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Abstract

ZnO nanotubes were prepared by a sequential combination of electrochemical deposition, chemical
attack and regeneration. ZnO nanocolumns were initially electrodeposited on conductive substrates and
then converted into nanotubes by a process involving chemical etching and subsequent regrowth. The
morphology of these ZnO nanocolumns and derived nanotubes was monitored by Scanning Electron
Microscopy and their optical properties was studied by photoluminescence spectroscopy.
Photoluminescence were measured as a function of temperature, from 6 to 300 K, for both nanocolumns
and nanotubes. In order to study the behaviour of induced intrinsic defect all ZnO films were annealed
in air at 400 °C and their photoluminescent properties were also registered before and after annealing.
The behaviour of photoluminescence is explained taking into account the contribution of different point
defects. A band energy diagram related to intrinsic defects was proposed to describe the behaviour of

photoluminescence spectra.
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Introduction

Zinc Oxide (ZnO) is a wide gap semiconductor well known for various potential applications in
low-voltage and short-wavelength optoelectronic devices, such as light emitting and laser diodes, optical
windows and solar cells [1-3]. In the last few years, owing to its potential applications in ultraviolet
optoelectronic devices, a growing number of research projects have been developed using ZnO as basic
material. Nanostructured samples of ZnO have been prepared by many different techniques, such as
plasma-assisted molecular beam epitaxy [4], chemical vapor deposition [5], and pulsed laser deposition
[6]. As another approach, electrodeposition (ED) presents several advantages over the above mentioned
techniques such as low temperature processing and low cost [7, 8]. This technique allows controlling

nanostructure dimensions by means of the growth parameters [9].

Unintentionally doped ZnO is always is an n-type semiconductor due to the existence of defects
involving O vacancies (Vo) or Zn interstitial (Zni), which act as donors. Theoretical calculations based
on ab-initio methods support this experimental fact [a]. Owing to these defect-related donors, p-type
doping is still a challenge and numerous efforts addressed to reduce this type of native defects have been
carried out in the last decade. Indeed, a better understanding of their properties could pave the way for
improving the control over optical and electrical properties of ZnO. Recently, a big effort has been made
to reduce such defects in order to improve their properties, and several thermal annealing procedures
were explored aimed to correct the deficiency of O and / or modify other native defects [11-13].
Furthermore, it was found that chemical films etching modify the surface morphology of ZnO [9], and
thus some mechanism being sensitive to emission surface quality (e.g. excitons) is also expected to

modify its radiative emission.

One approach deals with the exploration of annealing in air to correct the Oxygen deficiency or to
modify the nature of other types of native defects. On the other hand, it has been observed that when

ZnO films are exposed to a chemical attack, the surface morphology changes and subsequently the
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emission mechanisms (involving excitons or deep defects), which are sensitive to surface quality, are

expected to modify their radiative emission properties [14].

The low temperature synthesis of electrodeposited ZnO usually requires post annealing treatments
in order to enhance optical properties of thin films and reducing native centers thus improving
crystallinity [15]. Following the evolution and optimization of optical properties, several studies have
been published using reducing and/or oxidizing atmospheres [16-17]. However, the interpretation of
these results is controversial regarding the contribution of different defects to the photoluminescence
spectra [18-20]. On the other hand, the low temperature electrodeposition of ZnO makes this technique
compatible with the use of polymers for making electroluminescent hybrid devices by means of
heterojunctions formed by nanocolumns of electrodeposited ZnO and a polymer as recently demonstrated

by Kénenkamp [21].

Photoluminescence (PL) is a non-destructive technique, which directly probes optically active
centers that affect the response of ZnO thin films and their evolution with the specific treatment applied
to them. In this experiment, a group of samples was synthesized under the same growing conditions with
two objectives: to investigate how atmosphere and annealing temperature could improve optical
properties. As the size and surface-volume ratios of the ZnO columns depend mainly on the growth
parameters, such as current density, deposition rate and deposition bath temperature and they hardly
influence the emission properties [9, 17], special attention was paid to obtain samples with identical

morphology.

The aim of this paper is to investigate the PL properties of nanostructured ZnO films related to
their morphology (nanocolumns or nanotubes) and subsequent thermal annealing. The analysis of the PL

properties will be useful to shed some light on the structure of native defects in ZnO. A model based on



the energy band diagram related to deep defects in ZnO is proposed to understand the PL behaviour of

such ZnO nanostructures.

Experimental

Nanocolumnar ZnO films were prepared by electrodeposition (ED) on glass substrates covered
with a conductive layer of tin oxide doped with fluorine (FTO). The electrolyte used is a solution of
ZnClz (5 x 10 M) and 0.1 M of KCl in demineralized water (p>16 MQ-cm) as used in previous works
[9, 15]. During the ED stages, the solution was saturated with Oz by continuous bubbling. Temperature
was controlled with a thermal blanket and remained within +1 °C. No stirring was applied. A three-
electrode cell configuration was used, KCl saturated Ag/AgCl as reference electrode and a Pt wire as
counter electrode. Measured pH in the fresh electrolyte was 6.5. The potential was fixed at -0.85 V with
respect to the reference electrode. Previous results show that temperature, current density and time

exposure help the formation of column growth [8].

The procedure developed to fabricate hollow ZnO nanocolumns consisted of three steps: (1)
column formation by electrodeposition (ED), (2) a chemical attack to produce the hollow structures and
eventually (3) regeneration of the hollow nanocolumns again by ED. This last step was required just in
case the second step was too aggressive giving hollow nanocolumns but very irregular in shape. Details
of the procedure to deposit ZnO nanotubes can be found elsewhere [22]. After growth of both, ZnO

nanocolumns and nanotubes samples were further annealed in air at 400°C.

Photoluminescence spectroscopy was performed by excitation with the 325 nm line of a He—Cd
laser with an optical power of 30 mW. The setup consisted of a Jovin Yvon TRIAX monochromator
coupled to a Si-CCD detector optimized for UV-VIS range. PL measurements were carried out between
6 K and room temperature. At cryogenic temperature, samples were mounted on the cold finger of a He

closed cycle cryostat refrigerator and cooled down to the desired temperature.



Results and discussion

Morphology

Figure 1 shows SEM micrographs of two ZnO samples under different conditions: a) as grown
nanocolums, b) nanotubes created after chemical etching and further regrowth. Observation by means of
SEM shows this deposit in form of hexagonal nanocolumns of approximately 100 nm of base and 500
nm high [18], partially oriented is the 002 direction of a hexagonal wurtzite structure as inferred form
XRD spectra [8, 9]. Nanotubes obtained after chemical etching and subsequent electrochemical regrowth
are identical in form, base and height. The difference consists in the fact that the inner part of the
nanocolumns is no longer present after the described process. The walls of the nanotubes are about 20

nm thick and quite regular along the deposit. Figure 1 ¢) shows a detail of the ZnO nanotubes.

In both morphologies, nanocolumns and nanotubes, no relevant differences were appreciated in

the morphology between as-grown and annealed samples.

Photoluminescence

Figures 2a and 2b show the PL spectra registered at 6, 80 and 300 K of as-grown ZnO
nanocolumns and nanotubes, respectively. As can be seen, both samples show two bands, one in the
region of the shallow impurities and excitons (located at 377 and 381 nm, respectively) and one related

to deeper levels with two bands centered at 610 and 622 nm, respectively.

It is known that a typical spectrum of ZnO films has two characteristic peaks: a UV near-band-
edge (NBE) whose peak emission is around 377 nm [19, 22, 23], and a deep-level (DL) emission, also
known as green-band or red-band depending on if they are centred around 500 or 600 nm. A sharp NBE
emission peak results from excitons and its position and structure is an indication of crystal quality. The

green band is related to transitions involving defects and several point defects, such as oxygen vacancy



(Vo), zinc vacancy (Vzn), interstitial zinc (Zni), interstitial oxygen (Oi) and antisite oxygen (Ozn) [22,23],

have been proposed as responsible for this emission in ZnO.

The rise of intensity and shift are the result of a higher concentration of defects and associated
impurities related to chemical etching and subsequent regrowth. These actions generate defects located
at lower energy, i.e. etching produces defects causing a deterioration of the surface and bulk quality of
ZnO. Then etching, not only changes the surface morphology of the films [22], but also increases the rate
of defects or impurities existing in the material generating preferentially the ones that shift PL bands
towards the red. Moreover, when the temperature increases, the emission reflects the expected behaviour,
i.e. the reduction of PL intensity is due to the presence of other non-radiative processes such as electron-

phonon interactions, which compete with radiative recombination processes.

When both kind of films, nanocolumns and nanotubes, are annealed in air (Figs. 3 a, b) significant
changes are observed in both NBE and DL regions. As already observed in the case of chemical etching,
a redistribution of impurities and defect levels can be observed in both samples, which causes the
dominant peak at low energy to vanish and two new lines appear. These are located at 511 nm for the
nanocolumns and 512 and 642 nm for the nanotube samples, respectively. Most notably, in this region,
the intensity of the new lines in the etched sample (nanotubes) is almost the same, unlike in as-grown
nanocolumns and nanotubes (Fig. 2). In addition, in the nanocolumnar sample, the lowest energy PL
band appears as a shoulder that is superimposed to that of 511 nm and does not form a defined band. In
the NBE region, the bands of both films drastically reduce their average FWHM, and it is observed that
this is the result of the superposition of several lines, some appearing as peaks and a few others as

shoulders.

Thus, as seen, thermal treatment modifies the distribution and concentration of defects and
impurities, dissociating some and allowing others. When nanocolumns are annealed, the broad band

centred at 610 nm (Fig. 2a) narrows and shifts to lower wavelength (511 nm) (Fig. 3a). Noteworthy, the



intensity of this DL emission for annealed nanocolumns increases about one order of magnitude. Besides
a shoulder at higher wavelengths is also observed. In the case of annealed nanotubes the broad band
located at 622 nm (Fig. 2b) splits into two new bands with similar intensities and located at 512 and 642

nm, respectively (Fig. 3b).

Impurities or defects involved in these bands have not been fully identified yet. However, the
defects and impurities associated with the first PL band dissociate or reduce their concentration allowing
the appearance of the others. It is likely that type of defects or impurities which originate the 622 nm
band consist of one or two levels associated with impurities or defects such as Zn vacancies [Vza], O
vacancies [Vo] or Zn interstitials [Zni] and oxygen interstitials [Oi] [2-4], or defects composed of two
complexes such as [Vo-Zni] [5]. As annealing in air causes the incorporation of oxygen to the material,
the concentration of Vo and complexes involving Vo must be reduced. This will increase the
concentration of at least isolated Zni, which is reflected in the appearance of the band at 512 nm, which
has been associated with a donor (Zni) - acceptor (Vza) transition. As a preliminary conclusion it can be

said that annealing improves the quality of the surface and reduces the defects and impurities in the films.

To better show the similarities and differences between PL spectra of ZnO nanocolumns and
nanotubes before and after annealing, Figures 4 were plotted to compare PL spectra recorded at 6 K.
Figure 4a shows the NBE region, which as mentioned involved excitons and shallow impurities. Figure
4b shows the DL region, where defects with deeper energies in the bandgap are involved. For as-grown
nanocolumnar samples a vast rise of PL intensity is observed in the NBE region, which is comparable to
that observed in the DL region and is higher than observed for as grown nanotubes. Furthermore, both
samples, as grown nanocolumns and nanotubes (Fig 4a) show a similar shape, which comes from the
superposition of several PL bands. The dominant peak of these PL spectra is located at 371 nm and the
rest appears as shoulders at 370, 373 and 381 nm, while for annealed samples the main peaks are at 370

and 381 nm with a shoulder at 375 nm. This is mainly due to the annealing that reduces defects and



improves the surface quality of the samples. In these conditions excitons and recombination involving

shallow defects effectively compete with other emission mechanisms.

Concerning the DL region in both cases, a split of the initial PL (located at 620-622 nm) is observed
before any thermal annealing. This red-band splits into two news bands, one located at 511 nm, which
can be considered a green-band and a second red-band centred at 642 nm. The difference between
nanocolumns and nanotubes is that the red-band related to annealing is more intense in the case of
nanotubes than for nanocolumns. This result could be expected from the shape of the red-bands in the
as-grown samples because the red-band for Zn nanotubes is more intense and is more red-shifted (622

nm) than the red-band in ZnO nanocolumns (610 nm).

As mentioned above the intensity of the NBE line depends on crystal quality allowing the formation
of excitons but also on other competitor mechanisms such as transitions through the DL band or through
other non-radiative levels. Hence an increase of the exciton emission intensity reveals an exhaustion of

the alternative recombination paths [24].

To shed light on the effect of the chemical attack, regeneration and thermal annealing a fitting
procedure for all PL spectra were carried out. In the DL region the PL peaks were deconvoluted for all
studied samples. Figures 5 a, b, ¢, d show the different components for PL spectra recorded at 6K for all
the studied samples: a) nanocolumns, b) nanotubes, ¢) annealed nanocolumns and d) annealed nanotubes.
As can be seen, the PL spectra for the as-grown nanocolumns and nanotubes consist of two overlapping
emission bands centred at 583 and 656 nm for as-grown nanocolumns and 591 and 667 for regenerated
nanotubes. The emission bands centred at 583 and 591 nm belong to the region known as yellow emission

for ZnO [25], while bands centred at 656 and 667 nm are usually labelled as red emission [26].

The chemical etching and subsequent regeneration performed in the synthesis of nanotubes
produce a red shift of about 10 nm and a narrowing of the FWHM of about 2 nm. Furthermore, the

intensity of its PL bands increases about 8 times with respect to the as-grown nanocolumns (Fig. 5a and
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5b). The change in the position and FWHM of PL peaks indicates a redistribution of defects, while the
increase in the emission intensity is related to an increase in the density of defects. These defects are

likely to be associated to the incorporation of O and Zn during the regeneration process.

On the other hand, it is generally accepted that the green emission stems from the recombination
of one electron in an oxygen vacancy (Vo) with a hole coming from the valence band and the red emission
is the result of the recombination of an electron in a Vo with a hole coming from a zinc vacancy (Vza).
As aresult, the red shift and narrowing of PL bands should correspond to these mechanisms. That means
that both emission bands are associated to the same defect, Vo. Furthermore, the chemical etching
modifies the surface sample until transforming nanocolumns into nanotubes and creating a high density
of O and Zn vacancies near the internal surface of the nanotube. The larger number of these defects in
nanotubes than in nanocolumns would explain the increase in the intensity of PL bands in the regenerated
nanotubes, meaning that the regeneration does not completely recover the defects produced during the
chemical etching. Therefore, the mechanisms for this radiative recombination can be assigned
unambiguously to the transitions of Vo-VB and Vo-Vzn. Then, the chemical etching and subsequent
regeneration do not only modify the morphology of the nanocolumns but also modify the emission due

to the proliferation and redistribution of vacancy related defects.

Figures 5 c) and d) display the deconvolution of the DL band for the nanocolumns and nanotubes
annealed in air at 400 °C for one hour. As can be observed, in both samples the thermal annealing
redistributes and increases the impurity levels in such a way that the DL bands are now the superposition
of three bands. It is noteworthy to note that PL peaks in the DL region are shifted to shorter wavelengths

and FWHMs are narrower for nanotubes than for nanocolumns (see Table I).

After thermal annealing, the emission of nanocolumns increases, becoming similar in intensity
the emission of nanotubes. Taking into account that the sole morphological difference between both

samples resides in the higher area for nanotubes than for nanocolumns, the incorporation of O during the



annealing should be more efficient for nanotubes, resulting in a reduction of Vo. This effect explains
that red and green emission bands associated to Vo have narrower a FWHM and are blue-shifted with
respect to nanocolumns. In addition, the difference between red bands is the result of morphological
differences as in nanotubes there should be a larger amount of Vza than in nanocolumns, which remain
practically unaltered with the annealing. Taking into account that the main difference between the two
groups of samples, nanocolumns and nanotubes, is the higher surface in nanotubes due to the existence
of both inner and outer faces than in nanocolumns, the incorporation of oxygen during the annealing
should be more efficient, resulting in a decrease of Vo. The decrease of the amount of Vo produces a
blue shift of the position and a narrowing of the FWHM with respect to that observed in nanocolumns.
Moreover, the difference in intensity between the red lines is also the result of the morphological
differences, since in nanotubes there should be a greater concentration of Vza that in nanocolumns, which

remain unchanged by the annealing.

Further, the annealing generates a third line (DL3) located at lower wavelength, 496 nm for
nanocolumns and 488 nm for nanotubes. As for the yellow and red lines the blue line has narrower
FWHM and again is located at shorter wavelength when emitted from nanotubes than when emitted from
nanocolumns. This shift to higher energies is likely due to the reduction in size in the walls of nanotubes,
which have a thickness of about 20 nm. The emission line located at 496 nm has been previously reported
[3,27] in Ag-doped ZnO samples, however to our knowledge the 488 nm emission line has not yet been
reported. We believe that the 488 nm blue emission line should be due to the nanometric size of the walls

of nanotubes.

Figure 7 shows a band diagram schema of the energy levels of involved in the photoluminescence
emission of nanotubes and nanocolumns before and after thermal annealing. All radiative transitions in
the called DL region have been summarized in the schema. Chemical etching and subsequent regrowth

results in a shift to longer wavelengths (shorter energies). After thermal annealing additional peaks
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appear, being the trend to shift to shorter wavelengths. Similar results for have been reported elsewhere

[12, 13].

Furthermore, the envelope of the bands in the region NBE is formed by two lines (NBE1 and
NBE2) for films independently of any chemical etching and regrowth. PL lines corresponding to the
samples with etching and regeneration have energy peaks at lower energies and slightly increase in
intensity and FWHM (See Table I). As in the case of deep impurity region, changes obey to redistribution
and increase of energy levels associated with defects and impurities generated by the etching and
regeneration in this region. Considering the average FWHM of the lines (Table I), these lines cannot be
associated to excitons, because they have higher values than those reported for excitons. So its origin is
associated with impurity-band transitions (FB or BF) or with donor-acceptor pair (DAP), where the levels

involved should correspond to shallow defect levels.

When thermal annealing treatment is applied to nanocolumns and nanotubes films, the impurity
levels or defects reduce its amount and redistribute because after deconvolution five lines are obtained.
The position and FWHM of such PL lines (Table I) can be associated to transitions involving the bound
exciton (NBE3 and NBE4), and the free exciton plus one or two phonon replicas (NBES, NBE6). The
zero phonon line is not observable because of the filter used. The highlight of these results is that in
general PL lines emitted from nanotubes have narrower FWHM than those of columns. It is known that
for excitons to be observed there should be a low concentration of impurities capable to trap them and
good surface quality, which is reflected in their FWHM of this emission lines. Then it can be concluded
that the thermal annealing has a greater influence on the surface quality of nanotubes compared to that

of the nanocolumns.

Conclusion

ZnO nanotubes were prepared by a sequential combination of electrochemical deposition, chemical
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attack and regeneration of ZnO nanocolumns deposited on polycrystalline conductive FTO covered glass.
Zn0O nanocolumns were initially electrodeposited on conductive substrates and then converted into
nanotubes. The morphology of these ZnO nanocolumns and subsequent nanotubes were monitored by
SEM and their optical properties were studied by photoluminescence spectroscopy. Photoluminescence
were measured as a function of temperature, from 6 to 300 K, for both nanocolumns and nanotubes. In
order to study the behaviour of induced intrinsic defect all ZnO films were annealed in air at 400 °C and
their photoluminescent properties were also registered before and after annealing. The behaviour of
photoluminescence is explained taking into account the contribution of different point defects. A band
energy diagram related to intrinsic defects was proposed to describe the behaviour of photoluminescence.
These kind of hollow nanocolumns provide a suitable pattern with very high effective surfaces to develop
devices based in one-dimensional (1D) nanostructures that can be coated or filled with other thin layers,

nanoparticles or organic molecules.
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Figure captions

Figure 1. SEM images of electrodeposited ZnO nanostructures: a) As deposited ZnO
nanocolumns, b) ZnO nanotubes after etching and regrowth, c¢) detail of nanotubes showing

the thickness of the wall.

Figure 2. Photoluminescence spectra of as grown electrodeposited ZnO nanostructures: a)
As deposited ZnO nanocolumns, b) ZnO nanotubes after etching and regrowth of ZnO

nanocolumns.

Figure 3. Photoluminescence spectra of electrodeposited ZnO nanostructures after thermal

annealing: a) Nanocolumns, b) Nanotubes.

Figure 4. Comparison of photoluminescence spectra recorded at 6 K before and after
annealing for ZnO nanostructures: a) Excitonic part (NBE region), b) Deep levels (DL
region)

Figure S. Fit of PL spectra in the DL region recorded at 6K for all samples studied in this

work. a) Nanocolumns, b) Nanotubes, ¢) annealed nanocolumns, d) annealed nanotubes.
Figure 6. Fit of PL spectra in the NBE region recorded at 6K for the annealed nanotubes.

Figure 7. Band diagram schema to model the energy levels involved defects in radiative
transition in the called DL region. CE and TA stand for Chemical Etching and Thermal

Annealing, respectively.
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Figure 3. Photoluminescence spectra of electrodeposited ZnO nanostructures after thermal
annealing: a) Nanocolumns (NC-TA), b) Nanotubes (NT-TA).
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Figure 4. Comparison of photoluminescence spectra recorded at 6 K before and after
annealing for ZnO nanostructures: a) Excitonic part (NBE region), b) Deep levels (DL

region)
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FIGURE 5. Fit of PL spectra in the DL region recorded at 6K for all samples
studied in this work. a) Nanocolumns, b) Nanotubes, c¢) annealed nanocolumns, d)
annealed nanotubes.
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Figure 6. Fit of PL spectra in the NBE region recorded at 6K for the annealed
nanotubes.
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Figure 7. Band diagram schema to model the energy levels of involved defects in radiative
transition in the DL region. CE and TA stand for Chemical Etching and Thermal
Annealing, respectively.



