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Although generally ascribed to the presence of defects, an ultimate assignment of the different contributions
to the emission spectrum in terms of surface states and deep levels in ZnO nanostructures is still lacking. In
this work we unambiguously give first evidence that zinc vacancies at the (1010) nonpolar surfaces are
responsible for the green luminescence of ZnO nanostructures. The result is obtained by performing an
exhaustive comparison between spatially resolved cathodoluminescence spectroscopy and imaging and ab
initio simulations. Our findings are crucial to control undesired recombinations in nanostructured devices.

inc oxide (ZnO) one-dimensional nanostructures are of great interest for the development of devices in
different fields, as energy harvesting'™, chemical sensing®”’, optoelectronic devices like light emitting
diodes®’, solid state lasers'®!" and plasmonic devices'>".

Despite the high interest and expectation on ZnO-based devices, till nowadays they have been commercialized
mainly for sensing applications. Other applications are still limited by a poor control of doping, in particular p-
doping™, recombination, and contact stability'®. For instance, in the case of optoelectronic devices, the compar-
ison between ZnO and GaN, reveals the lower efficiency of ZnO-based devices with respect to those obtained with
ZnO nanostructures on GaN substrates'®. In photovoltaics, as well, energy conversion efficiencies reached with
ZnO-based dye sensitized solar cells, are still much lower than those based on nanostructured TiO, films,
notwithstanding the higher electronic mobility, and the broad availability of different ZnO nanostructure
morphologies.

In nanostructured ZnO, the most controversial issue is the determination of chemical and/or crystallographic
origin of the visible bands due to intra gap states in the emission spectra. Even though generally ascribed to the
presence of defects, a precise assignment of these optical contributions is still lacking: both the experimental
studies of defect emissions and theoretical simulations of the electronic structure and formation energy of
different defects'’' have not yet provided a conclusive assessment. Briefly, the visible emissions can be divided
in three colored bands: green, yellow and orange. The yellow and orange-red emissions are commonly attributed
to the presence of excess oxygen in the samples® or to oxygen interstitial defects*>~**, although some impurities
such as Li may also play a role*.

The most common and controversial issue concerns the assignment of the green luminescence®®*”. Different
green luminescences are reported in the case of ZnO, depending on the peak position®. For instance it was
demonstrated that the copper impurity in ZnO gives rise to a green luminescence peaked at 2.3 eV*. In addition
the origin of the green luminescence, peaked at 2.5 eV, related to intrinsic point defects is still on debate®. The
suppression of the 2.5 eV band upon surface coating or annealing® and the results from polarized luminescence
measurements®' seem to indicate that the defects involved are located at the surface®. However, there is no general
consensus on the attribution of the chemical origin of these surface defects, alternatively assigned to Zn/O
vacancies, impurities, surface reconstructions, etc (see e.g.** and references therein).

A controlled improvement of optoelectronic device performance can not leave out a microscopic understand-
ing of ZnO surface states and deep levels. This is particularly true in low-dimensional nanostructures which have
high surface-to-bulk ratio, and the effects of surface recombination are not limited to band-to-band recombina-
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tion quenching, but may actually provide undesirable electron traps,
detrimental for the photocurrent extraction®.

In order to gain insight on the microscopic origin of the green
luminescence in ZnO, we propose a combined cathodoluminescence
(CL) and ab initio study of ZnO one-dimensional nanostructures. To
this aim, we compare nanorods (NR) and nanostructured thin films
(NTF), to enhance different point defect contributions to the lumin-
escence yield belonging to bare and buried surfaces. We furthermore
compare experimental results and theoretical simulations in terms of
defect formation energies and optical properties.

Our results unambiguously point out the determinant role of Zn
vacancies (V,) on the green luminescence of ZnO nanostructures.
In particular this study allows to link the origin of the green band to
defects at the (1010) surface of the nanostructures. This paves the
way to control and reduce the undesired charge recombination in
optical and electronic devices, such as photovoltaic systems, improv-
ing the photocurrent and the efficiency of the final device.

Results

The high spatial resolution (about tens of nanometers) makes CL a
unique tool for the simultaneous spectroscopic and emission map-
ping characterization of nanostructures®3°.

Fig. 1a shows a SEM image of a ZnO nanostructured thin film,
consisting of grains with different sizes, whose average diameter is
about 250 nm. Detailed grain-size statistics is reported in the SI (Figs.
S1 and S2). From Fig. 1a two families of grains are identified, i.e.
smaller and larger than 500 nm. All grains have a hexagonal section
and terminate with a pyramid, which exposes six (1011) surfaces.
The CL emission spectra at room temperature are characterized by
two typical features (Fig. 1d): the near-band edge (NBE) emission at
3.25 eV, due to band-to-band transitions including bound excitons
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and shallow levels*, and the intra-gap states related green lumin-
escence (GL) band centered at 2.5 eV.

The GL-to-NBE intensity ratio is commonly considered as a
benchmark of the crystalline quality (point defects concentration),
however this assumption can be misleading, as we will show below.

The spatial distribution of the NBE and GL emissions is investi-
gated by CL imaging in Fig. 1b and Ic, respectively. All the grains
have intense NBE emission that is quenched at grain boundaries.
There is no dependence of the NBE emission on the size of the
nano-grains: each grain shows a dark region at the tip of the hexa-
gonal pyramid, suggesting that edge crossing favors the accumulation
of non-radiative centers. The green luminescence is mainly localized
at grain boundaries. The integrated intensity ratio between the NBE
and GL emission is 0.768. Differently from NBE, the GL yield shows
grain size dependence, i.e. the green luminescence is less intense in
grains that exceed 500 nm, suggesting a dominant bulk-like behavior.

The observed XRD profile (Fig. le) depicts the diffraction pattern
of the ZnO polycrystalline substrate, with strong orientation along
the polar [0001] direction of the wurtzite structure and with minor
contribution of other directions®: the diffraction peaks at about
31.7°, 34.4°, 36.1°, 62.8° are ascribable to the (1010), (0002),
(1011) and (0004) planes, respectively, in good agreement with pre-
vious results®.

Changing the nanostructure morphology dramatically modifies
the luminescence spatial distribution. Fig. 2a reports the SE micro-
graph of ZnO NR with 50 nm average diameters, NRs commonly
exhibit hexagonal cross-section and expose well defined non-polar
(1010) surfaces. Further reducing the diameter leads to cylindrical-
shaped nanostructures (see SI for further details).

Monochromatic maps of NBE and GL (panels b and ¢) dem-
onstrate that the NBE emission is mainly due to the top surface of
the hexagonal rod (most probably the polar (0001) surface); on the
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Figure 1| (a) Secondary electron micrograph of the ZnO thin film, (b) CL monochromatic map taken at ZnO NBE emission, (c) CL monochromatic
map at ZnO GL emission; all the scalebars are 500 nm long. (d) CL spectrum and (e) XRD pattern.
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Figure 2| (a) Secondary electron micrographs of the ZnO nano-rods, (b) CL monochromatic map taken at ZnO NBE emission, (c) CL monochromatic
map taken at ZnO GL emission; all the scalebars are 500 nm long. (d) CL spectrum obtained in the area under analysis in plan and cross-sectional

view, (e) XRD pattern.

contrary, the GL signal comes lateral non-polar (1010) surfaces of the
hexagonal rods.

Fig. 2d shows the CL spectra of nanorods, obtained in planar and
in cross-sectional modes: in the former analysis the GL-to-NBE ratio
is 0.875, in latter it is increased to 4.53. The XRD pattern consists of a
single peak corresponding to the (0002) reflection, which is a finger-
print of a high alignment of the nanorods on the substrate®.

Fig. 3a shows the SE images of the NR in cross-sectional view,
panels 3b and 3¢ the NBE and GL maps, respectively. The CL intens-
ity profiles are shown in Figure S3 of Supporting Information. The
substrate displays an intense NBE emission and a faint GL
luminescence.

Taking advantage of the high spatial resolution of CL technique,
the evolution of the emission spectra along a single NR is analyzed.
Fig. 3a indicates the spatial positions that correspond to the spot-
mode CL spectra reported in Fig. 3d. CL results point out a decreas-
ing of the NBE signal moving from the substrate to the tip of the wire.
The intensity of the GL emission shows an opposite trend, it
increases moving toward the NR tip (see SI Fig. S4 for additional
results). For sake of clarity, the CL bands intensity trends are sum-
marized in Fig. 3e.

To gain an in-depth understanding of the problem, we performed
first principles simulations of the structural and electronic properties
of prototypical defective ZnO systems, via systematic calculations
based on density functional theory (DFT). In particular, we investi-
gated Zn vacancies (V,), O vacancies (Vy), H interstitials (H;,,),
(and combinations of them), focusing on how the presence of point
defects states affects the electronic properties of the compound. Our
results are summarized in Fig. 4.

Here we compare different bulk calculations with the same defect
concentration (0.8%) in terms of density of states (DOS) of the

defective systems. The neutral oxygen vacancies are associated to
the formation of a donor-like occupied state, responsible for a shift
at higher energy of the Fermi level, E (see red dotted line in topmost
panel). This is, however, a deep defect, whose energy level is ~1eV
below the conduction band bottom. Since the green luminescence
corresponds to energy transitions of ~2.3 eV, it is rather unlikely
that this defect can be responsible for the observed green
luminescence.

On the contrary, the presence of neutral Zn vacancies (V,) gen-
erates a multiple effect: the absence of Zn ions leaves out under-
coordinated O atoms, and the unpaired O electrons give rise to
empty states at Eg, close to the valence band top (black dashed line
in both bulk -top panel- and surface -bottom panel) and to a residual
spin magnetization**'. As a consequence, this leads to a low density
of empty states that may act as electron acceptor in the emission
process. These results not only reveal that Zn vacancies are the most
probable responsible of the green luminescence, in agreement with
other theoretical results'®; but also rule out the possibility that V, can
be associated with the green band. Our findings furthermore explain
the reason of a possible misinterpretation of optical spectra in pre-
vious reports and their attribution to oxygen vacancies: Even though
generated by a Zn vacancy, the defect-state appearing in the band gap
has mainly an O-character, since it derives from unsaturated O
dangling bonds (See Supplementary Information - Fig. S7).

Similar considerations apply to the electronic properties of the
(1010) surface (see Fig. 4, bottom panel). It was proved'®* that O
vacancies at the non-polar (1010) surface do not lead to significant
features in the electronic properties, at least close to band edges. On
the contrary, if a complex composed by a Zn + O vacancy was
formed, a dispersionless filled defect band appears at the valence
band top, reducing the band-gap. Here we further show that, in
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Figure 3| (a) Secondary electron micrographs of the ZnO nanorods in cross-sectional view with the indication of the positions in which has been carried
a spot-mode CL spectrum, (b) CL monochromatic map taken at ZnO NBE emission, (¢) CL monochromatic map taken at ZnO GL emission; all the
scalebars are 200 nm long. (d) CL spectra of the different positions. Same color code is used. (e) Intensity trends as function of the position, on the top axis

is shown the distance from the substrate.

the case of a single Zn surface vacancy, the inclusion of spin polar-
ization induces a strong rehybridization of the O-derived orbitals
and consequently a ferromagnetic behavior, in agreement with pre-
vious theoretical investigations*"*.

Finally, we calculated the formation energy of Zn vacancies at
different positions in the slab, as summarized in Fig. 5. Our results
reveal that Zn vacancies are much more probable close to the surface
(~1 eV lower energy) for the formation of the defect at a (1010)
surface with respect to inner positions in the slab. Furthermore,
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Figure 4 | Electronic properties (density of states - DOS) of defective ZnO
bulk (top) and (1010) surface (bottom panel), superimposed to the
corresponding non-defective ZnO DOS in grey as obtained from first
principles simulations. In the topmost panel different defects, at similar
content (~1%), are compared, namely V,,(green, up- and down-black
dashed- spin contributions) Vj, (red) and interstitial H (H;,,; in blue). The
perfect clean bulk ZnO Fermi Level (Eg) is taken as the zero of the energy
scale; dotted lines in the different colors mark the Fermi Level for the
different defected systems. Only H;,,, can be responsible for n-type doping,
while neutral stoichiometry defects such as V, and V, give rise to deep
level states. A similar behavior is obtained in surface calculations (bottom
panel).

the n-type character of the sample, as described by the presence of
H;,: in our simulations, is responsible for an increased stability
(lower formation energy) of the point defect.

Discussion

The comparison between NRs and NTF allows to achieve a better
understanding of the ZnO light emission properties. (An additional
intermediate family of nanostructure is reported in the Supplementary
Information, Figure S5 and S6). First, the green luminescence is related
to surface states generated by zinc vacancies, preferentially localized at
non-polar (1010) surfaces. This assessment is supported by the com-
parison of the CL mapping of the single hexagonal NR with the NTF
(Fig. 3 and Fig. 1 respectively) and by the increased stability (lower
formation energy) of this kind of defects at surfaces (See Fig. 5).
Indeed interface reconstruction at the grain boundaries can promote
atomic rearrangements responsible for saturation of dangling bond
states associated to V7, and finally for quenching of the GL.
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Figure 5 | Formation energy of different defects in ZnO bulk (continuous
line) and surface (dotted line), as obtained from first principles
simulations****. Our results fairly compare with*>*’. The effect of
interstitial hydrogen (whose formation energy is indicated with a dotted
cyan line) further increases stability of the defects (the formation energy
decreases) and V_, appears to be to stable in Zn-poor (O-rich) conditions.
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The analysis of the luminescence along the nanorod (Fig. 4) adds
interesting details:, a clear modifications of the NBE-GL intensity
ratio along the NR and in the planar/cross-sectional views is recorded
i.e. NBE emission is lowered moving from the base to the tip of the
NRs. Accordingly, the assessment of ZnO crystalline quality simply
on the basis of the ratio between the NBE and GL may be misleading:
indeed, this ratio is not inherently related to surface defects, since the
intensity of the green band remarkably depends on the specific sur-
face-to-volume ratio and morphology of the samples. This effect is in
agreement with recent cathodoluminescence results on single crystal
mesoporous ZnO nano-belts*.

Our joint analysis supports a comprehensive picture, which con-
nects optical and morphological properties of the nanostructure. The
intra-gap acceptor states originate by intrinsic Zn vacancies, pref-
erentially formed on the lateral (1010) surface of the hexagonal NR.
The absence of Zn ions modifies the charge state of the neighboring
oxygen atoms, and imparts a local electron-deficiency at the surface,
which easily reacts to restore the charge neutrality.

Our results on a variety of morphologies support the hypothesis
that the presence of the green band is associated to Zn vacancies. In
particular, our self-catalyzed growth technique is well compatible
with a non-homogeneous defect distribution along the nanorod (in
Fig. 3) and the consequent spatial variation of the luminescence
intensity*>*°. Indeed, it is highly probable that during self-catalyzed
growth the nanorod becomes poor in zinc, favoring the formation of
the zinc vacancies moving toward the NR tip. The increase in the
intensity of the GL along the nanowires (Fig. 3) and the consequent
decrease of the NBE emission are thus the consequences of a gradient
of concentration of the Zn defects: this behavior is strictly related to
the growth mechanism®.

Conclusions

Our combined cathodoluminescence and ab initio study of ZnO one-
dimensional nanostructures exposing different surfaces solves the
existing controversy on the green luminescence origin in ZnO,
assigning a determinant role to V,. CL spectroscopy and imaging
reveal that the ZnO green band is related to states at the (1010) non-
polar surfaces, where V,, is found to be particularly stable. Emission
in ZnO nanostructures with high aspect ratio are thus ultimately
recast in terms of this defect.

Methods

Nanostructure synthesis. ZnO-NR are grown by the optimized vapor phase
technique described in Ref. 51 directly on the ZnO seed layer obtained by pulsed
electron deposition®. Commercial Zn (powder, Sigma Aldrich, 4.5N) is used as
source material after a smooth etching in diluted HCL. The source material and
substrates are placed side-by-side in a tubular furnace, with the substrates in the
downstream position and the source material inside a quasi-closed container (with
only a small window for Zn vapor production). The growth temperature is limited to
480°C to be compatible with the glass substrates while Ar is used as an inert
transporting gas. The furnace is kept at the working temperature for 1-5 minutes and
then O, is introduced into the reactor for oxidation (1: 20 O, to Ar ratio, 50 sccm) for
5 more minutes. Finally, the furnace is cooled down and samples collected. As
previously reported®, the morphology of different ZnO nanostructures depends
drastically on the first growing step during which zinc droplets are formed onto the
substrate®': to vary droplet size and distribution, we controlled and changed
systematically the delay before O, introduction.

Characterization. The CL spectroscopy and imaging are carried out with Horiba CL
system equipped on a Hitachi 4200 FEG-SEM. The accelerating voltage is 5 keV and
the beam current is 400 pA. All the experiments are carried out at room temperature.
Additional details are reported in the Supporting Information. All integrated
intensities are summarized in Table S1 of Supporting Information.

XRD patterns are recorded using a Thermo Scientific (Thermo ARL X’tra) with
Bragg-Brentano 0-0 configuration with a maximum 26 excursion ranging from —8°
and 180°. X-Ray source is Cu Kot (A = 1.542 A) and the accelerating voltage is set in
the range 20 + 40 kV. Diffracted rays are collected through a solid state Si:Li detector
cooled by Peltier element.

Calculations. First principles simulations of the structural and electronic properties
of prototypical ZnO bulk and surface defective structures were performed to
complement the experiments: our calculations are based on Density Functional

Theory (DFT), in the plane wave and pseudopotential description, as implemented in
the QUANTUM-ESPRESSO suite®. Since the application of DFT to ZnO is known to
produce a severe underestimation of the electronic band gap due to unphysical
interaction between the Zn d-orbitals and the O sp-bands, we employ the DFT + U
scheme to properly compute the electronic structure. See Supporting Information
(SI) for technical details.
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