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HIGHLIGHTS

e ZnO pyrolytic seeds tuned by the rate of solvent evaporation.
e ZnO NRs grown from tuned pyrolytic seed's structure shows diameter dependence.
e ZnO NRs show stacking faults due to the presence of zinc blende domains.

ARTICLE INFO ABSTRACT

Article history: ZnO nanorods (NRs) were grown on fluorine doped tin oxide (FTO) substrates at low temperatures
Received 26 October 2013 (90 °C) from Zn?* precursors in alkaline media previously seeded with ZnO nanoparticles. These were
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domains embedded into an overall wurtzite NR. They furthermore exhibit blue-shifted near band edge
emission peak and a high deep level emission in cathodoluminescence. All these findings support the use
of spray pyrolysis as a simple and reproducible way to control the seeds deposition, influencing the
growth, the structure and the optical properties of the final ZnO NRs.
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1. Introduction

Nanostructures made of wide bandgap semiconductors have
recently attracted considerable research interest because of their
promising applications in optoelectronics, e.g. for UV lasers or
photovoltaic devices [1—4]. Zinc oxide (ZnO) is one of such semi-
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temperature [5]. Other important parameters of ZnO are its negli-
gible toxicity as well as its relatively high exciton binding energy
(Ep = 60 meV) and its exciton Bohr radius, around 20 A [6,7], which
makes it interesting for room temperature optical applications such
as near UV or blue lasing [8—10]. Different growth techniques
[1-3,7] have been employed to obtain good quality ZnO nanorods
but they usually require high growth temperatures. An alternative
simple and cost-effective way to synthesize ZnO NRs films is
through wet chemical pathways. This usually involve two steps: the
formation of a layer of seeds followed by the growth of the NRs
from a Zn®* solution [11,12]. The seeding step can be achieved by
several techniques [25]. However spray pyrolysis (SP) has proven to
be a successful and low cost procedure for building a layer of seed
nanoparticles onto conductive substrates [11—14]. In addition to
doping [15—17]; several strategies have also been implemented to
vary the optical properties of the NRs: quantum confinement for
diameters below 10 nm [7]; varying the growth conditions [18],
such as environment [19], temperature [20] and concentration of
the zinc source [21], as well as the pH of the growth aqueous so-
lution [22]. Some attempts have also been done to study the effect
of seeds on the NRs structure and alignment [23—25]. Recently it
was reported that deep level luminescence originates from surface
states [26] whose density increase as the NR diameter decreases.
However to date and to the best of our knowledge, there has been
no study to date showing how the seeds control impacts the optical
properties in ZnO NRs.

In this work, we report the growth of ZnO NRs arrays at low
temperature (90 °C) from seeds deposited via SP onto Fluorine
doped Tin Oxide glasses (FTO). The structure and texture of seeds
was tuned by varying the molar ratio of the ethanol to water
mixtures, I', containing the Zn precursors which is sprayed onto a
heated FTO substrate. This seeding step at constant growth in slow
kinetics conditions influences the diameter and the density of the
NRs, which in turn affects the optical properties of the obtained
ZnO NRs films. From a detailed analysis of morphological and
crystallographic properties, it was possible to correlate and un-
derstand the influence of seeding on the NRs' structure (diameter),
crystallinity as well as on their UV—vis absorption and cath-
odoluminescence (CL) spectra.

2. Experimental section
2.1. Materials

Chemical reactants used as precursors for ZnO seeds and rods
were, respectively, analytical grade zinc acetate
[Zn(CH3CO0),-6H,0] and zinc nitrate [Zn(NOs3),-6H,0] pro anal-
ysis (PA) 100% from Fermont. Sodium hydroxide (NaOH) 98% PA,
from EKA Chemicals was used for the synthesis of the ZnO seeds
and the nanorods growth solution.

FTO conductive glass (Libbey Owens Ford glass substrates
coated with a layer of transparent and conducting SnO:F having a
resistance of 8 Q/cm?) was used as the substrate for the growth of
ZnO nanorods. FTO-coated glass is well adapted for further elec-
trochemical or photoelectrochemical applications. In practice,
2.0 x 1.5 cm? pieces of FTO conductive glass were cleaned in an
ultrasonic bath, first with water and then with ethanol, before
depositing the seed layer.

2.2. Seed deposition

Zinc oxide seed films were first deposited onto the pre-cleaned
FTO-coated glass substrate using spray pyrolysis (SP) technique and
were then subsequently used as the substrate to grow ZnO nano-
rods [13,14].

In a homemade SP technique described in detail elsewhere [14],
a medical nebulizer was used as atomizer to produce uniform size
droplets which were directed by a nozzle towards the hot substrate
(350 °C). The nozzle performed an oscillating movement at con-
stant velocity to scan the whole area of the substrate. The average
distance between the nozzle distance and the substrate is 5 mm.
The precursor used in all experiments for the present work was a
0.10 M zinc acetate solution (Riedel-de-Haen, Seelze, Germany) in a
mixture of deionized water and ethanol. The molar ethanol/water
molar ratio (I") was varied within the range 0—0.92. Some drops of
acetic acid were added to ensure both the total dissolution of zinc
acetate and to adjust the pH of the precursor solution to 5.8. Micro-
filtered air was used as a carrier gas at a fixed pressure of
1.7 x 10° Pa with a gas flow maintained at 15 L/min. Compared to
previous works where thick films of ZnO were grown (typically
several hundreds of nm obtained for 60 min of deposition time)
[13,14], in the present case, thin layers (typically less than 100 nm)
of ZnO were used as seeds for the growth of the NRs. Typically, this
represented about 10 sweeps of our SP setup for the deposition of
the seeds corresponding to approx. 30 sec of deposition time [27].
Scanning electron microscope (SEM) images of a typical bare FTO
substrate and of seeded substrates with I" = 0, 0.06 and 0.92 are
presented in Fig. S1 (see supplementary material).

2.3. Growth of ZnO NRs films

The solution medium used for the growth of the ZnO NRs was
prepared as follows: equal volumes of Zn(NO3); (0.15 M) and NaOH
(2.1 M) were mixed under continuous stirring. A white precipitate
was formed approximately one minute after mixing. The complete
system was aged overnight at 23 °C and filtered under vacuum to
obtain a clear solution. In the following, this reference solution will
be referred to as having a concentration Cp.

The substrates seeded with ZnO films were placed in a 100 mL
screw-capped glass flask (Normax) and the solution medium for
the growth of ZnO NRs was added. The concentration of the growth
solution was varied between Co,, Co/2 and Co/4. This glass flask
containing the substrate and the solution was placed in an oven at
90 °C during 1 h. These parameters were selected in order that ZnO
NRs growth occurred in the regime of slow kinetics [8]. The
morphology and the structure of the NRs depend on the charac-
teristics of the ZnO seeds as will be discussed below. The substrates
covered with ZnO NRs were then removed from the solution,
cleaned with water, ethanol and finally dried at 60 °C.

2.4. Characterization methods

The morphology of films and NRs was studied using scanning
electron microscopy (SEM) with an ULTRA-55 field emission SEM
(Carl Zeiss SMT AG) working at an electron beam energy of 15 keV.
Alternatively, a Supra 40 field emission SEM was also used (electron
beam energy of 3 keV). Analysis of the rod size distribution was
made with the Image] software [28]. The crystalline structure of the
NRs was determined by X-Ray Diffraction analysis (XRD, Siemens
D5000 with Cu-K, radiation and a graphite monochromator).
Transmittances of the films were measured with a UV—vis spec-
trophotometer (Agilent 8453).

Cathodoluminescence was carried out in a FEI Quanta SEM
equipped with a liquid He cryogenic stage in order to cool down the
sample from room temperature to 5 K. The luminescence of the
sample under electron irradiation was collected through a para-
bolic mirror into the entrance slit of a Jobin-Yvon HR spectrometer.
For CL spectra a nitrogen cooled Si CCD is used, whereas a single
channel detector is used for CL mapping. For these experiments,
NRs from as-grown samples were mechanically dispersed on to p+
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silicon wafers. This allows to study the cathodoluminescence (CL)
of isolated NRs lying on a conducting substrate and to avoid
charging effects. CL excitation conditions were similar for all sam-
ples, namely 30 keV electron beam energy, a beam size of 0.2 um
and a beam current of 1.5 nA. For each sample, a cath-
odoluminescence image and a CL spectrum were collected together
with a SEM image.

3. Results

3.1. Influence of the ethanol to water molar ratio of the seed
precursor solution on the diameters of the NRs

Fig. 1 shows SEM images of ZnO NRs grown over seeds deposited
by SP formed for three representative ethanol/water ratios: I' = 0
(a), ' = 0.06 (b). and I' = 0.92 (c) NRs exhibit a hexagonal cross-
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Fig.1. SEM images of ZnO nanorods grown on FTO substrates with ZnO seeds obtained
for an ethanol to water molar ratio I' of 0 (a), 0.06 (b) and 0.92 (c). The insets in each
image represent the histogram of the distribution of diameters for the obtained ZnO
NRs as measured from the SEM images. The scale bar corresponds to 200 nm.

section with average diameter and diameter distribution depen-
dent on the ethanol/water ratio of the solution employed for
seeding, as shown in the insets of Fig. 1. Fig. 2 compiles the diameter
values with their standard deviation as a function of I'. These values
are also given in Table 1. Both the average diameter and their
dispersion exhibit a trend to a minimum for I' in the range
0.02—0.06. This trend is closely related to the morphology of seeds
deposited on the FTO substrate (see Fig. S1 in SI).

3.2. Influence of the concentration of the NRs growth solution on
their morphology

To grow the ZnO NRs the seeded FTO substrate was immersed
during 1 h in a solution with a concentration of precursors Cq, Co/2
and Co/4 (see 2.3). SEM images obtained for each one of these
conditions are displayed in Fig. 3a—f and Fig. 3g—i for ' = 0,
I' = 0.06 and T" = 0.92, respectively. The insets in Fig. 3a—c show
SEM images at higher magnification and display a clear hexagonal
faceting of the ZnO NRs as well as a longitudinal nanostructuration.
The main difference between the samples is the average diameter
of the nanorods. As can be seen from the SEM images, using a bath
of the reference concentration C, yields ZnO NRs with significantly
larger diameters with lower width dispersion and better arrange-
ment than at the less concentrated solutions, namely C,/2 and Cy/4.

3.3. Crystallinity and orientation

Fig. 4 shows the results of the XRD 0—260 analysis of the ZnO NR
films grown on seeds deposited by SP. The major peaks in the dif-
fractograms can be ascribed to the hexagonal wurtzite structure of
ZnO, corresponding to (002), (101), (102) and (103) planes, with the
(002) peak dominating, which indicates that the c-axis of the
wurtzite structure is the preferential direction of growth of the NRs,
as usually observed for ZnO NRs [7,29]. This is markedly different
from the diffraction patterns obtained for the seed layers [14]. The
crystallite size along the c-axis can be estimated for each sample
from the Full-Width-at-Half-Maximum (FWHM) of the (002) line
using Debye—Scherrer's equation, i.e. D = 0.9/ cos 6 where
A = 1.540598 A is the wavelength of the CuKo radiation, 6 the
diffraction angle and B is the FWHM of the (002) diffraction peak.
The calculated crystalline domain size is about 10—15 nm, regard-
less of the value of T

In addition to the wurtzite peaks, much weaker peaks can be
observed in the diffractograms at 26 values of ca. 36°, 42° and 61°
(note the log scale in Fig. 4). They correspond to the (111), (200) and
(220) diffractions of the zinc-blende cubic crystal structure of ZnO
(zb-ZnO) [30]. This indicates the presence of I; intrinsic stacking
faults in the nanorods in the basal plane leading to the formation of
zb-ZnO domains embedded in the predominantly wz-ZnO NRs [31].
This is consistent with the small crystallite size along the long axis
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Fig. 2. Influence of the ethanol—water molar ratio I' used to form the seeds on the
average ZnO nanorod diameter.
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Table 1

Summary of the results of analysis of the absorption spectra for ZnO NRs samples
grown using different ethanol—water molar ratios I" for the initial seeding condi-
tions (see Fig. 7) and for a bare FTO substrate: thickness of the samples and average
diameter of the ZnO NRs as obtained from SEM cross sectional analysis; trans-
mittance at a wavelength of 550 nm; onset of absorption edge as extracted from the
extrapolation of the linear part of the absorption spectra (see also S2 in
supplementary material for further details).

Sample Sample Average diameter of the Transmittance Onset of

thickness NRs from SEM graphs at 500 nm (%) absorption

(nm) (nm) edge (eV)
Bare FTO 346 +5 84.3
r=o0 1600 + 40 54 + 17 173 3.1 +£0.05
I'=0.03 1750 + 50 51 + 20 141 3.15 + 0.05
I'=0.04 1620 + 50 43 + 14 33.6 3.20 + 0.05
I'=0.06 1730 + 80 49 + 19 225 3.20 + 0.05
I'=0.31 1050 + 25 59 + 29 113 2.8 +£0.05
I' =092 1530 + 50 67 + 37 9.2 29 +0.05

of the NRs determined from the FWHM of the (002) wz-ZnO peak.
The low zb-ZnO to wz-ZnO intensity ratio indicates that zb-ZnO
represent only a small volume fraction of the NRs. Another point
which can be noticed from the data in Fig. 4 is that this ratio is
highest for low values of I', which denotes that the seeding step
plays a major role in the concentration of stacking faults.

3.4. Absorbance in the UV—Vis—NIR

Specular transmittance spectra (Ts) for ZnO NRs arrays were
recorded in the 300 < A < 1000 nm spectral range. In general, the
transmittance is below 68% for wavelengths in the NIR (see Table 1,
Figs. 5 and S2). The results of this analysis for the different samples
grown at Cy for different seeding conditions I' are summarized in
Table 1. The onset of the absorption edge (see Table 1, the
supplementary material for details and refs. [5,32]) presents a
noticeable change as a function of I" with a maximum obtained for
I' = 0.03—0.06 which correlates with the NRs samples having a
thinner diameter (Fig. 2) and the highest concentration of zb-ZnO
stacking faults (Fig. 4).

Intrinsic values for the bandgap E; of ZnO at room temperature
are around 3.4 eV [5,7], i.e. higher than the values for the onset of
the absorption edge reported. This fact is probably due that
calculated absorption spectra could be influenced by waveguide
properties of the ZnO NRs [5]. In addition, reported films present an
absorption tail, so called Urbach tail [33], extending towards longer
wavelengths, which is mainly ascribed to structural disorder [5,34].
Urbach tail is a common feature in solution grown materials [5,35].

3.5. Cathodoluminescence

Fig. 6 shows the CL spectra measured at RT for samples seeded
from solutions with I' = 0, 0.06 and 0.92 together with corre-
sponding SEM and cathodoluminescence images. Spectra obtained
in liquid helium for the same samples are shown in Fig. 7. For each
sample, several CL spectra were collected in different areas of the
sample and representative ones are presented in Figs. 6 and 7. The
CL spectra show two major peaks: one at wavelengths around
370 nm and a much broader one above 450 nm. We attribute the
peak at shorter wavelengths to near band edge (NBE) emission of
the ZnO NRs, whereas the other one corresponds to deep level (DL)
emission [7,37]. Since the visible DL emission band is characteristic
of extended defects, a figure of merit for the luminescence of the
sample is often taken as the ratio between the intensities of the DL
and NBE peaks. The RT and LHe values are reported in Table 2
together with the FWHM of the NBE peaks for samples with
seeding conditions I" = 0, 0.06, 0.92 and concentrations of the
growth solution C, and Cy/4. The NBE emission line at LHe has its
maximum at around 3.36 eV for I' = 0 and 0.92, whereas it is blue-
shifted to ca. 3.50 eV for the sample with I = 0.06. In the latter case,
this blue shift goes along with a significant broadening of the NBE
line: at LHe temperature, the FWHM for I" = 0.06 is more than twice
broader than for samples with I' = 0 and 0.92. In addition, the
relative height of the deep level emission increases dramatically for
I" = 0.06, where it becomes predominant compared to the NBE line.
Taken together, the CL images of the rods for I' = 0.06 point to
strong inhomogeneities in the emission of the NRs. A value of
3.36 eV for the NBE peak position is in the range of the reported

Fig. 3. SEM images of ZnO nanorods grown for various combinations of the ethanol to water ratio molar I" (seeding conditions) and concentration of the growth solution.
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Fig. 4. X-ray diffractograms in logarithmic scale for ZnO nanorods grown on seeds
formed with different ethanol—water molar ratio I'. The diffractogram of the bare FTO
substrate is shown as a reference. The three peaks marked with asterisks correspond to
positions associated to zinc-blende like ZnO. Other peaks are indexed for wurtzite-like
ZnO structure.

values for the gap of bulk ZnO [5,35] but a blue-shifted value of
3.50 eV may arise from other physical effects as discussed below.

4. Discussion

ZnO NRs prepared at low temperature (90 °C) by a wet chem-
istry route on FTO conductive glasses previously seeded with ZnO
nanoparticles by spray pyrolysis exhibit a structure, morphology
and optical properties dependent on the ethanol/water ratio of the
seeding solution. This dependence is related to the evaporation rate
of the solvent when precursors are sprayed on the substrate, thus
controlling the growth, morphology and size of the seeds. Ac-
cording to X-ray diffraction analysis, the ZnO NRs possess a pre-
dominantly wurtzite crystal structure with their long axis aligned
along the c-axis and with an average crystallite size around
10—15 nm, as derived from Debye—Scherrer's law. The same XRD
data also indicate the presence of zinc blende crystalline domains,
and therefore of basal plane stacking faults in the NRs corre-
sponding to the transition between the wurtzite and the cubic
phases, the amount of these stacking faults being highly dependent
on the synthesis conditions. The formation of such basal plane
stacking faults is commonly observed in ZnO NRs and the activation
energy to form such defects is as low as ca. 15 meV/(unit cell area)
[37]. Thus, it is not unexpected that even in a low temperature
process as the one used in the present work, such stacking faults
can be present.

The blue shift of the absorption onset in the UV—Vis trans-
mittance spectra and of the NBE emission line in the CL spectra may
arise from several physical effects. Quantum effects due to trans-
versal confinement are expected to appear for NRs having di-
ameters below 10 nm, while the NRs obtained here have the
diameters five times larger [8]. Therefore, in the present case
quantum effects cannot be related to transversal quantum
confinement. On the other hand, axial quantum confinement due to
the zb-ZnO cubic inclusions into the overall wz-ZnO NRs is ex-
pected to yield red-shifted emission according to theoretical cal-
culations [36a]. Thus, it cannot account for our observations. Blue
shift of the bandgap due to alloying with heteroatoms such as
magnesium can also be excluded in our case because of the protocol
used to prepare the NRs [5]. A possible explanation for the observed
blue shift relies on the fact that in degenerate highly n-doped

semiconductors the Fermi level lies above the conduction band
minimum, leading to a blue-shift of the absorption edge and of the
emission line. This requires that the electron concentration is above
the so-called Mott transition, estimated to be around 5 x 10'® cm—3
in bulk ZnO [38]. Following this rationale, the doping level of the
ZnO NRs, is apparently independent on the growth solution con-
centration, and dependent on the nucleation layer growth condi-
tions. More specifically, the ethanol to water molar ratio I" for the
seed layer bears a strong influence on the observed NRs blue shifted
emission.

The dependence of the ratio between DL and NBE emission in
the CL spectra and the observed blue shift of the absorption onset
(Fig. 5, Table 1) and of the near band edge emission line in the CL
spectra (Figs. 6 and 7, Table 2) call for complementary explanations.
Although the origin of deep level emission is still a matter of dis-
cussion, it was previously shown that surface-states emission can
become predominant when the diameter of the NRs decreases
below 100 nm [26]. This is the range of the diameters measured for
the NRs in the present work (Figs. 1 and 2) and we therefore may
attribute the DL peaks in the CL spectra to a surface state recom-
bination. The DL emission line shows the highest intensity for the
NRs corresponding to seeding conditions with I = 0.06. Indeed, the
seed layer growth conditions could lead to layers with different
extrinsic or intrinsic impurity concentrations, which could out-
diffuse towards the nanowires. For the NRs grown at low temper-
atures (90 °C), only intrinsic point defects (namely Zn; and Oj) could
out-diffuse from the seed layer towards the NRs, since their diffu-
sion activation energies is very low (typically below 0.5 eV) [39].

The singularities observed in NR diameter, zb/wz phase pro-
portion, band edge absorption, DL emission and position of NBE
peak in CL spectra when NRs are grown on seeds deposited from
precursors dissolved in ethanol-water mixtures with
0.03 < I" < 0.06 gives a good evidence that the shape, composition
and structure of seeds controls the growth of NRs [25]. The surface
excess of ethanol in water presents a maximum for I' in the
0.03—0.06 range which corresponds to the formation of a mono-
layer induced by hydrophobic hydration [40]. That means that
within this composition range, evaporation of the solvent con-
taining the Zn precursors is faster than water where Zn?* is more
soluble. This would produce uncontrolled nucleation and growth
processes that lead to seeds formed by aggregated clusters, with
higher density of grain boundaries. This is supported by the com-
parison of the SEM images between the seeded substrates for
I' = 0.06 and 0.92 which show a striking difference in terms of the
size of the seeds (see Fig. S1). This kind of substrate promotes
growth from solution mainly controlled by a cluster mechanism
instead of an ion-by-ion mechanism. The latter usually promotes
more ordered structures and epitaxial-like growth from solution
[41] and is likely to occur when growth is conducted on more
crystalline seeds as those formed from water (I' = 0) or from
ethanol rich mixtures (I' = 0.92). Moreover, the nanoparticles
formed on the FTO substrate from mixtures with I" in the 0.03—0.06
range exhibit higher dissolution rate (see Ref. [17]), thus the growth
of NRs also competes with dissolution of seeds producing a more
disordered crystallization over the entire NR. As a consequence of
both processes — cluster mechanism and simultaneous dissolution
— NRs are thinner and with higher defect density. This explains the
optical features in the CL emission spectra and the shift of the near
band edge CL emission peak with T".

5. Conclusion
In this work we demonstrate that growth of ZnO arrays can be

performed by a low cost method of growth from precursors in
solution on ZnO seeds deposited by spray pyrolysis on a FTO
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Fig. 5. Transmittance spectra at room temperature for ZnO NRs samples grown using
different ethanol—water molar ratios I" for the initial seeding conditions and a growth
solution with concentration Co.

substrate. Such materials could be suitable for solar active devices
such as dye-sensitized solar cells or photocatalytical devices for
water decontamination. Although growth conditions influences the
properties of the final material, the composition of seeding
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Table 2

Summary of the cathodoluminescence (CL) analysis at liquid He and at room tem-
perature for samples grown using different ethanol—water molar ratios I" for the
initial seeding conditions and concentrations of the solution medium for the growth
of the ZnO NRs. The values of the position of the near band-edge (NBE) peak and its
full width at half maximum (FWHM) are given. Ip; [Ingg is the ratio of the intensities
of the peaks corresponding to deep level emission (for wavelengths larger than
450 nm) and to NBE, respectively. This value is the average of measurements for
different NRs. For the sample with " = 0.92 and Cy/4, the CL intensity was too low to
provide reliable values of the bandgap E; of the FWHM of the NBE peak.

T 0 0 0.06 0.06 0.92 0.92
Growth solution Co Co/4 Co Col4 Co Col4
LHe NBE peak position (eV) 3.36 eV 3.37 eV 3.50 eV 3.49 eV 3.36 eV 3.36 eV
FWHM of the NBE peak 6 8 15 19 6 9
(nm)
Ipt/Ingg ratio 1/7 1/45 1)1 1/6 12 12
RT NBE peak position (eV) 3.23 eV 3.23 eV 3.36 eV 3.42 eV 3.27 eV NA
FWHM of the NBE peak 16 20 20 31 15 NA
(nm)
Ip./IngE ratio 13 110 10/1 1)1 12 3/1
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solution — in particular, the ethanol molar fraction in the solvent —
is the relevant parameter for controlling the structure and optical
properties. The technique used in this work is a novel low tem-
perature, and thus low cost method that could be extended to other
metal oxide nanostructured materials.
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