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ZnO rods were synthesized by hydrothermal method. Physical dimensions of the ZnO rods were changed
systematically as a function of: precursor salt, deposition time, molarity, and temperature parameters.
Nano and Microrods were obtained by using nitrate and acetate, respectively. The morphology was
obtained by Scanning Electron Microscope. Zinc acetate resulted as the optimum precursor salt to study
the synthesis process of the rods. Diffuse reflectance, photo and cathode luminescence, and x-ray dif-
fraction techniques were employed to characterize the rods as a function of hexamine molarity/zinc
acetate molarity ratio (Mymr/Mz,). Optical results made possible to propose an energy diagram that
presents different optical radiative desexcitation mechanisms. All rods resulted with an average energy
gap of 3.36 eV and several energy levels into it associated to structural defects. The increase of neutral
interstitial zinc and/or neutral oxygen vacancy shallow donors with the incorporation of HMT into

precursor solution contributed to have a red shift of the ultraviolet emission.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Transparent conducting oxide materials like zinc oxide (ZnO)
and cadmium oxide (CdO) have received a vast amount of atten-
tion in the last few years. These materials are transparent and
conductive with a wide variety of applications in industry and
research [1]. Particularly, ZnO has drawn attention because its
large energy gap (3.36 eV at room temperature) and an exciton
bond energy of 60 meV making it in a candidate material for
ultraviolet and blue laser devices that works at room temperature
(Troom) [2-4]. For these reasons, the ZnO nano/micro-structures
are attractive for high efficient short wavelength optoelectronics
devices [3]. Plus, ZnO material is bio-safe and biocompatible so
that it can be used also for medical applications without any
coating [5]. Until now, have been successfully synthesized nano
and micro-materials of ZnO with different morphologies and
interesting structures, such as: nanowires [6,7], nanobelts [7],
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nanorings [8], nanobows [8], nano/microtubes [3,9], nano/micro-
rods [2], flower-shaped [10], nanosaws [11], etc. These materials
have been grown by different methods like metal organic chemical
vapor deposition (MOCVD) [4], dc magnetron sputtering [1], che-
mical spray [12], optical thermal evaporation [9], hydrothermal
solution synthesis [13], etc.

Almost all reported nano and micro-structures of ZnO exhibit
visible (VIS) luminescence along with an ultraviolet (UV) lumi-
nescence [14]. The visible luminescence has been related to free
carriers accumulation and defects in its crystalline structure
[14,15]. The technological utility of nano and micro-materials do
not depends only on the crystal quality and superficial chemistry,
but also on their arrangement and special orientation [10].
Recently, the ZnO thin films with nano or micro-rod arrangement
have attracted interest because they are expected to improve the
performance of ZnO based devices [13]. A hydrothermal process
using equimolar solutions of zinc nitrate and Hexamethylenete-
tramine or Hexamine (HMT) was developed by Vayssieres and
coworkers to grow ZnO particles. This process not requires any
membrane, template, surfactant, or an applied external field to
create anisotropic particles and to control their orientation [16,17].
O'Brien and coworkers report the ZnO nanorod synthesis by
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thermal decomposition of zinc acetate in an organic solvent with
the presence of oleic acid [18]. Commonly the ZnO nano/microrods
result with hexagonal symmetry of Wurtzite type strongly orien-
ted along (002) direction [18-21].

This work reports the analysis on physical dimensions and
morphology differences of ZnO rods obtained by hydrothermal
process. Zinc nitrate and zinc acetate were employed as pre-
cursors. The morphology and physical dimensions were analyzed
as a function of synthesis temperature, synthesis time and
molarity. By using Scanning Electron Microscopy (SEM) were
selected those who show uniform rods regarding to morphology
and physical dimensions. Once this was done, the synthesis of ZnO
rods as a function of the concentration of HMT was done. This is in
order to study the role of the HMT in the crystalline defect for-
mation during synthesis process. X-ray diffraction studies (XRD),
photoluminescence (PL) and cathodoluminescence (CL) studies as
a function of HMT concentration were done.

2. Materials and methods
2.1. Material synthesis

ZnO rods-like were synthesized by employing Vayssieres
method [16,17]. A flask containing pieces of Corning glass sub-
strate, and an equimolar (0.05M) aqueous solution (MilliQ
18.2 MQ) of zinc nitrate, Zn(NOs), 4H,0, and hexamine, (CH;)6N,,
were placed in a regular laboratory hot plate and heated at 85 °C
for 1-5h, depending on the required ZnO rod quantity. After
analysis of ZnO rods obtained from zinc nitrate precursor it was
proceeded to change it to zinc acetate dihidratate, Zn(O,CCHs)

200nm
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2middot;;(H20)2. Once zinc nitrate was replaced by zinc acetate in
precursor solution, ZnO rods were synthesized considering varia-
tions in different synthesis parameters, this in order to study the
synthesis process of ZnO rods as a function of those parameters.
Systematic variations on both zinc acetate and hexamine mola-
rities (Mz, and Mywmr) and synthesis temperature (Ts) were con-
sidered. The Mgz, values were: 0.05, 0.025 and 0.01 mol. The
Mumr/ Mz, ratio had values of: 0, 0.6, 1.0, and 3.0. Ts was varied in a
range of (85-98) °C. All samples were synthesized during 5 h.

2.2. Characterization

Micrographs to explore the morphology of the samples, and
their chemical composition by EDS were obtained, both with a Leica
Cambridge Stereoscan 440 Scanning Electron Microscope (SEM)
equipped with a beryllium window x-ray detector. Crystalline
structure was analyzed by XRD, using a Broker-axs D8-advance
with Cu Ko radiation at 1.5426 A. Identification of hexagonal phase
and indexing of the peaks for the XRD patterns were carried out by
using XRD-PDF cards provided by ICCD with associated numbers:
00-036-1451 for zinc oxide and 00-004-0831 for zinc. The grain size
(t) was calculated by using Scherrer formula [22].

Diffuse reflectance (DR) measurements in a range of (350-
1000) nm were carried out by employing a VARIAN Cary 5000 UV-
vis-NIR  Spectrophotometer and considering the polytetra-
fluoroethylene as reference material for DR=1. CL spectra were
achieved in a stainless steel vacuum chamber with a cold cathode
electron gun (Luminoscope, model ELM-2; MCA, Relion Co.) Sam-
ples were placed inside the vacuum and evacuated to 10~ Torr. The
electron gun was deflected at 90° to bombard the luminescent
material perpendicular to the surface. The accelerating voltage and
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Fig. 1. Micrographs of ZnO microrods synthesized from zinc nitrate based precursor solution varying the deposition time: (a) 3 h, (b) 4 h and (c) 5 h. The other synthesis

parameter values were: Mymt/Mzn=1, Mz,=0.05 mol and Ts=85 °C.
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the applied current were varied in a range of (1 - 15) kV and (100 -
600) pA. The spot size of the electron beam on the sample surface
was approximately 5 mm in diameter, which implies current den-
sities in a range of (0.5 — 3.1) mA/cm?. The emitted light from the
sample was collected by an optical fiber and fed into the spectro-
fluorimeter FluoroMax-P brand, Jobin Yvon Horiba to be analyzed.
The spectrofluorimeter has a resolution <2 nm, and the lamp
intensity correction is performed automatically by this instrument,
which measures the excitation light intensity with an additional
photomultiplier tube and performs the correction accordingly
before displaying the data. All CL spectra were obtained at Tyoom.

3. Results and discussion
3.1. Morphology

Fig. 1a-c show SEM images of ZnO rods synthesized from zinc
nitrate based precursor solution for three different deposition
times: 3, 4 and 5 h, respectively. While Fig. 2a shows SEM image of
ZnO rods synthesized from zinc acetate based precursor solution
for deposition time (ts)=4 h. ZnO rods were synthesized with the
same conditions for both precursor solutions: Myyr/Mza=1,
Mz,=0.05mol, and Ts=85°C. From Fig. 1 is notable that
employing zinc nitrate, ZnO bars with dimensions of about
200 nm diameter and 400 nm length were obtained (Fig. 1c),
whereas employing zinc acetate ZnO bars with dimensions of
about 2 pm diameter and 10 pm length were obtained (Fig. 2a),
which means a difference on dimensions in at least one order of
magnitude. It can be seen from Fig. 1a-c that synthesis and grow
rate in the first 3 h was lower than two hours later. This possibly
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means that at the beginning of the reaction, the nucleation process
predominates over the grow process, maybe because nucleation
requires less energy. Once the nucleation process reaches a max-
imum, when concentration of nuclei is high enough, the growth of
rods begins but does it at high rates, predominating over the
nucleation process. Once ZnO rods are close to reach submicron
dimensions, probably have enough surface defects which lead
again to a nucleation process that predominates over the synthesis
of rods. Unlike of the synthesis process of ZnO rods by employing
zinc nitrate, ZnO rods by employing zinc acetate reach higher
dimensions for the same values of ts showing a uniform growth as
a function of time. This suggests that zinc acetate promotes the
synthesis of ZnO rods at apparently constant rate which could
enable the study of the synthesis process of the rods.

It is observable in Fig. 2a that ZnO rods form clusters at
Mz, =0.05 mol; consequently Mz, was reduced, in order to reduce
the ZnO rods synthesis rate. Fig. 2 shows ZnO rods for three dif-
ferent Mz, values: 0.05 mol (Fig. 2a), 0.025 mol (Fig. 2b), and
0.01 mol (Fig. 2c¢), preserving Mymt/Mzn= 1. For Mz,=0.025 mol,
rods with three different kinds of dimensions were synthesized
(labeled in the figure), even more, tetrapods were observed too.
While in Fig. 2c is clear that Mz,=0.01 mol gives uniform synth-
esis as regards in physical dimensions and longer ZnO rods. Rods
with diameter of 1 pm and lengths in a range of (5-20) pm were
obtained, similar to rods number 2 in Fig. 2b. In order to have
uniform synthesis as regards in physical dimensions, Mz, was
fixed at 0.01 mol value for further ZnO depositions.

From this now on, all results are referred to ZnO rods synthe-
sized by employing zinc acetate, Mz,=0.01 mol and ts=5 h, unless
otherwise stated. Figs. 3 and 2c illustrate the differences that show
ZnO rods synthesized at two different temperatures, Ts=98 °C and
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Fig. 2. Micrographs of ZnO microrods synthesized from zinc acetate based precursor solutions varying Mz,: a) 0.05 mol, b) 0.025 mol and c) 0.01 mol. The other synthesis

parameter values were: Myyt/Mzn=1, ts=4 h and Ts= 85 °C.
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85 °C, respectively, but same values for Myyt/Mz,=1. There is one
notable difference between these samples, the sample obtained at
98 °C shows nanorods and microrods simultaneously with average
diameters of: 100 nm and 2 pm, respectively, and conforming an
heterogeneous film; while sample obtained at 85 °C only presents
microrods conforming an homogeneous film. Synthesis at 98 °C
gives origin to clusters of submicron-rods as it's shown in inset of
Fig. 3. In order to have homogeneous ZnO films, Ts was fixed at
85 °C for further ZnO depositions.

Fig. 3. Micrograph of ZnO microrods that were synthesized from zinc acetate based
precursor solution and employing the synthesis parameter values: Mz,=0.01 mol,
Mumr/Mza=1, ts=4 h and Ts=98 °C. The inset shows the existence of nanobars.
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The synthesis of ZnO rods by varying Mynr/Mz, ratio was
realized in order to study its role on the morphology of the ZnO
rods. Fig. 4 shows the ZnO rods synthesized by employing Mywr/
Mz, values of: 0, 0.6, 1.0 and 3.0. It can be seen that the quantity
and dimensions of ZnO rods were varied when Myyt/Mz, value
increases. The morphological quality of the rods is increased when
Mumt/Mz, increases. Only sample synthesized from precursor
solution without HMT shows poor sintering rate with rods that
have a diameter of 2 um and lengths of 9 um (Fig. 4a). For Mywmr/
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Fig. 5. X-ray diffraction pattern of ZnO rods synthesized from zinc acetate based
precursor solutions as a function of Mynr/Mz, ratio. Mynvr/Mz,=0.6 (a), 1 (b) and 3 (c).
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Fig. 4. Micrographs of ZnO microrods synthesized from zinc acetate based precursor solutions varying Mymr/Mz, ratio. Mymr/Mz,=0 (a), 0.6 (b), 1.0 (c) and 3.0 (d). The other

synthesis parameter values were: Mz,=0.01 mol, t;=4 h and Ts=85 °C.
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Mz,=0.6 (Fig. 4b) there are two things to mention: variation on
quantity is notable and low control of dimensions were observed,
the figure shows all surface covered by rods with diameter of 1 to
3 um and lengths of 15 to 30 pm. For Mywmt/Mz, > 1 homogeneous
films were obtained and the sintering rate of rods remains high
and, apparently, its physical quality is significantly better as shown
in Fig. 4c and d. The rods resulted with diameter of 1 pm and
lengths of 7 um for Mymr/Mza=1 and diameter of 1.5 um and
lengths of 8.5 pm for Mynt/Mz,=3. The length/diameter ratio (1/d)
values of the rods as a function of Myyt/Mz, were: 4.5, 15-30, 7,
and 5.6 for: 0, 0.6, 1 and 3, respectively.

It is well known that ZnO crystal exhibits partial polar char-
acteristics, and in a typical Wurtzite structure the (001) plane is
the basal polar plane. One end of the basal polar plane terminates
with partially positive Zn lattice points and the other end termi-
nates in partially negative oxygen lattice points [23]. In chemical
synthesis processes, hexamine being a non-polar chelating agent
would preferentially attach to the non-polar facets of the rods,
thereby exposing only the (002) plane for growth. Thus a pre-
ferential growth along (0002) direction is made possible.

The Mymt/Mz, ratio plays an important role in ZnO rods
synthesis process, varying its value is possible to modify its phy-
sical dimensions, increase its morphological quality and influence
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Fig. 6. Diffuse Reflectance spectra of ZnO rods synthesized as a function of Myp/
Mz, ratio. Inset in figure shows the energy gap.
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on its 1/d ratio. An intensive study in this direction is necessary in
order to understand better the influence of HMT in synthesis
process.

3.2. Crystalline structure

The X-Ray diffraction analysis in Fig. 5 shows dominance of the
(100), (101), (110), (002) and (102) crystallographic planes corre-
sponding to a ZnO Wurtzite lattice and no others planes were
observed, all patterns corresponds to ZnO Wurtzite hexagonal
structure, with lattice parameters: a=3.24982 and ¢=5.2061 in
accordance to XRD-PDF card number 00-036-1451. The centers of
the XRD peaks were not shifted when Mywmt/Mz, varies indicating
not lattice distortion. The average grain size obtained was 50 nm.

From the morphology study, the films were conformed by ZnO
rods that are lying down indicating a preferential growth on (002)
planes, in agreement with the relative intensity of the XRD peaks
that show a preferential growth of (100) planes.

3.3. Chemical composition

The chemical composition of the ZnO rods as a function of
Mumt/Mz, ratio was: 52.72% O, 44.34% Zn, 2.16% Si, and 0.78% Ca;
53.02% 0, 46.26% Zn, and 0.72% Si; 54.16% O and 45.84% Zn; 52.98%
O and 47.02% Zn; for Mymt/Mz,=0, 0.6, 1.0 and 3.0, respectively.
The presence of Si, Ca and excess oxygen in Mywyr/Mz,=0
and Mynt/Mz,=0.6 samples was associated to the glass substrate,
in these samples the electron beam penetrates up to the glass
substrate, the absence of Si and Ca in the samples with Mynt/
Mz,=1.0 and 3.0 indicates that the Zn and O contents were
associated to ZnO rods only, that shows a relative oxygen excess. It
was reported that the role of hexamine in the growth of ZnO
structures in the hydrothermal process is mainly as a pH buffer by
a slow release OH ™ ions, through thermal decomposition [24], the
oxygen excess in ZnO rods can be due to zinc vacancies, interstitial
oxygen, oxygen anti-site and/or the presence of OH™~ ions.

3.4. Optical properties

Fig. 6 shows the DR spectra for the Myrp/Mz,=0.6, 1.0 and
3.0 samples in spectral region 350-1000 nm. The inset shows the
plot of (F(R)*hv)? vs hv that gives average gap value of: 3.36 eV. It
was not possible to obtain the diffuse reflectance spectrum for the
Mumt/Mz,=0.0 sample because it has a very poor ZnO synthesis.
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Fig. 7. Normalized cathodoluminescence emission of ZnO rods as a function of Mynt/Mz, ratio. Myyr/Mz,=0 (1), 0.6 (2), 1.0 (3) and 3.0 (4). Figure b shows the normal-

ization of the UV region.
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Fig. 10. Energy diagram showing the electronic transitions and structural defects
that were responsible of the CL and PL emission of ZnO rods.

The DR spectra show a wide absorption along all visible spectra
that looks conformed by two wide bands centered at 550 and
800 nm. The absorption is associated with electronic transitions
from valence band (VB) to energy levels incorporated into band
gap due to the presence of structural defects.

Fig. 7 shows the normalized CL emission of ZnO rods as a
function of Mypt/Mz, ratio. All spectra show two structured wide
emission bands centered at: UV and VIS regions. After comparison
of CL spectra, all of them result practically the same with exception
of CL spectrum for sample that results from precursor solution
without HMT (Mywmt/Mz,=0.0) where red shifts of the maxima of
the UV and VIS emission bands become obvious.

Fig. 7b shows a structured emission band in the UV region with
peaks centered at: 381 nm (3.25eV), 390 nm (3.18 eV), and
428 nm (2.89 eV), associated to electronic transitions. The first
band is associated with electronic transition from conduction band
(CB) to valence band and exciton emissions [25,26], a low tem-
perature study is necessary to resolve this band. The 390 nm band
suggest the existence of shallow donors sites at 0.18 eV below the
CB, commonly associated to neutral interstitial zinc (Zn;°) and
oxygen vacancies (Vo°), consequently to electronic transitions:
Zn® - VB and V% — VB [27,28]. Violet emission (428 nm) that was
reported already by different authors [27,29,30], has been asso-
ciated to the presence of interstitial zinc (Zn;) at 0.47 eV below
conduction band giving the Zn;— VB electronic transition. The
change of the relative intensities of 381 and 390 nm bands of UV
emission, obtained when Myyt/Mz, increased, was associated to
the increment on intensity of the 390 nm emission band that
corresponds to an increment on content of 7Zn or Vo°. The
increment of violet emission means an increment of Zn; defect
when HMT is added.

In Fig. 8 is shown the CL and PL (inset) spectra in visible region,
which resulted similar between them. Both emissions were com-
posed by bands centered at: 540 nm (2.30 eV), 570 nm (2.17 eV),
and 650 nm (1.90 eV). The green emission (540 nm) is related to
oxygen anti-site (Oz,) [28,30,31] and Vg [29,32,33] that could be a
transition from CB to O, or from shallow donor VP to Oz, or from
CB to Vo. In this case the green emission was associated to CB—
Oz, transition because in synthesis processes under oxygen rich
conditions, Oz, defect has the one of the lowest formation energy
[34]. The emission centered at 570 nm is commonly associated to
interstitial oxygen (0;) [31,35], however, Djurisi¢ et al. shows
evidence that this emission is due to the presence of hydroxyl
groups [36]. The red shift of the visible emission band when HMT
is added could indicate an increment of O; defects or the presence
of hydroxyl groups, future studies should be done to elucidate this.
For the orange-red region (650 nm) recent studies have demon-
strated that this emission is related to zinc vacancies (Vz,) or
excess oxygen [36,37], but is still controversial. In this case this
emission was associated to Vz, defect supported on: a) Oz,
emission dominates the visible region, namely for the sample
synthesized without HMT, and for samples with Mypnr/Mz, > 0.6
the dominant emission is due to OH™ groups and b) the orange-red
emission seemingly remains constant with and without HMT. The
invariability of visible emission CL or PL spectra for Mywmr/
Mz,=0.6, 1.0 and 3.0 indicates that the relative concentration of
structural defects remains constant as a function of Mywr/
Mg, ratio.

In order to study the films optical quality the UV emission
intensity / VIS emission intensity (Iyy/lyis) ratio as a function of
Mumt/Mz, was calculated. The values of Iyy/lyis were: 2.22, 1.45,
0.96 and 0.28 for Mypt/Mz,=0, 0.6, 1 and 3, respectively. These
values indicate that the incorporation of HMT into precursor
solution means an increase in the content of defects, which means
a lost in optical quality that is accentuated when HMT content
increases. A systematic study that considers more Mywmr/Mzn
values in the 0-3 range must be done in order to find a correlation
between Iyy/lvis and Mynt/Mz, variables.

Fig. 9 shows the CL emission spectra as a function of accel-
eration voltage (Av) for sample with lower Iyy/lyis value (Mywmr/
Mz, =3). The UV emission shows that the exciton emission is lost
and defect related emission centered around 400 nm increases, as
Av is increased. This was associated to the increment of thermal
energy of the sample when Av increases. The analysis of VIS
emission (inset) shows that there was not preference over the
excitation of a kind of defect when Av increases which means that
the relative concentration of defects remains constant as a func-
tion of depth.
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Fig. 10 presents the energy diagram that shows the electronic
transitions and structural defects that were responsible of the CL
and PL ZnO rods emission.

4. Conclusions

Hydrothermal method was employed to synthesize ZnO rods
with Wurtzite hexagonal crystalline structure with micro and
submicron dimensions. Physical dimensions of the ZnO rods were
changed systematically as a function of: precursor salt, Ts, Mz, and
Mumt/Mz, parameters. The intrinsic rod shape morphology and
crystalline structure remains for different parameter values. Zinc
acetate resulted the optimum precursor salt to study the synth-
esis process of the rods because promotes the synthesis of
ZnO rods at apparently constant rate. The optimum parameters
values were: Ts=85 °C, Mz,=0.01 mol and Mymt/Mz, > 1 that
give homogeneous films conformed by ZnO rods that present
uniform synthesis as regards in physical dimensions, long rods and
high sintering rate. The Mynr/Mz, ratio plays an important role in
ZnO rods synthesis process, varying its value is possible to modify
its physical dimensions, increase his morphological quality and
influence on its length/diameter ratio.

Optical results made possible to propose an energy diagram
that presents different optical desexcitation mechanisms in the
region UV-vis. All ZnO rods resulted with an average energy gap of
3.36 eV and several energy levels into it associated to structural
defects. The structural defects that were responsible of VIS emis-
sion are: zinc vacancies, interstitial zinc, oxygen vacancies, inter-
stitial oxygen and oxygen anti-site and their relative concentration
remains constant as a function of Myyt/Mz, and material depth.
However, although there were not variations in the relative con-
tents of defects when HMT content in precursor solution varies, an
increment of the total content of defects with the increase of
Mymt/Mz, ratio resulted.

The use of HMT produces a red shift of both UV and VIS
emissions, that were associated to the increment of Zn;, Zn;® and
Vo? point defects, and the excess of oxygen (O; andjor OH™),
respectively.
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