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ABSTRACT

Laser assisted flow deposition (LAFD) is a very high yield method based on a vapor-solid mechanism, allowing
the production of ZnO crystals in a very short time. The LAFD was used in the growth of different morphologies
(nanoparticles, tetrapods and microrods) of ZnO micro/nanocrystals and their microstructural characterization confirms
the excellent crystallinity of the wurtzite structure. The optical properties of the as-grown ZnO crystals investigated by
low temperature photoluminescence (PL) evidence a well-structured near band edge emission (NBE) due to the
recombination of free (FX), surface (SX) and donor bound (D°X) excitons. Among the most representative emission
lines, the 3.31 eV transition was found to occur in the stacking faults-free microrods. The luminescence behavior
observed in H passivated samples suggests a closer relationship between this optical center and the presence of surface
states.

Besides the unintentionally doped micro/nanocrystals, ZnO/Ag and ZnO/carbon nanotubes (CNT) hybrid structures were
processed by LAFD. The former aims at the incorporation of silver as a p-type dopant and the latter envisaging
photovoltaic applications. Silver-related spherical particles were found to be inhomogeneously distributed at the
microrods surface, accumulating at the rods tips and promoting the ZnO nanorods re-nucleation. Despite the fact that
energy dispersive X-ray measurements suggest that a fraction of the silver could be incorporated in the ZnO rods, no new
related luminescence lines or bands were observed when compared with the as-grown samples. For the case of the
ZnO/CNT composites two main approaches were adopted: i) a direct deposition of ZnO particles on the surface of
vertically aligned multi-walled carbon nanotubes (VACNTSs) forests without employing any additional catalyst and ii)
new ZnO/CNT hybrids were developed as buckypaper nanocomposites. The use of the LAFD technique in the first
approach preserves the CNTs structure and alignment and avoids the collapse of the VACNTSs array, which is a major
advantage of this method. On the other hand, LAFD grown ZnO nanoparticles and tetrapods were used to produce
ZnO/CNT buckypaper nanocomposites. When compared with the as-grown samples the PL spectra of the composites
structures behave differently. For the case of the ZnO/VACNTS no changes on the peak position and spectral shape were
observed. Only an enhancement of the overall luminescence was found to occur. On contrary, for the buckypaper
nanocomposites notable changes on the spectral shape and peak position were observed, likely due to distinct surface
band bending effects for the ZnO nanoparticles and tetrapods embedded in the CNTs.
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1. INTRODUCTION

Zn0O is a wide band gap semiconductor (E,~ 3.4 eV at low temperature ") that has been extensively studied in the past
decades due to its important applications. The study of this oxide matrix started several decades ago but the renewed
interest lies in the change of its properties when produced at the nanoscale. It is a key technological material which is
considered a good alternative to gallium nitride (GaN) essentially due to its higher exciton binding energy, higher
damage resistance 2, the ability to be grown in numerous and cheaper substrates, and by the simpler growth technology
! 3. This material is suitable for short-wavelength optoelectronic applications *,°, energy storage devices, field emission
displays ¢, solar cells ’, chemical ® and biological sensors °, among other applications. In addition, ZnO is a versatile
material that can be grown in several morphologies and by a large number of techniques, which include colloidal
synthesis '°, chemical vapor deposition ', pulsed laser deposition '>, molecular beam epitaxy ", thermal evaporation '*,
among others.

In addition, the ZnO potential for some applications can also be improved by forming hybrid structures. Thus, the
synergetic combination with metallic nanoparticles ° have been intensively investigated due to the possibility of the
modulation of their properties '°. The research on the modification of semiconductors with noble metal ions, as is the
case of silver or gold, has gained a significant interest in different areas like photocatalysis, sensing, surface-enhanced
Raman or biomedicine '®~'*. Among the different metals Ag has demonstrated a great potential in different areas such as
photocatalysis'® or antibacterial '°,”* applications especially when combined with ZnO structures. This semiconductor
also demonstrates photacaltalytic and antibacterial activities by itself, so an enhancement on its performance in such
applications is expected when combined with silver. One of the most important limitations of the ZnO nanostructures to
achieve high photocaltalytic efficiency is the high recombination rate of photoinduced charge carriers. One efficient
method to overcome this problem is to deposit noble metals, as silver, on the surface of the semiconductor '°. The
photogenerated electrons are then transferred from the conduction band to the metal particle while the holes remain in
the semiconductor surface, improving the charge separation and thus the photocatalytic efficiency '°. Furthermore, since
Ag is a group 11 (I-b) element, Ag doping has been reported as a possible way to form acceptor states in ZnO, if the Ag
ion occupies a substitutional Zn site (Agz,), therefore achieving p-type conductivity '~**. However, Ag is considered to
have a low solubility in ZnO at equilibrium conditions, since the Ag ion has a different valence state than ZnO and a
larger ionic radius, so diffusion of the Ag to the surface of the ZnO is frequently observed . The production of this type
of ZnO/metal composites usually involves procedures as calcination, sputter or electrophoretic deposition of metals in
the ZnO surfaces '®. In most of these cases several steps are needed in order to produce the composites. The recently
developed LAFD method offers the advantage of synthesizing the silver nanoparticles directly on the surface of the ZnO
structures in a single step *°.

On the other hand, the combination of the optoelectronic properties of ZnO with the mechanical, thermal and electrical
properties of carbon nanotubes (CNTs) 27 could give rise to structures that are potential candidates for advanced
functional applications. Namely, combining nanostructures of ZnO with CNTs in order to incorporate them as the active
area for dye-sensitized solar cells (DSSCs) can improve the performance of the cells by providing a good electrical
conductivity to ZnO and increasing the contact between the ZnO structures and the anode substrate **. Earlier works
already proved that the UV-induced photoconductive behavior and the photocurrent generation of ZnO/CNTs structures
revealed functional interaction between both phases giving a quantum efficiency of 1% in unbiased photoconductivity
measurements >. The ZnO/CNT heterojunctions can have a charge transfer efficiency of up to 90%. Additionally, the
ZnO intrinsic recombination of photoinduced electron-hole pairs is reduced, enhancing charge separation and transport
properties .

For the production of these structures different techniques have been employed, like chemical vapor deposition 2,
sputtering *', vapor phase transport ® or atomic layer deposition *2. Previous studies showed that laser assisted flow
deposition (LAFD) offers some advantages in the deposition of ZnO nanostructures onto vertically aligned carbon
nanotubes (VACNTS) arrays since it allows the synthesis of ZnO in a single step directly on top of the VACNTs
preserving their structure and alignment **.

In this work we review the growth of ZnO samples by the LAFD technique. This method proved to be very efficient,

offering high growth rates for the large-scale production of ZnO micro and nanocrystals. Structural and optical
characterization revealed the high crystalline and optical quality of the produced crystals. In the case of ZnO samples
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grown in the presence of silver (ZnO/metal composites), most of the silver is found in small droplets on the microrods
surface and no incorporation inside the crystals can be demonstrated by electron techniques characterization.
Additionally, the Ag distribution is not uniform in the samples. Luminescence studies showed that the optical emission
of the samples is independent of presence of silver on the ZnO surface. The LAFD was used to grow ZnO particles on
the top of VACNTs and ZnO/CNTs nanocomposites in the form of buckypapers were also produced. No changes on the
peak position and spectral shape were observed in the former case while for the latter the peak position and shape of the
luminescence shows a strong dependence on the samples morphology pointing to distinct surface band bending effects
for the ZnO nanoparticles and ZnO tetrapods embedded in the CNTs.

2. EXPERIMENTAL DETAILS

2.1. MATERIALS SYNTHESIS

2.1.1. LAFD GROWTH OF ZnO

The LAFD was performed on a modified laser floating zone (LFZ) growth chamber which comprises a 200 W CO, laser
(Spectron) coupled to a reflective optical set-up producing a circular crown-shaped laser beam. The LAFD method is
based on a solid/vapor mechanism. The beam is focused on the tip of the extruded cylindrical rods, previously prepared
by mixing the ZnO powders (AnalaR, 99.7%) with polyvinyl alcohol (PVA, 0.1 g.ml"', Merck). The substrates are placed
on a sample holder attached to the upper spindle of the LFZ system, above the feed rod as previously described **.

Due to its high vapor pressure and to the fact that ZnO decomposes into its atomic components at the melting
temperature (1977 °C) at atmospheric pressure, the flux methods have been extensively studied **. LAFD proved to be a
very efficient method to grow ZnO samples with high crystalline and optical quality *°,”*,*. This is a flux method that
combines local heating generated by the high power laser focused on the precursor with the thermal decomposition of
ZnO at its melting temperature. The generated gases are transferred to the low temperature regions, after the reaction of
the zinc with the oxygen to form ZnO products. Different ZnO morphologies (microrods, nanoparticles and tetrapods)
can be obtained in the as-grown samples as a result from different kinetics/thermodynamics local conditions verified in
different regions of the growth chamber **. In the region near the top of the precursor rod the temperature is higher than
at the sample holder and there is a permanent air circulation conducting to the formation of bigger crystals. In the sample
holder region smaller crystals are formed, some of them with nanometric sizes while the crystals formed at the top of the
rod show dimensions on the micrometer scale. With an accurate choice of the growth parameters such as the laser power
(heating power) and atmosphere it is possible to control the dimensions and shape of the produced crystals. Moreover,
with this technique it is possible to incorporate other compounds in the rod precursors in order to dope the ZnO crystals
or to fz(;rm hybrid structures in a single step growth as was already reported for ZnO samples grown in the presence of
silver =°.
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2.1.2. CVD DEPOSITION OF VACNTSs

Vertically aligned CNTs (VACNTSs) were synthesized by an optimized catalyst-supported chemical vapor deposition
(CVD) technique. Prior to the synthesis step, the 2 inch diameter p-type Si/SiO2 wafer (Siegert Consulting) substrates for
the CNT growth were coated with a bilayer of Al,O3 (10 nm)/Fe (1 nm), by magnetron sputtering. Then, the Fe film was
converted into nano-sized particles (~20 nm) with a round shape morphology and a uniform density (~10'"° particles m™)
by means of in situ annealing inside the CVD reactor at 770°C, under a reductive gas flow of H,/Ar (500/200 sccm).
Subsequently, the H, and Ar flows were adjusted to 400 and 100 sccm respectively, and a C,H, flow (10 sccm) was
added for 15 min to yield the Fe-catalyzed growth of VACNTSs with diameter and length sizes of ~15 nm and ~1.5 mm,
respectively, on large areas *°.

2.1.3. PREPARATION OF ZnO/CNTs COMPOSITE BUCKYPAPERS

Functionalized multi-walled carbon nanotubes (NC3101), provided by Nanocyl supplier, were used to prepare the
ZnO/CNT composite buckypapers. The CNTs have average length and diameter sizes of 1.5 um and 9.5 nm,
respectively, with a purity level of 95 wt.% and a 4 wt.% content of covalently bonded carboxylic groups (-COOH).

ZnO/CNT composite buckypapers with a weight ratio of 4:1 were prepared in isopropyl alcohol (IPA, >99.8%, Sigma-
Aldrich) following five main steps: (1) Solo CNT suspensions of 0.1 g.1"" start to be processed by high-speed shearing for
15 min (IKA T25-Ultra-Turrax, working at 20,500 rpm) with a shearing force of 96 Pa to eliminate big CNT
agglomerates; (2) Subsequently, the CNT suspension was sonicated (Selecta, working at 60 kHz, 200 W) for 60 min to
yield mixtures of individualized CNTs and small sized agglomerates (< 3 pm) *’. Simultaneously, both the suspensions
of ZnO tetrapods and nanoparticles with a fixed concentration of 1 g.I'' each were sonicated in the same conditions of
those of the CNT suspension to deagglomerate softly possible ZnO clusters. (3) Afterwards, the suspensions were mixed
together, respecting the weight ratio referred above, and sonicated during 15 min to promote interactions of individual
ZnO-CNT particles. (4) The ZnO/CNT suspension was then dropped in a cylindrical mould of 10 mm of diameter placed
onto a 0.22 pm pore size filter (hydrophobic PTEF, Millipore) to produce ZnO/CNT buckypapers by vacuum filtration.
This was accomplished by coupling a rotary vacuum pump to a filter-Biichner funnel-Kitasato flask setting. For each
CNT membranes of 10 mm of diameter and about 12 ml of suspension was used. (5) Finally, the membranes were dried
in an oven at 80°C for 15 min.

2.2. STRUCTURAL AND OPTICAL CHARACTERIZATION

Steady state photoluminescence (PL) was generated using the 325 nm light from a cw He-Cd laser and an excitation
power density less than 0.6 W m™. The samples were mounted in a cold finger of a closed-cycle helium cryostat and the
sample temperature was controlled in a range from 14 K to room temperature (RT). The luminescence spectra was
acquired using a dispersive system SPEX 1704 monochromator (1 m, 1200 mm™) fitted with a cooled Hamamatsu R928
photomultiplier tube. The samples morphology was characterized by scanning electron microscopy (SEM), (Hitachi SU-
70). The microstructure was analyzed by transmission electron microscopy (TEM), high resolution TEM (HRTEM) and
high angle annular dark field scanning TEM (HAADF-STEM). Quantitative compositional analysis were performed by
using an Oxford INCA Energy 2000 system for electron dispersive X-ray spectroscopy (EDS), using a probe size of
about 1 nm. All the measurements were carried out in a JEOL 1200 EX and a JEOL 2010F microscopes operating at 120
and 200 kV, respectively. Furthermore, the crystal structure of the ZnO microstructures was investigated by measuring
0-20 scans of X-ray diffraction (XRD) using a PANalytical X’Pert PRO equipment (CuK, radiation, A=1.54056 A).
Raman spectroscopy (Horiba Jobin Yvon HR800) was measured in backscattering configuration by exciting the samples
with 532 nm (Ventus-LP-50085, Material Laser Quantum) and 632.8 nm laser lines. Micro Particle Induced X-ray
Emission (PIXE) was performed using an Oxford Microbeams OM150 type scanning microprobe. This allowed to focus
a 2.0 MeV proton beam down to 3 - 4 um?” using a 100 pA beam current. The produced X-rays were collected by a 80
mm? Si(Li) detector with a resolution of 145 ¢V positioned at 135° with the beam direction. The operation and basic data
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manipulation, including elemental distribution mapping, was achieved through the OMDAQ software code, and the
quantitative analysis was done using the DAN32 application **.

3. RESULTS AND DISCUSSION

3.1. ZnO

ZnO samples grown by LAFD technique were analyzed by SEM, denoting that, as aforementioned, this method leads to
different ZnO morphologies depending on the region of the growth chamber where the products are formed. Micrographs
of some as-grown samples are depicted in Figure 1. Essentially three different types of morphologies can be produced:
nanoparticles (Figure 1a), tetrapods (Figure 1b and c¢) and microrods (Figure 1d). The nanoparticles present an equiaxial
configuration with an average size around 100 nm. These particles constitute the first layer of ZnO grown on the
substrate surface and correspond to the initial heating stage of the growth process. The following layer consists of
tetrapods. These are structures of tetrahedral shape with four branches which are extended from a central part. Most of
the tetrapod branches exhibit a needle-like shape with the thickness decreasing from the central region to the tip of the
branch. Dimensions from hundreds of nanometers (Figure 1b) to a few micrometers (Figure 1c) were measured. These
two first types of morphologies correspond to the structures that are formed in the low temperature regions at the
substrate. The ZnO rods (Figure 1d) are grown on the tip of the precursor rod. These crystals exhibit a high aspect ratio
with hexagonal cross section and larger dimensions than the structures formed on the substrates. The microrods present
lengths of several micrometers and diameters in the order of hundreds of nanometers. These different morphologies are
formed during the same run of growth. Nonetheless, with an appropriate choice of the growth conditions, namely the
laser power and the growth atmosphere, it is possible to control the growth of some of the morphologies. For instance,
applying low laser powers (~ 20 W) it is possible produce only nanoparticles avoiding the formation of tetrapods. On the
contrary, high laser powers (high temperatures) lead to a predominant formation of tetrapods. These results are in
agreement with the growth mechanism reported by Ronning ez al. *°. It is important to note that the rods on the tip of the
precursor are only formed for high laser powers.

500 nm
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Figure 1 — SEM micrographs of the LAFD as-grown ZnO structures: a) nanoparticles, b) and c) tetrapods and d) microrods.

The XRD patterns of the different ZnO structures produced by the LAFD technique are shown in Figure 2. All the planes
depicted in the diffraction pattern can be associated to the hexagonal wurtzite crystalline structure of ZnO, highlighting
the single phase nature of the produced samples. The XRD results put in evidence the high crystallinity of the samples.
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Figure 2 — XRD patterns of the ZnO structures grown by LAFD.

Figure 3a shows a HAADF-STEM image of one representative ZnO tetrapod. Based on the present Z-contrast image,
where the intensities strongly depending on the atomic number Z, the composition seems to be uniform along the entire
tetrapod, both in longitudinal and transversal directions. Likewise, HRTEM images of the analyzed tetrapods (see an
example in Figure 3b) showed an excellent crystalline quality and no dislocations or stacking faults were found along the
entire nanostructure. The inset of Figure 3b corresponds to the Fast Fourier Transform (FFT) recorded from the tetrapod
highlighted in Figure 3a. The FFT is consistent with the wurtzite structure of ZnO observed along the [0001] zone axis.
Taking into account the orientation of tetrapod branch in the HRTEM image we conclude that the [1120] is the typical
crystallographic direction of the growth for this tetrapod branch. It is worth noting that the study of the crystalline
structure was performed in the same way on ZnO microrod. HRTEM analyses (not shown here) showed also a good

crystalline quality comparable to ZnO tetrapod.
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Figure 3 — a) HAADF-STEM image showing one representative ZnO tetrapod scraped from the substrate surface b) HRTEM images
of a ZnO tetrapod branch. The Fast Fourier Transform of the inset reveals the wurtzite structure of ZnO along the [0001] zone axis.

The optical properties of the LAFD samples were studied by low temperature PL, as can be seen in Figure 4 and Figure
5. While the tetrapods emission (Figure 4) is dominated by the donor-bound excitons (D’X) *“~** in the ultra-violet
region and almost no visible luminescence is observed, in the case of the ZnO microrods (Figure 5) besides the near band
edge recombination also the green broad band related to deep level defects is identified *,*,*. Noteworthy, in addition to
the free exciton (FX) and DX recombination lines, the luminescence of these samples is dominated by a line peaked at
3.31 eV followed by its longitudinal optical (LO) phonon replicas at ~3.24 eV and ~3.16 eV, with an energy separation
of ~70 meV.

The 3.31 eV line has been widely discussed in the literature and its nature is still under debate. Most of the well-

established models to explain the optical properties of the ZnO were developed several decades ago *,**,* and plenty of

important contributions have been added since then 3404752 1 particular, in low dimensional structures, surface
excitons (SX) have been observed and reported »*,>*. One of the most argued optical centers corresponds to the aforesaid
3.31 eV line, detected in all forms of ZnO structures and assigned to different recombination mechanisms, as recently
reported by Thonke ez al. . . According with this author, the 3.31 ¢V line is associated with an acceptor level at 0.13
eV above the zinc oxide valence band and the transition is related with the presence of stacking faults in the basal plane.
Other hypotheses for the nature of this emission line have been addressed in the literature such as donor-valence band
transitions, electron-hole recombination from donor-acceptor pairs (DAP), electron-acceptor transitions, recombination
of excitons bound to deep neutral acceptors, two electron satellite of DX, surface excitonic contribution, among others
# 37 Regardless of its nature it should be pointed out that the HRTEM analysis of microrods samples did not reveal any
evidence suggesting the presence of stacking faults. Furthermore, the luminescence intensity of the 3.31 eV line was
found to be strongly dependent of the excitation density and surface passivation treatments. The latter suggests a closer
relationship between this optical center and the presence of surface states. Particularly, the surface passivation with
hydrogen plasma leads to the increase of the intensity of the D°X transition at the expense of the 3.31 eV line (inset of
Figure 5) indicating that H, which diffuses at very low temperatures, plays a crucial role either in surface passivation
and/or as a shallow donor, as already pointed out by other authors **.
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Figure 4 — Low temperature PL spectrum of the ZnO tetrapods. The inset corresponds to a high resolution spectrum of the NBE
emission.
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Figure S - Low temperature PL spectrum of the ZnO microrods. The inset corresponds to a high resolution spectrum of the NBE
emission for the ZnO before and after the treatment with H plasma.

3.2. ZnO SAMPLES GROWN IN THE PRESENCE OF Ag

The usefulness of the LAFD method for the growth of hybrid structures was tested with the system ZnO/Ag. The
addition of the silver in the ZnO precursors has as main aims the study of the samples morphology what has a great
influence on possible bio applications and/or toxicity studies, and determination of the silver incorporation on the ZnO
host as a potential acceptor element. In the case of the samples grown in the presence of silver, different amounts of
AgNO; (0.1, 0.5, 1.0 and 2.0 mol%) were added to the precursor rods. The samples were grown in air atmosphere at 35
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W of laser power. The study was performed on the microrods. The ZnO/Ag samples were first analyzed by SEM and the
micrographs are shown in Figure 6. As previously reported *° the samples exhibit randomly oriented ZnO rods with
spherical Ag droplets deposited on their surface. These particles accumulate preferentially on the tips of the rods and for
higher silver concentrations a re-nucleation is promoted. As evidenced in Figure 6 the Ag particles act as a catalyst for
the ZnO growth in case of sample grown with 2.0 mol% of Ag, were the tips of the bigger rods are covered with new
ZnO rods.

. mom

: b | B & -
Figure 6 - SEM micrographs of the ZnO rods grown in the presence of different amounts of silver. Spherical droplets of metallic
silver are observed at the surface of the rods, causing the re-nucleation of the ZnO rods when a higher silver concentration is present.

As in the case of the as-grown ZnO structures highlighted in the previous subsection, XRD and Raman (Figure 7)
measurements demonstrate the hexagonal wurtzite crystalline structure for the ZnO rods in the hybrid ZnO/Ag system.
All the samples lead to a similar X-ray diffraction patterns with narrow diffraction lines, as reported before for the
samples grown without Ag. Besides the ZnO crystalline structure, the XRD pattern (Figure 7a) shows a small
contribution of Ag related diffraction maxima. While the peak at = 44.3° is clearly attributed to the metallic Ag (200), the
peak at =~ 38.1° can be associated either with Ag (111) or Ag,0O (200) *° suggesting that silver oxide phase can be
promoted under the growth conditions used.

Raman spectra recorded with the 532 nm line as excitation source showed all the characteristic vibrational modes of the
ZnO waurtzite structure that are active in Raman, A;, E; and E,, as well as its overtones and combined modes were
identified ®°,°! (Figure 7b). The differences observed in the relative intensity of the vibrational modes can be attributed to
polarization effects due to the different orientations of the ZnO crystals regarding incidence wave vector of the laser
beam.
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Figure 7 - (a) XRD patterns and b) Raman spectra of the ZnO rods acquired with 532 nm excitation showing their wurtzite structure.
The XRD patterns indicate the presence of metallic silver.
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The sample grown with 2.0 mol% of Ag was further analyzed by TEM. As previously evidenced by the SEM
micrographs some ZnO rods appear without silver droplets at its surface. In some of that free-particle ZnO rods,
compositional analysis by EDX reveal low (around 2%) Ag signals, which are likely to be related with silver located
inside the ZnO lattice. Previous results *° obtained by the analysis of the XRD patterns already have suggested the Ag
incorporation in ZnO using the present growth technique. In the case of ZnO rods with Ag particles, two particles family
could be differentiated by their dimensions, as it can be seen in Figure 8. The larger particles, with dimensions around
500 nm, can be found mainly in the bigger rods. It seems that they could be the origin of the promotion of the lateral
ZnO growth, as stated before by the SEM results. The secondary nucleation of the ZnO rods on the Ag particles is
appreciated in Figure 8a and 8b where Ag particles appear on the top of the growing rod. These particles were analyzed
by EDX (far from the ZnO rods) and showed Ag and O signals with a stoichiometry close to the one of Ag,O phase.
Along the re-nucleated rod the particle has left a footprint of silver where the percentage of Ag decreases from the top of
the rod (were the Ag,O particle is placed) to the bottom. Besides these big particles, small Ag particles appear attached
to the rod surface with sizes ranging between 15-25 nm (Figure 8c and d). Though due to the proximity of the ZnO
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matrix it is difficult to obtain reliable compositional analysis of these particles, the atomic percentage of Ag never
overcomes the 60% of content. Nevertheless, the interplanar distances measured in FFT corresponding to the particle did
not correspond to ZnO or AgO, phases, so further analyses are required to ascertain about its nature.

67 %Ag+33%0
X

™ 15 % Ag

B—?nl%Ag

b
19 % Ag

<«— 51 %Ag

3 R
Figure 8- (a) HAADF-STEM image showing silver particles and re-nucleated nanorods covering the surface of a ZnO microrod. (b)
Higher magnification image of the squared area in (a) highlighting the formation of new nanorods from the microrod side walls. The
compositional analysis carried out by EDX spectroscopy confirmed that the large particles present at the nanorod tip were made up of
Ag,0. ¢) HAADF-STEM image showing smallest particles containing different amounts of Ag deposited on the surface of a ZnO
microrod. d) HRTEM image showing the side wall of the ZnO microrod of the squared area in c).

Additional compositional measurements were accomplished by particle induced X-ray emission (PIXE) maps as shown
in Figure 9. PIXE analysis corroborate the SEM and TEM results showing that also at a macroscopic scale the Ag is not
homogeneously distributed in the ZnO rods, revealing some points with pure ZnO (point 1) and others with a higher
content of silver than the nominal one (point 3 with ~16 mol% Ag). Some rods with hollow core were also detected
(point 2). The average Ag content in the maps scales with the nominal values added to the precursor rods. In the case of
the samples with 0.5 mol%, 1.0 mol% and 2.0 mol% Ag nominal values average amounts of 0.7 mol%, 1.9 mol% and
2.7 mol% Ag were measured.

Regarding the low temperature PL spectra of the hybrid ZnO/Ag structures (Figure 10) no additional lines were observed
when a comparison is made with the as-grown microrods. However, it should be pointed out that in similar samples also
grown at lower temperatures *° the relative intensity of the 3.31 eV line versus the D"X transition is reversed highlighting
the role of the growth temperature in the revelation of the 3.31 eV center. Despite the fact that EDX measurements
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suggest that a fraction of the silver is incorporated in the ZnO rods no new luminescence lines or bands were observed,
suggesting that with the used conditions Ag does not create optically active defects in the UV-visible range. A similar
result (not shown here) was observed for thin films intentionally Ag implanted with fluences ranging from 10" and 10"
ions/cm” and thermally annealed. In this case no other transitions besides the FX, D°X, 3.31 eV and green band were
found to occur in the same spectral region.

Zn Ag

Max.

0.5 mol% Ag

1.0 mol% Ag

Min.

2.0 mol% Ag

Figure 9 - PIXE analysis of the samples grown with 0.5, 1.0 and 2.0 mol% Ag acquired within a 1320x1320 um? area and using a ~3-
4 pm diameter beam spot. Point 1 corresponds to a pure ZnO rod, point 2 to a hollow rod and point 3 to a rod with higher Ag
concentration.
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Figure 10 - Low temperature PL spectra of ZnO crystals grown by LAFD with different amounts of silver measured with above band
gap excitation (He—Cd, 325 nm).

3.3. ZnO/CNTs COMPOSITES

Besides the ZnO/Ag hybrid structures, other composites materials have been produced by the flexible LAFD method
aiming at their potential applications for solar cells. Two types of ZnO/CNTs samples were produced: ZnO
nanostructures deposited on top of VACNTSs and a composite in the form of buckypaper. These structures are intended to
be incorporated in the dye-sensitized solar cells where the array of VACNTSs constitutes the conductive substrate for the
semiconductor. Aligned CNTs were selected since they provide more landing sites for the growth of ZnO nanostructures
and the space between each CNT beneficially will disperse the ZnO nanoparticles compared to disordered CNTs.
However, the cell architecture also comprises liquid components such as the dye and the electrolyte, which compromise
the alignment of the CNTs . In order to preserve the alignment a complete cover of the CNTs with ZnO particles is
needed, which has not yet been accomplished. A detailed characterization of the first type of samples can be found in a
previously reported article **. Figure 11 shows SEM micrographs of one of those samples. As can be seen, only the
nanoparticles are in direct contact with the VACNTSs forming a relatively dense coating on the forest surface. In fact, the
high density of the CNTs array hinders the ZnO particles penetration into the CNTs forest causing the surface particles
distribution. As for the case of the as-grown samples the low temperature PL measurements performed in the ZnO/CNTs
composites showed that the emission was dominated by the near band edge recombination although the green band was
also observed *’. Additionally, when a comparison is made with the samples deposited in silicon substrate an
enhancement of the overall luminescence intensity was observed for the composites *°.
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Figure 11 — SEM micrograph of the ZnO nanostructures deosited in VACNTs.

Due to the CNTs alignment loosening during the cell construction, an alternative approach was undertaken using
disordered CNTs in the form of buckypapers. Three different types of buckypaper samples were prepared: (a) one
containing only CNTs, (b) another with a mixture of ZnO tetrapods and COOH functionalized CNTs and (c) another
with a mixture of ZnO nanoparticles and COOH functionalized CNTs. The SEM micrographs of these samples are
shown in Figure 12. The ZnO tetrapods seem to be widely dispersed in the CNTs while for the case of the particles a
small agglomeration can be observed.

L %
Figure 12 — SEM micrographs of a) CNTs buckypaper, b) CNTs/ZnO tetrapods buckypaper and ¢) CNTs/ZnO nanoparticles
buckypaper.
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Raman measurements using the 632.8 nm laser line in these CNT/ZnO buckypapers (Figure 13) revealed the expected
vibrational modes for the wurtzite structure of ZnO along with those typically associated with sp® coordinated carbon (D,
G and D’ bands at 1325, 1580 and 1610 cm™, respectively), as previously observed in the VACNTs samples. However,
the D/G band intensity ratio showed to be higher for the buckypaper material compared to the VACNTSs, denoting lower
defect density of the later. This is due to the lower quality of the commercial raw materials used to produce the
buckypaper.

1 Xexc=632.8 nm

Backscattering
41| ——CNTs RT
CNTs+NPs (region with more CNTs)
CNTs+NPs (region with more ZnO)
—— CNTs+TPs (region with more CNTs)
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Intensity (arb. units)
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Figure 13 — Raman spectra of the ZnO/CNTs composites in form of buckypapers (NP: nanoparticles; TP: tetrapods).

As for the cases of the as-grown and ZnO/Ag samples, the ZnO/CNTs buckypaper composites were analyzed by low
temperature PL (Figure 14) to assess their optical quality. Either by using ZnO nanoparticles or tetrapods in the
composites the luminescence of the ZnO/CNTs buckypapers is dominated by a near band edge emission and almost no
visible emission is observed. By comparing the PL spectra of the ZnO nanoparticles and tetrapods before and after their
incorporation in the CNTs it should be remarked that the ultraviolet luminescence spectral response reveals an
inhomogeneous broadening and the peak position shifts. In the case of the tetrapods a 40 meV low energy shift (from
3.36 eV to 3.32 eV) is accompanied by a ~ ten times increase of the line full width at half maximum (to ~100 meV). For
the case of the nanoparticles an opposite trend was observed. The main line centered at 3.22 eV exhibits a ~80 meV high
energy shift after their incorporation on CNT’s buckypaper, accompanied by a small decrease of the FWHM, which is
~100 meV. Such behavior has been found in several ZnO nanostructures grown by distinct methods with distinct
morphologies ~%. This effect has been explained by distinct surface band bending due to the adsorption of species at

the surface of the samples that can bind excitons “~%, other interactions with surface defects ™°,”", distinct coupling

strengths of excitons and phonons ",”* and screening effects *,”>. In that sense, the ultraviolet emission band is likely to
be due to the overlap of surface related transitions and D”X transitions probing both the surface and sub-surface regions.
An additional remark should be accomplished when a comparison between the previously prepared samples with
VACNTs * is performed. In this case, only a small enhancement in the overall luminescence was observed without any
change in the shape of the emission (Figure 15). This observation, also reported by others ’°,”” has been explained on the
basis of the increase of the optical centers concentration from where the luminescence is originated due to the high
surface to volume ratio ', suggesting that for the CNT samples an enhancement of the intrinsic carriers is promoted with
above band gap excitation leading to a higher luminescence intensity **. On the contrary, the ZnO/CNTs buckypapers
shown in this work, do not exhibit the usual deep level emission and the ultraviolet band evidences noticed changes

before and after embedding the ZnO structures in the CNTs.
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Figure 14 — Low temperature PL spectra of the ZnO/CNTs buckypaper composites.
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Figure 15 — Comparison between the low temperature PL spectra of the ZnO and ZnO/VACNTSs composite.
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CONCLUSIONS

The LAFD technique was developed as a new method to grow different structures of ZnO in the absence of catalysts.
Different types of morphologies can be produced depending on the thermodynamic and kinetic conditions inside the
growth chamber. TEM measurements confirmed the high crystallinity for all the produced structures and the absence of
dislocations or stacking faults in the analyzed microrods. Luminescence studies revealed a structured near band edge
emission which is an indication of the high optical quality of the ZnO samples.

For the samples grown in the presence of silver, this metal is mainly present in small particles attached to the surface of
the rods. The presence of higher concentration of silver promotes the catalytic growth of ZnO rods on top of the ones that
were grown previously. EDX and PIXE results revealed the inhomogeneous distribution of the silver in the ZnO crystals.
No significant difference was found between the PL features observed for the crystals grown with and without silver.

ZnO/CNTs samples were produced in the form of buckypapers and ZnO nanoparticles deposited on top of arrays of
VACNTs. Different features in the Raman and PL spectra were observed for the two sets of samples. In the case of the
ZnO/VACNTSs an enhancement in the overall luminescence was observed when the ZnO was deposited on top of the
CNTs and no change in the shape of the spectra was detected. On the other hand, for the buckypaper samples a change in
the shape of the NBE emission was observed when the ZnO was mixed with the CNTs suggesting distinct surface band
bending effects when using ZnO nanoparticles or tetrapods.
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