interstitials might also contribute to blue and green PL emission by an exciton
recombination and DAP transition from donor Zn interstitials, respectively. On the other
hand, as already reported by others, the same authors claimed that oxygen vacancies are
not responsible for the green luminescence, but could play a role in the UV and red-orange
luminescence bands (at 2.1 eV and below) through an exciton recombination mechanism
[105].

The presence of impurities may also account for transitions in the visible spectral
regions. As an example, Li impurities have been reported as deep acceptors in ZnO,
giving rise to a broad emission in the yellow region [2]. Additionally, substitutional
nitrogen ions in the oxygen sites have also been indicated as a deep acceptor, resulting in
transition in the red [2,104]. In the case of the already mentioned involvement of Cu
impurities in the structured GL, according to Sokol ez al. [105], calculated defect levels
of this impurity at 2.7 eV and 0.55 eV were obtained, in line with experimental results,
thus establishing Cu as an additional source of green luminescence in ZnO. Still, a great
number of the defects in ZnO structures remain undisclosed and therefore, how their
optical signatures may influence the overall PL spectra of ZnO [87].

2.2 Micro and nanostructures

Up to now, only the luminescence properties of the bulk samples were discussed.
However, as mentioned in the Introduction, when the size of the ZnO structures is reduced
(increasing their surface-to-volume ratio), the surface and interface properties will have
a higher influence on the luminescence outcome, even dominating it. At the surface of a
crystal, there is a break in the periodicity of the crystal lattice, thus leading to the
appearance of dangling bonds on surface atoms. The presence of these non-terminated
bonds promotes the adsorption of additional atoms/molecules. As such, the surface atoms
can be seen as a kind of defect and the anisotropy of the crystals determines that different
kinds of crystal surfaces have different defects [106].

It is well accepted that the surface effects and the formation of the depletion region is
responsible for a surface band bending, which have a profound effect on the PL of ZnO.
Still, the mechanism how the surface effects influence the PL is under debate and strongly
depends on the surface-to-volume ratio of the nanostructures, as well as on the type of
species and charges in the neighborhood of the surface [107]. It is known that the presence
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of point defects at the surface of the semiconductor, such as oxygen or zinc vacancies,
can act as adsorption sites for some chemical species [108]. For instance, when samples
are produced and stored in air ambience, the surrounding environment will provide a
source of acceptors/donors species at the surface of the semiconductor (e.g. O:
molecules), which will contribute with additional charges to the surface. Therefore, the
position of the Fermi level at the surface will be controlled by the charge induced by the
adsorbates [109]. When species like O> or OH are present at the ZnO surface, they tend
to act as acceptors, trapping negative charges at the surface states and thus reducing the
free carrier density in that region [110,111]. By increasing the amount of negative charges
at the surface/interface of the semiconductor, the electrons need to overcome a potential
barrier to reach the surface (from the bulk), forming a depletion region. With the
formation of such a space charge region, the Fermi level becomes pinned at the surface
of the semiconductor, leading to upward band bending near the nanostructures surface
[44,110,112,113], as schematized on the left side of Figure 6. Assuming a band bending
as the one depicted in Figure 6, the electrons are likely to be located in the inner (bulk)
part of the structures, whereas holes tend to move to the surface [112]. Tn this case, the
spatial separation of the carriers may reduce or even hinder the radiative recombination
between the energy bands of the semiconductor, and the surface-related recombination
processes will dominate the PL spectra. Thus, for sizes and morphologies with a large
volume when compared to the surface area, this effect may be limited and almost
negligible. However, if the surface-to-volume ratio is high, the surface-related states will
have the highest contribution to the PL spectra, if these defects are optically active. Thus,
new emission may arise, dominating over the bulk luminescence.

After surface passivation

as-grown

Figure 6 — Schematic representation of the effect of the surface passivation treatment on the energy band
diagram of the ZnO microrods. (Image adapted from the work reported in reference [43].)

As so, the distribution of the surface vs the bulk defects will play a key role in tailoring
the properties of the semiconductors, and consequently on the devices’ performance
[114]. Indeed, the influence of the surface in the PL emission brought further variables to
the discussion regarding the origin of the different optical centers. In the last two decades,
the group of Djurisic et al. [54,115—-119] have made an extraordinary contribution to the
discussion of the nature of the visible broad bands in different types of ZnO
nanostructures. They studied several ZnO nanostructures produced by a variety of
methods and observed that the production methodology was critical for the luminescence
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response. As stated above for the bulk samples, the orange-red emissions are frequently
assigned to defects related to excess oxygen, even in the case of the nanostructures. Tam
et al. [116] showed that for their nanorods produced by the hydrothermal method, the
annealing treatments in air resulted in a prominent red emission, as well as higher O1/0;
and O1/Zn ratios measured by XPS. O; corresponds to oxygen ions in the wurtzite ZnO
structure, and O» is usually assigned to loosely bound oxygen on the surface, namely as
OH groups or O* ions in oxygen deficient regions. An O1/Zn lower than 0.5, as the one
obtained in that work, means oxygen deficiency in the bulk of the rods. As such, Zn
vacancies or vacancy complexes should not be involved in the red emission depicted by
those structures. Moreover, the persistence of the emission for annealing treatments up to
600 °C points to the possible involvement of defect complexes, even though their
chemical nature was not assessed. Since the orange-red emission was enhanced after
annealing under oxygen-rich conditions in similar samples [54], its association with
excess oxygen prevails as the most accepted origin for such defect emission.

ZnO nanorods synthesized by the hydrothermal method /in different substrates
revealed the presence of the yellow-orange defect luminescence, besides the NBE
recombination peaked in the UV spectral region [54,120]. The authors performed several
post-growth treatments at different atmospheres (air, argon, nitrogen and forming gas
(dissociated ammonia atmosphere, H> + N2)) and at different temperatures (200 °C, 400
°C, and 600 °C). They observed that annealing in air at temperatures higher than the 200
°C resulted in an increase of the PL intensity of the defect-related emission, as well as the
rise of the red and near infrared components: As both yellow and red emission bands had
been previously assigned to defects related to excess oxygen [115,120—122], annealing
treatments at distinct controlled atmospheres enabled to explore that hypothesis. As such,
annealing at 600 °C in argon, forming gas (H2 + N») or nitrogen resulted in a reduction of
visible emission, thus corroborating the link with excess oxygen, particularly in
interstitial positions [120]. In line with these results, Hsu et at. [123] also reported the
growth of ZnO nanorods via a solution-based method, which exhibited a strong yellow-
orange emission band attributed to bulk defects associated with excess oxygen. The
authors also conducted annealing treatments in forming gas (at 450 °C for 30 min to 2 h)
and observed the suppressing of the yellow-orange luminescence and the enhancement of
the NBE recombination. If excess oxygen (e.g. oxygen interstitials) is in the origin of this
emission, annealing in a reducing atmosphere should eliminate such defects and the
yellow emission should vanish from the PL spectra, which was indeed demonstrated
[123]. Moreover, similar ratios of yellow-orange defect luminescence vs the NBE one
were observed for nanorods with different diameters (~30 — 50 nm vs 100 — 200 nm) and
the cathodoluminescence (CL) spectra for individual nanorods is analogous to what is
detected for a bundle of rods. As so, the authors concluded that the recorded emission
should arise from the bulk and not from the surface of the ZnO structures [123].

Nevertheless, in the case of samples produced by the hydrothermal method the yellow
emission (at ~2.15 eV) has also been associated with surface capping by zinc hydroxide
[54,124], that disappears after annealing. As both water and hydroxyl groups can be
desorbed with increasing temperature, the yellow emission may originate from the
presence of Zn(OH)> or hydroxyl groups adsorbed at the surface of ZnO, instead arising
from above mentioned interstitial oxygen [54]. Indeed, previous studies performed on
ZnO synthesized in hydrothermal conditions also pointed out to surface mediated
processes, since photodegradation of the yellow luminescence band was observed as a
function of increasing photon illumination time, as well as a dependence of the
recombination degradation on the material’s environment [23]. In the same work, after
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thermal annealing (150 °C, 12 h), an overall shift of the luminescence to higher energies
was recorded due to the contribution of a developed/enhanced green component,
exhibiting an overlap of at least two emitting centers, the green and yellow/red
luminescence bands.

According to the works of Djurisic and others [54,91,115,118], the green emission is
more commonly displayed by samples prepared via thermal evaporation approaches and
was seen to be strongly dependent on the surface. In the case of the tetrapod samples
prepared by oxidation of Zn (in humid argon and dry nitrogen flow) [115], which
exhibited the GL, coating the structures with surfactants led to a pronounced reduction of
the green emission, strongly suggesting that the defects responsible for such emission are
located at the surface [54,115]. This was further corroborated by coating the surface of
the ZnO structures with KCI or KI crystals, which also resulted in the suppression of
green luminescence. Additionally, applying the same surface treatment to the samples
produced by chemical route, which presented the yellow emission, did not affect the
intensity of the PL signal. In fact, only a slight redshift of the peak position was observed,
likely related to the suppression of the green component of the overall emission [115]. As
no significant changes were observed in that case, the authors.concluded that the centers
responsible for the yellow band were not located on the surface [115]. In fact, structures
prepared by similar thermal evaporation procedures, as the ones reported in [118], also
exhibited a tetrapodal shape, with slightly different sizes ratios depending on the growth
atmosphere, all presenting UV and GL emission. Besides the difference in the branch
length, also distinct intensity ratios were observed for the used atmospheres. It as seen
that the tetrapod nanostructures obtained in air were the ones that depicted stronger
green/UV emission ratio, as well as longer branches. On the other hand, the samples
produced in humid argon flow displayed UV emission stronger than the visible one. Even
so0, no clear relation between size and UV/GL intensity ratio could be established.

The premise that the GL was originated from surface-related states was also supported
by the findings of Hsu ef al. [125] regarding polarized luminescence studies from aligned
ZnO nanorods. As well, Fabbri et al. [126] showed by spatial resolved CL that the GL is
mainly localized at grain boundaries of their ZnO nanostructured thin films. Conversely
to what was verified for the NBE emission, which did not depend on the size of the nano-
grains, the GL intensity varied with the grain, being reduced in grains that exceed 500 nm,
suggesting a dominant bulk-like behavior in those cases [ 126]. In the case of the nanorods,
monochromatic CL maps of NBE and GL showed that the NBE emission is mainly
originated from the top surface of the hexagonal rod, while the GL signal arises from the
lateral nonpolar (1010) surfaces [126]. By the aid of principle simulations of the structural
and electronic properties of their defective ZnO systems, the authors conclude that the
GL is linked to surface states created by the presence of zinc vacancies, preferentially
located at nonpolar (1010) surfaces. Previous spatially resolved PL studies performed by
Zhou et al. [106] also indicated that the GL displayed by their ZnO micropyramids and
Zn0O nanorods synthesized by the thermal decomposition was surface-dependent and
originated mainly from the defects on/near the surface.

Shalish et al. [127] reported the PL analysis on ZnO nanowires grown by chemical
vapor deposition on Si (111) wafers and observed that the relative intensity of the NBE
emission, regarding the deep level luminescence, is higher for the wires with larger
diameters, while the green emission dominated the spectra for the smaller ones.
Moreover, this work showed a strong correlation between surface states and the green
luminescence, which intensity decreased as the wire dimension increased [127]. By
analyzing their results, they concluded that below a certain diameter (~100 nm), the
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luminescence properties of their ZnO nanowires was almost exclusively ruled by the
properties of the surface, while larger wires (~240 nm) the peak intensity is comparable
for both emission and for nanowires with diameters ~540 nm, the NBE is quite stronger
that the GL. This result contrast with the ones mentioned above for nanorods produced
by Hsu et at [123] via a solution-based approach which displayed the yellow band and
where the size of the structures did not show any effect on the NBE/visible ratio, pointing
once again for the different origins and location of the defects that originate these
transitions and that are strongly dependent on the growth procedure.

Paying a closer attention to the UV emission, radiative transitions related to the
surface of the structures may also arise in this spectral region. Actually, the group of
McGlynn ef al. [128,129] observed the presence of a high energy excitonic emission at
3.366 eV (at low temperature) in ZnO nanostructures, that was assigned to a surface
bound exciton, likely due to an adsorbate, as OH-related species. Moreover, the signal of
such recombination was seen to be considerably influenced by the morphology of the
nanostructures from which it originates [129].

The effects of the surface recombination, as well as the presence of the depletion
region, are not limited to luminescence properties. Actually, it may provide undesirable
traps for carriers in several devices, having a profound influence on the electron
conduction and carriers mobility properties, which are detrimental for a great number of
applications [111,113,127]. Hence, methods that enable an adequate control on the
surface properties of the ZnO nanostructures are of substantial importance. For instance,
by coating the material or passivating its surface in a way that carrier traps can be blocked
or removed should optimize the ZnO"emission [130]. On the other hand, surface
modification can be used to tailor the optical properties and promote the desired ones
[130-134]. In 2015, the surface passivation of ZnO microrods (MRs) produced by LAFD
was reported [43]. In that work, it was proved that the 3.31 eV emission line observed in
the as-grown MRs (see Figure 7) was related to surface defects and that it could be
suppressed by adequate surface plasma passivation treatments. Indeed, this PL feature
has been widely reported in the literature and several origins were pointed out, namely
the presence of basal plane stacking faults [135-137]. However, the LAFD-produced
MRs do not exhibit that type of defects, thus another culprit should be found. On the other
hand, Fallert ez al. [138] analyzed by PL ZnO nanoparticles with diverse diameters and
observed that the relative intensity (regarding the D°X emission) of the strong
luminescence band around 3.31 eV increases as the size of the nanoparticles decreases.
Taking into account that the 3.31 eV/D’X intensities ratio is dependent on the
surface/volume ratio and proportional to the inverse of the particle size, the authors
suggested that this particular luminescence is associated with states present at the surface
of the particles, suggesting a bound-exciton-like transition model for the recombination
[138]. Moreover, Tainoff et al. [139,140] also carried out PL studies on different types of
samples (single crystals, nanorods and nanoparticles) and concluded that the 3.31 eV
emission is composed by an overlap of different processes, namely a defect-related
transition, since the 3.31 eV appeared in the PL spectra of the nanorods even when the
FX emission was not observed. The PL studies as a function of the plasma treatment
conditions corroborated those claims regarding the correlation between the 3.31 eV and
the presence of surface states [43]. As displayed in Figure 7 for the case of the N plasma,
which is known to act mostly at the surface due to its limited diffusion in ZnO [141], a
complete suppression of this emission was achieved for a plasma treatment at 1000 W,
leading to a PL spectral shape resembling the one recorded for the bulk. When the
surfaces are passivated, eliminating the species that were present at the surface (e.g.
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adsorbates), the density of the surface states promoted by them is strongly reduced,
together with the decrease/elimination of the depletion region. As so, the bending of the
bands can be almost neglected and the bulk recombination processes dominate [43], as
exemplified in the right side of Figure 6.
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Figure 7 — Low temperature PL spectra obtained for ZnO microrods grown by laser assisted flow deposition
and subjected to different N, plasma treatments to passivate the surface of the rods. A spectrum of a bulk
sample is also displayed for comparison. Data adapted from [43].

For the sake of clarity Table 2 depicts a summary of the above discussed micro and
nanostructures, with their correspondent dimensions, growth method and luminescence

features.
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Table 2 — Summary of the different micro and nanostructures discussed in the text and their correspondent dimensions, growth procedures, post-growth treatments and
observed PL features.

Type of Dimensions Growth Post-growth treatment NBE Deep lfevel Observations References
structure procedure emission emission
Rods with hexagonal cross-section;
Peak position shifted to higher A with annealing
Annealing at different tzmperﬁture (in air); L lted ; . d
Diameter <100 nm; temperatures (200, 400, npeg 1ng treatments 1n air resulted 1n a prominent re
Nanorods lengths of hundreds | Hydrothermal and 600 °C) and Yes Yellow to red chmgyon, . [54,116,120]
of nm different atmospheres Annealing 51gn1ﬁcant}y enhances the UV emission in all
(air, Ar, Na, Hy+No) atmosph.efes except air; . .
Broad visible band reduced/suppressed with annealing
at 600 °C and Ar and N atmospheres and >200 °C for
HotNo,
2 different diameter . . As-grown samples: NBE intensity much;
] . Annealed in forming gas Yellow-orange . )
Nanorods range:100-200 nm Solution- (HsN>) for 2 h at Yes (peak at 600 to smaller'corppared to j[he defect lumme'sc§nce, [123]
and 30— 50 nm; grown 450 °C 650 nm) Annealing in a reducing atmosphere eliminated the
length ~500nm yellow-orange luminescence and enhanced the NBE.
Differential scanning Intensity of the PL emission dependent on the ambient
Nano/microrods | Diameters from 800 calorimetric and exposure time to laser irradiation;
and to 400 nm; lengths Hydrothermal measurements from No Green to red Almost no NBE emission; [23]
microflowers of tens of um room temperature to Shift of the peak position of the broad luminescence
900 °C band to higher energies after thermal analysis.
o NBE/GL ratio dependent on the probed zone of the
Diameter ~50 nm; h same rO(.l; . .
Nanorods lengths of hundreds Vap oT phase None Yes Green * Decreasing Ofth? NBE signal moving from the [115]
of nm technique substrate to the tip;

o CL mapping show that GL signal arises from the lateral

nonpolar (1010) surfaces.
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Diameters from 50 Chemical o NBE/GL ratio dependent on the diameter of the
Nanowires to ~540 nm; lengths vapor None Yes Green nanowires; [127]
of hundreds of nm deposition e GL dominates the spectra for smaller nanowires.
e Differences in the ratio of UV and visible emission
depending on the growth atmosphere;
Thermal ¢ Higher NBE intensity for samples grown in humid
Branches with evaporation of Coating with a s low: Y ples &
Tetrapods lengths ~ 1 um; Zn under surfactant (n- Yes Green argon How, . L [54,115,118]
oo . . . o Tetrapod nanostructures obtained in air showed stronger
needle-like tips dlffgrgnt hexyltrichlorosilane) Sredn;
conditions o Addition of a surfactant significantly reduced green
emission.
Branches with e High NBE/ broad band intensity ratio;
Tetrapods lengths of hundreds LAFD None Yes SR oranes e Almost no visible emission at low telpperature; [21,142]
of nm to a few um; ¢ Broad band composed by several emitting centers
needle-like tips observed at RT.
e Rods with high aspect ratio hexagonal cross-section;
o Intense broad structured band in the green spectral
Diameters from 200 region;
Microrods - 500 nm to a few LAFD H: and N plasma Yes Green e NBE recombination at 14 K dominated by a emission [21,43]
treatment line at ~ 3.31 eV;

um; length ~ tens of
um

e 3.31 eV can be reduced and even suppressed with the

plasma treatments, particularly with N plasma.
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The formation of heterojuncions between ZnO and other materials [7,8,130,142—148],
as for instance metal particles, may also have strong effects on the surface recombination
processes. For example, the presence of silver particles on the surface of ZnO MRs and
tetrapods (TPs) [142] lead to significant changes in the PL outcome of the ZnO micro and
nanostructures produced by LAFD (see Figure 8). PL studies performed on the TPs
revealed that when the same growth conditions were employed using precursors with and
without silver, the resultant samples displayed differences in the energy position of the
broad visible bands, as well as in the NBE region. When one compares the spectra
obtained for the sample where silver was added, a noticed reduction of the 3.31 eV line
relative intensity at 14 K was observed, together with a displacement in the energy peak
position of the green broad band (~2.4 eV) against the orange-red (~2.1 eV) spectral
region (lower part in Figure 8). One may not be able to clearly identify the defect causing
this orange-red emission, but it was observed that it prevails over the green-related one
when silver is present. The fact that the green component is suppressed by the metal
introduction may also indicate a correlation between this emission-and defects located at
the surface, as supported by several authors based on evidences of its intensity reduction
after surface treatments [54,117]. In fact, a reduction/suppression of the 3.31 eV emission
in the samples with silver it was also observed. Since this‘emission is believed to be also
associated with surface states, thus the presence of silver at the ZnO surface may lead to
charge transfer from those states to the silver particles, resulting in the photoinduced
carriers’ partition and hindering the radiative process, which leads to a decrease in the
intensity of the mentioned emissions [43].

ZnO MRs

ZnO+3%mol Ag MRs
- - -ZnO MRs

ZnO+3%mol Ag MRs

ZnO TPs

Zn0O+3%mol Ag TPs
- -=-Zn0OTPs

Zn0O+3%mol Ag TPs

Figure 8 — 14 K and RT PL spectra of ZnO microrods (MRs, top) and tetrapods (TPs, bottom) nominally
undoped and grown in the presence of silver (produced by laser-assisted flow deposition). The inset SEM
figures show their correspondent morphologies. In the case of the MRs, a sample decorated with silver
particles is displayed. Data adapted with permission from WILEY-VCH Verlag GmbH & Co. KGaA [142].
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Regarding the MRs (upper part in Figure 8), the differences are not as remarkable as
in the case of the TPs’ structures. In this case, the structured GL prevails even when Ag
was added, with no shift in its peak position, opposed to what was observed for TPs.

In the case of the UV region, and contrarily to the NBE of the TPs, the vibronic
assisted 3.31 eV line remained for the samples with silver. However, the relative intensity
of this transition when compared with the visible emission was seen to decrease
significantly when silver was added, which can again be connected with charge transfer
to the metallic particles, preventing recombination, as discussed in the case of the TPs
[43]. As these microstructures possess a lower surface-to-volume ratio than the TPs, the
fact that the changes in the PL features are less pronounced in this case can be associated
with a higher contribution from bulk-related defects and less from the surface-related
ones, which have more relevance at the nanoscale. This also suggests that the green bands
observed in both structures have different origins. In the case of the microrods bulk
defects should be accounted, while for the TPs surface-related states are likely to prevail.

A similar phenomena was found in the case of the ZnO micro and nanostructures
produced by flame transport synthesis (FTS) and hybridized with Cep molecules
[143,149]. The covered of the samples was confirmed both by SEM and Raman analysis,
as displayed in Figure 9a and b, respectively. Besides the expected vibrational modes of
Zn0O described in the Introduction, the samples coated with Cgo also evidence some of the
normal mode frequencies of an isolated Cso molecule (labelled with an asterisk) [150].
The spectra were seen to be reproducible when probed in different spots of the same
sample, suggesting that the Ceo coating is' fairly homogeneous. For such samples, the
green luminescence component of the broad visible band also decreased its contribution
with the presence of Ce at the surface of the ZnO structures (see Figure 9c). Moreover,
this reduction became more accentuated with the increase in the Cso content [143]. Such
behavior led to the premise that the green luminescence observed in those structures was
originated from surface defects and by placing C¢o molecules at their surface would lead
to a passivation of those defects, suppressing the trap-related carriers, and thus reducing
the intensity of that green component [143]. Indeed, experimental evidences pointed out
to the existence of charge transfer processes between ZnO and Ceo, both from Cgo to ZnO,
as well as in the opposite direction, simultaneously. Likewise, the amount of carriers that
populate the excited states of the green luminescence center(s) is reduced and a quenching
of its intensity is.observed [143,149].

Besides the effect on the broad visible band, the coverage of the ZnO surface with the
carbon species also led to variations in the NBE region. Conversely to what was verified
for the green emission, the relative intensity of the NBE increases with the amount of Ceo
at the ZnO surface for both rods and tetrapods [143,149]. In fact, the intensity of this
emission for the as-grown samples was almost negligible when compared to the visible
one. However, by adding the C¢o molecules, the NBE becomes the dominant emission at
low temperature (Figure 9d). This phenomenon was tentatively assigned to the presence
of a higher concentration of electron-hole pairs in the semiconductor surface, promoted
by the contact with the Cso molecules, which resulted in an enhancement of the excitonic
and surface related transitions, supporting previous studies in other ZnO/carbon
composites [144,149], and corroborating the existence of charge transfer from Ceo to the
semiconductor surface, as discussed above [143,149].
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Figure 9 — (a) SEM picture with‘an example of the ZnQ microrods prepared by FTS before (left) and after
(right) Ceo coverage on the ZnO microrods prepared by FTS (7 flooding). (b) RT Raman spectra ZnO/Cso
composites with different Csy content, obtained in backscattering configuration and under 532 nm laser
excitation. The asterisks denote the modes associated with Ce. (¢) RT and (d) 11 K PL for the ZnO and
Zn0O/Cso microrod samples with different. Csp content (7 and 11 floodings). The PL spectra were obtained
with the 325 nm He-Cd laser line and normalized to the broad emission maxima. The data was adapted
with permission from reference [149].

In addition to Ceso, ZnO nanostructures have been used to form composites with
different carbon-based materials, as carbon nanotubes (CNTs) [144,145,151], activated
carbon [152], laser-induced graphene [153], and so on. As an example, Rodrigues et al
[145] showed that the overall intensity of the PL signal was enhanced by placing the ZnO
structures on top of an array of vertically-aligned CNTs, while maintaining the same
spectral shape. Such enhancement was attributed to an increase in the concentration of
the carriers at the surface of the ZnO nanostructures promoted by their contact with the
CNTs. On the other hand, when similar ZnO nanostructures were mixed with
functionalized CNTs to form a flexible membrane called buckypaper [144], the spectral
shape of the PL signal was seen to change, namely evidencing an increase in the relative
intensity of the 3.31 eV line mentioned above. In this case, it was observed that the formed
membranes exhibited the strong luminescence inherent to the ZnO structures, combined
with the excellent electrical conductivity properties associated with the CNTs.
Nevertheless, it is important to bear in mind that the luminescence behavior of the ZnO
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structures when forming composites with the different carbon allotropes may differ from
sample to sample, depending on the type of interaction that is established between the
two materials and the subsequent alignment of the energy levels, namely the defect-
related ones [143].

Coating ZnO with materials with a larger bandgap and with an higher conduction
band edge than that of ZnO have also showed interesting results [130,131,154,155]. For
instance, Li et al. [155] achieved a great enhancement of the NBE emission of ZnO
nanorods, together with a substantial reduction of the defect-related one, by coating the
ZnO surface with SnO nanoparticles, forming ZnO/SnO nanocomposites. Additionally,
Chen et al. [131] also observed that Al,O3; coating on ZnO nanorods resulted in the
suppression of the deep level emission, which was attributed to the passivation of the
surface-related defects, leading to a flat-band effect that promotes the NBE recombination
in detriment of the surface-related one. Such findings also indicate that the surface states
of the as-grown ZnO nanorod are in the origin of the deep level emissions [131]. The
formation of composites/hybrid networks of ZnO tetrapodal structures produced by FTS
and mixed with different metal oxide compounds, MexOy and ZnxMe1—~Oy with Me = Fe,
Cu, Al, Sn, Bi [7,8] (see Figure 10), was also studied, revealing interesting results. Such
materials were prepared by mixing the as-grown tetrapods with different metals, at
different weight ratios, followed by subsequent thermal annealing. Depending on the
metal oxide used as precursor, different features were obtained. Figure 10 a to ¢ show
examples of the microstructures formed in the presence of Fe, Cu-and Sn, respectively.

In the case of the ZnO—Fe;O3 hybrid structures, Fe2O; particles appear randomly
distributed on the surface of the ZnO tetrapods through the entire network of tetrapods
(Figure 10a). On the other hand, ZnO-CuO samples exhibit an alloy-melt-like
microstructures instead of forming the nano/microparticles (Figure 10b), as in the
previous case. By hybridizing the samples with SnO», besides the presence of the ZnO
tetrapods, the formation of additional microparticles’ agglomerates randomly distributed
through the network could also be identified (Figure 10c). In this case, those particles
were seen to correspond to a Zn>SnO4 phase, as corroborated by Raman analysis (Figure
10d). Probing the sample in different regions revealed that besides the ZnO wurtzite
crystalline phase always present, an additional zinc stannate cubic-faced-centred spinel
structure was detected in a heterogeneously distribution, as was observed in SEM. This
phase was clearly identified in the Raman spectra of Figure 10d, where two additional
well-defined peaks were identified at 535 and 668 cm™. Regarding the PL features of
these different composites/hybrid structures (Figure 10e), it was shown that the PL
outcome could be tuned depending on the compound used to form hybrid ceramic
networks with ZnO, as illustrated by the shift in the peak position of the broad visible
band depending on the additional metal oxide present. Moreover, in the case of the sample
with Al, the peak position and spectra shape of the defect related emission was dependent
on the probed region of the sample, pointing to an inhomogeneous distribution of the
additional metal oxide phase, as also identified by the Raman analysis for the sample with
Sn [7,8].
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Figure 10 —Representative SEM images of the same samples produced by FTS and hybridized with
different metal oxides (a) ZnO:Fe, (b) ZnO:Cuand (c) ZnO:Sn. (d) Raman spectra for the sample produced
with Sn, evidencing the presence of an Zn,SnO4 phase./(¢) Normalized 10 K PL of the composite samples
hybridized with different metal oxides, excited with 3:8 eV photon energy, (1) ZnO-T:Fe (weight ratio of 20:1);
(2) ZnOT:Cu (20:1); and (3,4) ZnO-T:Al (20:1) in different regions of the sample. Data reprinted with permission
from [7,8].

3. Applications

ZnO has been used .in an uncountable number of applications, ranging from
optoelectronics, sensing, photovoltaics, photocatalysis, biomedical engineering, among
others [3,6-8,50,51,142,156—-168]. Perhaps one of the most well-known application of
ZnO is as transparent conductive oxide (TCO) for light emitting diodes (LEDs), solar
cells and transparent electronics, among others. For such purposes, high transparency and
high electrical conductivity are required properties [169], which can be fulfilled by doped
ZnO thin films. The Zn abundance and the low cost production of ZnO, associated to its
low toxicity and high stability against the H plasma exposure [170], makes doped ZnO
thin films serious candidates to replace conventional TCOs based on tin doped indium
oxide (ITO) and fluorine-doped tin oxide (FTO) [169]. As In is a rare material, Zn is seen
as a viable alternative to produce the metal-oxide based TCOs that are demanded by the
growing devices market. The n-type high conductivity can be easily reached in ZnO by
an appropriate controlled in-situ or ex-situ doping, employing shallow donor impurities
as for instance hydrogen or group III elements (e.g., Al, Ga and In) [58,169,171-174].
Among the most studied dopants, Al is known to increase the optical transparence region
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for heavily doped material due to the Burstein-Moss and bandgap renormalization effects
[175-178]. Moreover, the material exhibits low electrical resistivity values
(ca. 107*Q. cm) similar to the ones measured for ITO [179]. A current status of ZnO as
TCO was recently reported by Mallick et al. [169] and Coll et al. [180].

Despite the fact that ZnO was considered as a potential candidate for the production
of blue or UV LEDs, the lack of reliable p-type conductivity hinders the achievement of
ZnO based homojunction for such devices. However, several attempts have been essayed
to obtain p—n heterostructures with n-type ZnO/p-type semiconductors, such as Si, GaN,
AlGaN, SiC, GaAs, etc., while still using ZnO as the active layer [2,181]. More than a
decade ago, Look and co-authors [182] reported a compilation of several light emitting
devices based on ZnO, foreseeing good prospects for its application in the lighting
industry. Though, the mismatch between the lattice parameters has limited the growth of
heterostructures free of defects, even when materials with similar lattice parameters are
used, as is the case of p-GaN and 4H p-SiC [181]. Thus, there are still a number of
important issues that need to be addressed, which require further investigation before ZnO
can be used in commercial competitive applications in the lighting field. Nevertheless,
some noteworthy results were reported for n-type ZnO/p-type GaN heterojunctions,
which possess similar direct bandgap and exhibit only a 1.8 % of lattice mismatch [183].
Rogers et al. [184—188] have made interesting progresses in the development of such
devices. For instance, they reported the production of n-ZnO/p-GaN:Mg heterojunctions
grown on c-Al,Os substrates [184,185] via combined pulsed laser deposition and metal
organic chemical vapor deposition for the growth of ZnO and GaN:Mg, respectively. The
devices exhibited an intense PL emission peaked at 375 nm and an almost negligible
green emission, indicating a low density of defects present in the ZnO structures [184].
The high crystalline quality, as well as the good surface/interface morphology, were
further corroborated by X-ray diffraction,, SEM and atomic force microscopy (AFM)
studies [184,185]. The emission at<375 nm was also clearly identified by RT
electroluminescence (EL)./A comparison of the RT EL and PL spectra pointed to the
association between the observed emissionand excitonic recombination occurring in the
ZnO layer. Such results evidenced the possibility of accomplish significant hole injection
from the GaN:Mg into intrinsically doped ZnO, thus highlighting the potential of the n-
ZnO/p-GaN:Mg heterostructures as UV LEDs based on the excitonic emission from ZnO
[184]. Another UV LED peaked at ~389 nm based on a n-ZnO/p-AlGaN heterojunction
deposited on 6H-SiC substrates was reported by Alivov et al. [189]. In this case, the ZnO
layer was produced by chemical vapor deposition and the p-type AlGaN was grown by
hydride vapor phase epitaxy. The strong UV emission was associated to recombination
within the ZnO layer and it was observed when applying a forward bias to the device,
being stable up to 500 K. In 2014, Schuster et al. [190] published a work where
simulations of the electronic band structure of a p-GaN/n-ZnO heterointerface were
conducted. They conclude that the interface between the two materials reveals various
possibilities of band structure alignment, depending on the polarity and strain of both
wurtzite materials. Therefore, a profound knowledge of the band alignments is extremely
important to design the envisaged applications. Moreover, spontaneous polarization was
also seen to induce additional effects on the band structure and the location of the
recombination region. Besides the theoretical simulations, these authors also fabricated
p-GaN/n-ZnO heterojunctions in the form of nanowires (p-GaN nanowires capped by n-
Zn0) by plasma-assisted molecular beam epitaxy (PAMBE) [190]. Optical studies on
those wires revealed that the emission was mainly dominated by ZnO-related
recombination in the UV spectral region (~3.26 eV), showing a strong stimulated
emission with a low threshold (> 55 kW/cm?), confirming the high interest of this type of
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heterojunctions in the production of high efficient LEDs and laser diodes emitting in the
UV spectral range [190].

Photocatalysis has also been a very active field for ZnO [142,156,158,191-195]. In
fact, ZnO is one of the most studied semiconductors in this area [191,196—198], right after
titanium dioxide (Ti0O2). Even though ZnO has inferior chemical stability when compared
to TiO», this semiconductor possesses a high photosensitivity, surface reactivity and the
ability to be easily produced in a wider range of morphologies, enabling the maximization
of its surface area. The latter is crucial for photocatalytic applications, since the reaction
will occur at the surface of the semiconductor [142,192,199-202]. For instance, for
tetrapods and microrods produced by the LAFD technique [142] and applied as
photocatalysts in the degradation of the methylene blue (MB) dye, the nano tetrapods
were found to exhibit the fastest degradation time, indicating that the photocatalytic
activity is strongly dependent on the morphology [140]. The results allowed to conclude
that the higher surface-to-volume ratio provided by the nanometric dimensions, as well
as the shape of the tetrapod structures and their low tendency to aggregate, supported a
higher area for the photocatalytic reactions to occur. Moreover, these samples also
exhibited a higher concentration of surface related defects; which may contribute to the
mediation of the photocatalytic reaction, highlighting once again the importance of
surface defects in ZnO-based applications. Additionally, an evaluation on the influence
of the presence of silver in those samples revealed that degradation time was decreased
in both structures due to a higher efficient charge separation promoted by the metal
particles on the surface of the semiconductor[142]. Guo et a/ [192] also conducted a work
where the photocatalytic performance of different ZnO nanostructures was compared,
namely tetrapods, commercial nanoparticles and powders. Tetrapods revealed the highest
photocatalytic activity of all the morphologies analyzed and for all the dyes investigated,
despite having a lower surface area when compared to the nanoparticles due to different
surface properties/defects in the different structures. Furthermore, the orientation of the
ZnO surfaces may also play an important role in. both efficiency, stability and
photocatalytical activity [192]. Another conclusion from the work of Guo ef al. [192] is
that the native defects-are a decisive factor in the photocatalytic efficiency. Still, the role
on these defects is not completely known yet, since native defects also contribute to
enhance the carriers’ separation and serve as active centers on the photocatalyst surface,
which will have positive effects on photocatalytic efficiency [203]. In this sense, defect
engineering arises as an interesting tool to manipulate the native defect properties in order
to improve the photocatalytic response [203]. As an example, we would like to mention
the work of Liuet al [204] where ZnO tetrapods were exposed to plasma treatments with
different gases promoting distinct types of defects on the surface of the ZnO tetrapods. In
fact, different PL features were also identified after these treatments and X-ray
photoemission spectroscopy (XPS) put in evidence the formation of a higher amount of
oxygen deficiencies after plasma treatments with argon and hydrogen. A clear connection
between the photocatalytic activities and the surface composition measured by XPS was
found. A higher concentration of oxygen-related defects, as well as lightly bound oxygen
and hydroxyl species near the surface of ZnO were seen to lead to lower catalytic
performance, which is opposed to what is typically reported for this material [204]. The
best photocatalytic activity was displayed by the sample treated in an oxygen plasma
[204]. Besides defect manipulation, the formation of heterostructures and composite
materials have also been pointed out as a potential way to improve the photocatalytic
properties of ZnO [142,205,206]. By forming heterostructures with adequate band
alignment it is possible to induce charge separation with advantages for the efficiency of
the photocatalytic effect [203]. In fact, this was what was demonstrated by the decorated
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LAFD ZnO structures with silver particles [142], as described above. Recently, Park et
al. [207] also showed the improvement of the photocatalytic action using 3D hybrid
composites based on carbon nano-onion (CNO)-functionalized zinc-oxide tetrapods (T-
ZnO-CNO 3D). The authors assessed the performance of such structures in the
degradation of 2,4-dinitrophenol (DNP) and observed that the photodegradation
efficiency of the T-ZnO-CNO hybrid composite was enhanced by ~92% when compared
to that of the CNOs and ZnO tetrapods. [207].

The use of ZnO nanostructures in the fabrication of photovoltaic solar cells have also
aroused the interest of the research community. DjuriSic et al. [157] provide an overview
of the possible applications of ZnO-based materials in solar cells, emphasizing the use of
ZnO for contacts and/or light trapping, as a part of polymer-based solar cells, as n-type
material in heterojunction solar cells with other inorganic materials and, of course, in dye-
sensitized solar cells (DSSCs). The latter is probably one of the most explored application
of ZnO in this field. The interest in this type of photovoltaic cells arose from their low
cost and reasonably high light-to-electricity conversion efficiency [208], as well as
innovative design opportunities, such as transparency and multicolor options, flexibility
and lightweight [209]. Although this field is largely dominated by TiO>, ZnO was one of
the first semiconductor materials to be used in sensitization studies and present several
interesting properties, as the similar bandgap and electronic affinities, that (in theory)
make it an alternative to TiO> [52,210-213]. However, despite the great amount of work
conducted in this area a few years ago [48-50,52,53,157,208], the energy conversion
efficiency of ZnO based DSSCs remains lower than the values found for TiO2. Among
other factors, its poor chemically stability under acidic dye solutions has been pointed as
one of the major problems [212,213]. In 2012, Anta et al. [212] revised the status of the
ZnO-based DSSCs up to that point-and suggested that the recurrent low performance of
this material when compared to TiO> could be related to the lack of efficient dyes that do
not deteriorate the ZnO surface, as well as the presence of a myriad of surface-related
states that have an important impact in the efficient charge-separation across the surface
of the semiconductor. Therefore, surface .control seems to be a mandatory aspect for
reliable and competitive DSSCs fabrication. Notwithstanding, some interesting works
were reported in the last decades regarding the contribution of ZnO in different types of
photoveltaic devices. For instance, in 2016, the application of a combination of ZnO
nanoparticles and tetrapods grown by LAFD as photoelectrode in DSSCs was reported
[50], showing an efficiency of ~3% achieved under simulated AM 1.5 illumination
conditions for a dye (N719, Ru-based) loading time of 1 h, which is an efficiency value
comparable to what has been typically identified in ZnO [214]. Recently, Mohamed e al.
[215] fabricated a DSSC using nanocomposites of ZnO nanorods incorporated into a
carbon nanotube-graphene oxide (ZnO/CNT-GO) structure and sensitized also with the
N719 dye. A power conversion efficiency of 7.73% was achieved for this structure, which
is one of the best values reported until now for a ZnO-based DSSC.

Structures with a high surface-to-volume ratio, as is the case of the mentioned
tetrapods, have also triggered immense attention in the sensing field [7,8,216,217], since
their morphology allows ease accessibility to the surface of their arms, as their geometry
promotes the formation of an interconnected highly porous network [51]. In the case of
gas sensing devices, for instance, this type of structure allows an easy diffusion of gas
molecules along the arms of the TPs [7,8]. In 2005, Xiangfeng et al. [217] reported the
fabrication of gas-sensors based on ZnO nanotetrapods prepared by evaporation of pure
Zn in different gas flows, humidified Ar, dry Ar, humidified N> and dry N». The growth
in different atmospheres let to variation in arm lengths and diameters. Such differences
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conducted to distinct gas-sensor responses. The best result was accomplished for the
sensors prepared with tetrapods produced in humidified Ar atmosphere, evidencing a high
response to dilute CoHsOH, with good selectivity and short response time [217]. Calestani
et al. [216] also used ZnO tetrapods produced from a vapor phase growth process to
fabricate gas sensing devices to probe different gases, CH3CH>OH, NO,, CO and H>S.
The best response was obtained for H>S, with response values of sensitivity ~25 and ~100
at 1 ppm and 5 ppm, respectively. Moreover, the other tested gases also displayed good
results, with the exception of CO. Sensitivity values of ~20 for 20 ppm of NO; and 50
ppm of CH3CH>OH were recorded, while a value lower than 0.2 towards 10 ppm of CO
was measured. The group of Mishra et al. [7,8,22,51,149,151,165] have also devoted
great attention to the research of ZnO-based tetrapodal networks for gas sensing
applications. By forming composites with other metal oxides or carbon materials, it is
possible to tune not only the luminescence, as described above, but also their gas sensing
properties [7,8]. The studies revealed improved performance of the hybrid networks when
compared with the ones composed only by pure ZnO tetrapods. Moreover, the gas sensing
studies highlighted the possibility to control and change/tune the selectivity of the
materials, depending on the element content ratio and the type of added metal oxide in
the ZnO hybrid networks. For instance, adding bismuth to the ZnO network promotes the
detection of hydrogen, while different tin contents results in different selectivity towards
carbon monoxide [7]. This sensitivity enhancement s mainly associated with additional
modulation of the electrical resistance by the built-in potential barriers between the
formed heterojunctions during adsorption and desorption of gaseous species, while the
selectivity tuning to different gases is attributed to the catalytic properties of the metal
oxides after hybridization [7,8]. In the case of the ZnAl>O4-surface functionalized ZnO
structures [165], an improved response to Hz was verified when compared to pristine
ZnO-T networks. Both microrod and tetrapod morphologies were tested and even thought
all devices showed an excellent selectivity to the probed gas, the tetrapod-based ones
demonstrated higher performance. Devices based on ZnO tetrapods coated with Ceo
molecules were also prepared [149] and tested for different volatile compounds
(concentration 100 ppm), namely ethanol, n-butanol, isopropanol and acetone, as well as
H: (concentration 1000 ppm). The best response was achieved for ethanol detection in all
the tested devices operating at RT. By increasing the amount of Ceo the gas response to
ethanol vapors was enhanced [149].

Besides gas sensing, ZnO is also employed in the development of biosensors.
According to IUPAC (International Union of Pure and Applied Chemistry), a biosensor
is a device that uses a biological recognition element (enzymes, antibodies, aptamers,
etc.) to provide specific quantitative or semi-quantitative analytical information regarding
the detection of the analyte [218]. This bioreceptor is in direct spatial contact with the
transducer element and when the reaction with a target species occurs, this biologic
interaction is converted by the transducer into a physical signal [159,218]. Therefore, the
transducer is one of the key elements of a biosensor and defines the methodology for the
sensing measurements [159]. ZnO has been used as transducer platform in different types
of sensors [159,219-224]. The ability to produce ZnO nanostructures with various sizes,
shapes and properties has a profound influence on the immobilization of biomolecules
[159]. Moreover, its biochemical stability and biocompatibility [225,226], and high
isoelectric point (IEP~ 9.5) suitable for the immobilization of low IEP proteins [222,225—
229] constitute important properties for biosensing. The most common sensing platforms
are based on electrochemical measurements [222,226,229,230], as the biosensors
reported by Shanmugam et al. [229]. In this case, vertically oriented ZnO nanostructures
where used as transducers for detection and quantification of cardiac troponin-T from
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human serum. Anti-troponin-T antibodies were used as bioreceptors and the surface of
the transducer was further passivated with a protein-free blocking buffer (Superblock) to
avoid non-specific interaction between the analyte and the ZnO surface. Aliquots of
solutions containing different concentration of cardiac troponin-T were added to the
surface of the sensor (starting with lowest concentration) and left to incubate during 20
min. Their results showed the tuning of the electrical response of the sensor with the
different analyte concentrations, allowing to define a calibration curve for the device as a
function of the troponin-T dose. A detection limit of 0.1 pg/ml was achieved using a
combination of AC and DC spectroscopies techniques. In 2016, Tereshchenko et al. [159]
published a review paper on optical biosensors based on ZnO nanostructures. Indeed,
owning to their excellent optical properties, ZnO appears as an excellent candidate to be
used as transducer element in optical-based sensors. These authors provided an overview
of the main functionalization approaches employed on ZnO nanostructures to immobilize
the bioreceptor on its surface, as well as on the different types of optical signals that can
be used for analyte detection, namely surface plasmon resonance (SPR), ellipsometry,
reflectometry, interferometry, surface enhanced Raman scattering - (SERS) or
photoluminescence [159]. SPR and SERS-based sensors dominate the optical sensing
field, but PL-based sensing has been arising as an alternative since it is a simple and
exceptionally sensitive method for characterizing the surface of the samples, especially
surface defects and the nanobiointerface [159].<A luminescence-based sensor for
Salmonella detection was accomplished by Viter ef al. [223] using ZnO nanorods. The
biorecognition layer was prepared by immobilization of anti-Salmonella antibodies on
the surface of nanorods, which resulted in an intensity increase of ZnO PL features. After
further reaction with Salmonella antigens, the PL intensity decreased proportionally to
antigen concentrations in the range of 10> —10° cell/ml [223]. In 2018, Ghosh et al. [231]
used Al-doped ZnO thin films for the fabrication of a glucose sensor using the glucose
oxidase enzyme as biorecognition element. The detection was based on the quenching of
the luminescence signal with-increasing glucose concentration and a sensitivity of 20 uM
was obtained [231]. The quenching of the PL intensity was explained by the formation of
H>0; as a sub-product of glucose degradation through the enzyme action. It was proposed
that the presence of H2O2 promotes electron transfer from the ZnO to the H>O2> molecules,
leading to a decrease in the radiative recombination at the surface states involved
[225,231]. This effect was also reported by Sarangi et al. [225]. They used high-quality
ZnO nanorods grown on GaN substrates by the hydrothermal method and relied on the
direct oxidation of the glucose molecules via a photocatalytic effect promoted by the ZnO
rods. A strong decrease in the PL intensity of the NBE recombination was verified with
the increased glucose concentrations, and the calibration curve exhibited a good linearity,
with a sensitivity of 1.4%/mM over the 0.5-30 mM range. Furthermore, interfering
species as bovine serum albumin, ascorbic acid and uric acid were also tested and the
sensors revealed a good selectivity for glucose. In fact, real human serum samples were
probed and the results match well the ones obtained by the standard clinical method,
confirming the good reliability of those sensors [225].

Much more examples could be given regarding the applications of this well-known
semiconductor, since its properties are exceptionally appealing for device industry,
especially at the nanoscale. Thus, the research on ZnO nanostructures remains a hot topic
in the scientific community.
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4. Concluding remarks

In this manuscript, we presented a broad review of the photoluminescence properties of
bulk and ZnO micro/nanostructures. The discussion starts from the fundamental
properties of ZnO, to the different radiative recombination processes widely discussed in
the literature and includes some examples of the vast range of applications where this
semiconductor has been employed. We intended to shown that even though the
luminescence properties of bulk ZnO are commonly known from several decades, some
open points remain to be addressed. By reducing the crystal dimensions to the nanoscale,
the surface phenomena are seen to frequently prevail over the bulk. As the surface-to-
volume ratio for the nanostructures is high, the surface characteristics will have a
profound influence on the properties of the material, namely the optical ones. Indeed, the
surface can be seen as a kind of defect introduced by the presence of dangling bonds on
surface atoms that can easily adsorbe additional atoms/molecules; altering the surface
charge density that subsequently induces the formation of a depletion region at the surface
of the material. Likewise, the distribution of the surface vs the bulk defects will play a
key role in tailoring the properties of the ZnO and consequently on the devices’
performance. Certainly, the existence of surface-related defects, which are strongly
dependent on the growth methods, brought further complexity to the discussion on the
chemical origin of the different luminescence. features identified for ZnO. The major
theories accepted nowadays for the origin of the numerous defect-emitting centers were
presented in this paper in order to comprehensively compile the countless information
that can be found in the literature. On the other hand, the use of optical spectroscopic
techniques were found to be powerful practices to the identification of optically active
defects and surface-mediated properties that account for the physical explanation of a
given material-related application, namely in electronics, optoelectronics and sensing.
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