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ABSTRACT

Employing a simple chemical synthesis method, hexagonal-shaped zinc oxide microrods and zinc oxide
nano-fibers were deposited on pyrex-glass and aluminum substrates, respectively. Both kinds of
deposits showed zincite crystalline phase with lattice parameters: a=3.2498 A and ¢=5.2066 A.
Microrods showed very uniform wide and large sizes of around 1 and 10 pm, respectively. Both
deposits were homogeneous over all substrate surfaces. Microrods and nano-fibers resulted with good
optical quality and with preferential crystalline growth in [1010] and [000 1] directions. The
principal optical characteristics for both microrods and nano-fibers were: a) room-temperature photo
and cathodo-luminescent spectra with strong exciton emission centered around 390 nm and with
FWHMs around 125 and 160 meV, respectively, b) poor photo and cathode-luminescent emissions in
the visible region of the electromagnetic spectrum, c) energy band gap of 3.32 eV, d) good emission
efficiency supported by the not-required high energy densities to obtain strong exciton emission and e)
good ZnO stoichiometry endorsed by photoluminescent results. These characteristics make of these

microrods and nano-fibers good for potential photonic applications.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide, ZnO, has always been considered one of the most
important semiconductors due to its physical and/or chemical
properties and the consequent multiple applications that it has,
such as: antireflection coatings, transparent conducting films
(as electrodes in solar cells), gas sensors, varistors, surface
acoustics wave devices and electro- and photo-luminescent
devices. Recently ZnO nanostructures have attracted much atten-
tion due to their potential applications in field emission displays
[1,2] high efficient optoelectronic devices [3-7], UV laser technol-
ogy at room-temperature [3,8], phosphors [9-11], photo-catalysis
[12], electromechanical coupled sensors and transducers [13,14],
spintronics [15,16], super-hydrophobicity and super-hydrophili-
city sufaces [17,18],cosmetics [19], etc.

ZnO is a direct band-gap semiconductor with wide band-gap
energy (~3.37 eV) at room temperature and a very large exciton
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binding energy of about 59 meV, which allows for more efficient
excitonic emission at higher temperatures [20-22] better than
other very important semiconductors such as: GaSb, Ge, GaAs,
ZnTe, Si, ZnSe, GaP, GaN, CdS and ZnS with exciton binding
energies of: 1.6, 4.15, 4.2, 12, 14.7, 17, 21.5, 25, 28 and 40 meV,
respectively. This makes ZnO suitable for short wavelength
optoelectronic devices based on excitonic effects that work at
room temperature and above. The large ZnO exciton binding
energy makes this material an attractive candidate for room-
temperature lasing [3,23]; in addition ZnO in low dimensional
nanostructured forms offers the possibility of further improving
lasing conditions due to quantum confinement effects [3,23].
Typical photoluminescent (PL) emission spectrum for zinc oxide
shows an emission peak in the near UV region and a broad band
in the visible region. Recent studies on ZnO are focused to obtain
strong ultraviolet emission and minimize the emission in the
visible region in order to increase the optical quality of the ZnO
for future applications as a lasing material [24-27]. The near-band-
edge (UV-PL peak) is commonly observed in the range 370-390 nm,
which corresponds to energies in a range 3.2-3.35 eV [24-28]; this
is believed to result from an excitonic type recombination where
free exciton process is dominant. The typical visible emission in ZnO
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is in the blue-green-orange region, which results due to deep
energy levels in the forbidden band gap, resulting from structural
defects in the crystal lattice [24-27,29-32]. These structural defects
act as traps for carriers, and have been mainly attributed to surface
defect levels associated with oxygen vacancies, oxygen interstitial,
antisite oxygen O, zinc vacancies and/or zinc interstitials in the
ZnO crystal lattice [29-33].

Up to now, the origin of the visible emission is highly con-
troversial and with numerous hypotheses [32,34], this has been
attributed to surface defects as was mentioned before but the
nature of these defects is still not fully understood [32,34]. Detailed
investigations on the properties of ZnO are required in order to
have functional ZnO devices.

The aim of the present manuscript is to evaluate a simple
chemical synthesis method to obtain zinc oxide microstructures
and/or nanostructures that have predominant ultraviolet emis-
sion over visible emission. These ZnO structures could have good
possibilities of room-temperature lasing applications. The results
show that the synthesis method is appropriate to produce ZnO
microrods and nano-fibers structures with predominant ultravio-
let emission over visible emission.

Employing the wet chemical synthesis method, rod shaped
structures with dimensions of microns and fiber structures with
dimensions of nanometers were synthesized. Both structures
presented photo- and cathode-luminescence emission spectra
without significant contribution in the visible region of the
electromagnetic spectrum. The blue-green-orange emission was
not present even though emission is very common in ZnO
prepared by chemical methods [35]. Precursor materials and the
method employed here minimize the structural defects, which
maximize the emission centered in the range 370-390 nm asso-
ciated to exciton processes.

2. Experimental procedures

Zinc oxide deposits were obtained by wet chemical synthesis
method [36]. The precursor solution was zinc acetate hydrate
99.99%, Aldrich, (0.032 M) and hexamethylenetetramine 99% and
Aldrich (0.032 M) in deionized water (18 M Q cm). The zinc oxide
was grown on aluminum and pyrex-glass substrates. The substrates
with 1.0 x 1.0 cm? dimensions were immersed in 100 ml of pre-
cursor solution at 90 °C for 15 h. Subsequently the deposited zinc
oxide was washed with deionized water several times to eliminate
residual salts. A Leica Cambridge Stereoscan 440 Scanning Electron
Microscope (SEM) equipped with a beryllium window X-ray detec-
tor was employed to obtain the morphology of the samples, and
their chemical composition (by Energy Dispersive Spectroscopy,
EDS). Crystalline structure was analyzed by X-ray diffraction (XRD)
using a Broker-axs D8-advance with CuKo radiation at 1.5426 A.
Identification of hexagonal phase and indexing of the peaks for the
XRD patterns were carried out using XRD-PDF cards provided by
ICCD with associated numbers: 00-036-1451 for zinc oxide, 00-004-
0831 for zinc and 00-004-0787 for aluminum. Photoluminescence
excitation and emission spectra at room temperature, Tyoom, Were

recorded using a spectrofluorometer SPEX Fluoro-Max-P. Lamp
intensity correction is performed automatically by this instrument
that measures the excitation light intensity with an additional
photomultiplier tube and performs the correction accordingly before
displaying the data. A 10 ns Nd:YAG pulsed laser model Quanta-Ray
of Spectra Physics was employed as excitation source to obtain Tyoom
and 18 K PL spectra of the samples. A filter was used to reject the
532 and 1064 nm laser lines. The emission spectra were recorded
using a conventional setup. The sample was placed in a mobile
holder for aligning purpose, which was inside a compressed-helium
cryostat of Air Products. The emission was collected perpendicular
to the pumping signal. A monochromator, model SpectroPro 2500i
of Acton Research Corporation, was used to scan the emission
spectrum and then measured using a photomultiplier tube, model
R-930 of Hamamatsu, connected to a PC through a Lock-in amplifier,
model SR530 of Stanford Research Systems. Both slits of the
monochromator were placed at 100 pum. A luminoscope, model
ELM-2; MCA of Relion Corporation was employed to obtain Cath-
odo-Luminescence (CL) measurements; these were obtained in a
stainless steel vacuum chamber equipped with a cold cathode
electron gun. Samples were placed inside the vacuum chamber
and evacuated to 10~ 2 Torr. The emitted light from the sample was
coupled to an optical fiber bundle leading to a spectrofluorometer
SPEX Fluoro-Max-P. CL spectra were recorded at room temperature.
The accelerating voltage of the electron beam was 10 kV and the
applied current was kept constant at 0.3 mA. The spot size of the
electron beam on the sample surface was approximately 3 mm in
diameter. Diffuse reflectance measurements in a range 200-800 nm
were carried out by employing an UV-vis-NIR spectrophotometer,
model Cary 5000 of VARIAN.

3. Results and discussion

Fig. 1 shows SEM micrographs that are representatives of
the surface morphology for zinc oxide deposited on pyrex-glass
(ZnOgass) and aluminum substrates (ZnOy)). Fig. 1a, b, and ¢ shows
how ZnOgy,ss was conformed by overlapping ZnO microrods. These
figures show ZnO microstructures with evident hexagonal crystal-
line structure and the preference of the material to grow in a well
formed rod shape. It is notable that the preferred growth of ZnO is
along the c-axis [000 1] direction. In Fig. 1a, three different
microstructures can be observed principally: 1) well formed rods
(Rw), 2) Two rods with single intersection (Rs;) and 3) Multiple rods
with single intersection (Ryy); these characteristics possibly result
from certain differences in the growing processes of the material
properly influenced by the local chemical and/or thermodynamic
environment, but not by the substrate nature. From Fig. 1b it is
possible to observe uniformity in diameters and lengths for Ry, Rs;
and Ryy microstructures and a remarkable predominant existence
of Ry over the other two types of microstructures. Diameter and
length average values were lower than 1 and 10 pum, respectively.
A random inspection over all substrate areas shows how this was
uniformly covered by these kinds of microstructures, analogous to
the area showed in Fig. 1c. SEM micrographs presented in Fig. 1d

Fig. 1. SEM micrographs that present different magnifications of ZnOg,ss (a, b and c) and ZnOy, (d and e) samples. Rw—well formed rod, Rs—two rods with single

intersection, Ryy—microrods with multiple intersections.
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and e are representatives of the surface morphology for ZnOg,
samples. Three remarkable differences for ZnO,; in relation to
Zn0Ogjass can be observed: 1) there is a considerable lower quantity
of microrods covering the substrate surface, 2) there is a porous
and cracked micro-film deposited over the entire substrate surface
that is conformed by nano-fibers of ZnO and 3) another kind of
microstructure, besides the microrods, was obtained, which is
formed by multiple rods with submicron dimensions emerging in
a radial way from a single point. Fig. 1e clearly reveals hexagonal-
shaped and submicron dimensions of transversal sections of the
microrods that form this microstructure. The morphology of the
synthesized ZnO micro-film and the low quantity of microrods per
unit area can be appreciated in Fig. 1d. The film formation is a
consequence of the reactive nature of the aluminum substrate,
which is not the case for pyrex substrate. Therefore aluminum has
high efficiency in the film formation process and low efficiency in
the microrods growth process as compared to pyrex-glass.

Chemical composition by EDS over an area of approximately
100 pm x 100 um for ZnOgjass resulted in atomic-percent (at%)
contents of: oxygen: 51.50at% and zinc: 48.50 at%; in great
accordance with ZnO stoichiometry, which indicates that it is
possible to have a majority of the microrods conformed by
stoichiometric ZnO. For ZnO,,;, the chemical composition analyses
by EDS over ZnO film (nano-fibers) and the microstructure formed
by multiple rods with submicron dimensions emerging in a radial
way from a single point were done, resulting in atomic-percent
contents of: O: 79.46at%, Al: 7.5at% Zn: 13.03at% and O:
70.89 at%, Al: 0.0 at%, Zn: 29.11 at¥%, respectively. The high content
of oxygen in the nano-fibers and into the cited microstructure
could indicate a high value of zinc vacancies or interstitial oxygen
in their crystalline structures. The EDS analysis corresponding to
ZnO nano-fibers was made removing part of the film from the
substrate. The removed film presented a thickness of 6 pm.

Fig. 2a shows the XRD pattern for ZnOgass. A hexagonal crystalline
structure with lattice parameters of: a=3.2498 and c=5.2066
were observed. All peaks observed corresponded to hexagonal ZnO
without evidence of any other type of crystal phase or another
material. The major intensity of the peaks centered at 20=31.8° and
34.5° show a preferred growth in [1 01 0] and [0 0 0 1] directions, in
agreement with the microrods observed in SEM micrographs. Fig. 2b
shows the XRD pattern obtained for ZnOa;.. A wide band from 6° to
24° 20 values was observed; it is probably associated to amorphous
compounds (Al-Zn-0) in the ZnO film. The peaks with superior
intensity centered at 20=38.5°, 44.8° and 65.1° correspond to
the employed cubic-aluminum substrate. The peaks labeled by &
symbol were associated to ZnO with hexagonal crystalline structure
and lattice parameters of: a=3.2498 A and ¢=5.2066 A. The major
intensity of the peaks centered at 20=31.8° and 34.4° show a
preferred growth in [1010] and [000 1] directions. This is in
agreement with the three kinds of microstructures observed in
SEM micrographs (Fig. 1d) and indicates a preferred growth of the
film (nano-fibers) in [1 0 1 0] and [0 0 0 1] directions.

In Fig. 2b there are two peaks centered at 20=33.7° and 60.3°
(labeled with the symbol #), which cannot be associated to ZnO or
the presence of Al doped ZnO; this is because studies on Al heavy-
doped zinc oxide do not show the apparition of these two peaks
[37]. Furthermore, these studies do not show additional peaks
other than the peaks associated with ZnO. Choppali and Gorman
[38] found similar peaks in ZnO films deposited on sapphire and
they associated the peaks to the formation of a spinel phase,
ZnAl,0,4, at the substrate and film interface, but this was only
present when films were subjected to a 1273 K annealing process.
In this work, the samples were not subjected to any type of
annealing process. Future studies in this direction are needed
to elucidate the origin of these two peaks in the XRD pattern
for ZnOg.
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Fig. 2. XRD pattern for (a) ZnOgj,ss and (b) ZnOp; samples.

Fig. 3 shows the results obtained by diffuse reflectance spectro-
scopy of ZnOgass. In the interest of the signal coming from the
substrate, diffuse reflectance spectrum of pyrex-glass was measured.
Microrods were deposited over one of the two possible substrate
surfaces; in this sense, covered-face spectrum in Fig. 3 corresponds
to diffuse reflectance measured over the substrate surface where
microrods rest and uncovered-face spectrum to the opposite surface.
Considering the three spectra presented in Fig. 3, the great absorp-
tion starting at 405 nm and having a maximum at 373 nm and the
low intensity peak centered at 230 nm were attributed to ZnO
microrods. The absorption at 373 nm was associated with the near
band edge absorption for zinc oxide and suggests an energy band
gap of 3.32 eV. The absorption at 230 nm (5.4 eV) corresponds to the
absorption of 0%~ 2p electrons in the valence band [39]. The inset in
Fig. 3 shows the diffuse reflectance spectrum for ZnOgu;. There are
two things to highlight, one is the band tail absorption that starts at
550 nm and the other is the intense absorption at 373 nm. The last
is associated to the near band edge absorption for zinc oxide, as was
mentioned before for ZnOgjass. Both samples, ZnOgjass and ZnOpy,
show band tail absorption that was associated to defects in the
crystalline structure of ZnO. This is in agreement with the emission
bands that were centered in the visible region of the photo and
cathode-luminescent emission spectra (Figs. 4, 5 and 8) obtained for
Zn0Ogjass and ZnOp; samples.
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Fig. 3. Diffuse reflectance spectrum for ZnOg,ss—bold solid line. Gray curve
represents diffuse reflectance spectrum of the pyrex-glass substrate. Solid line
represents the diffuse reflectance spectrum of ZnOgy,ss when it is measured on the
opposite face to where ZnO was deposited. The inset of the figure shows the
diffuse reflectance spectrum for ZnOa,.
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Fig. 4. Room-temperature photoluminescent emission spectrum for ZnOgjass.
Emission spectrum was recorded using light of 355 nm as excitation source. Inset
shows the excitation spectrum of ZnOg,ss by selecting 390 nm to fix the emission
wavelength.

Figs. 4 and 5 show the T;oom PL emission and excitation spectra
for ZnOgass and ZnOp, respectively. They were obtained by
employing a spectrofluorometer SPEX Fluoro-Max-P. Both PL
emission spectra were obtained using light of 355 nm as excitation
source. The ZnOgj,ss €mission spectrum shows an intense peak
centered at 390 nm, which was associated to intrinsic exciton
emission of ZnO. An almost imperceptible emission band centered
at 550 nm is also observed; this was associated to crystalline
defects of ZnO. The inset of the Fig. 4 shows the excitation
spectrum of ZnOyg,ss for an emission wavelength of 390 nm. The
spectrum shows an excitation band at 355 nm, which overlaps the
near band edge absorption. This may indicate a preferred excita-
tion path to maximize the intrinsic exciton emission of ZnOgj,ss.
Analogous to ZnOgjass, ZNO4; shows an emission spectrum that has
an intense peak centered at 389 nm, as can be seen in Fig. 5. This
was associated to intrinsic exciton emission of ZnO. The broad
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Fig. 5. Room-temperature photoluminescent emission spectrum for ZnOu;. Emis-
sion spectrum was recorded using light of 355 nm as excitation source. Inset
shows the excitation spectrum of ZnOa; by selecting 389 nm to fix the emission
wavelength.

asymmetric shape of the exciton emission peak in ZnOg is
attributed to: a) the coupling of free excitons to the replicas of
LO phonons [38] and b) an emission band centered at 420 nm,
which was associated to defects in the crystalline structure of ZnO
and overlap the exciton emission band. The inset of Fig. 5 shows
the excitation spectrum of ZnOy; for an emission wavelength of
389 nm. The spectrum shows how ZnOy, prefers light of 355 nm to
improve his intrinsic exciton emission. Figs. 4 and 5 show how, at
relatively low energy densities, the relative intensity of the exciton
emission is strong and the contribution of the crystalline defects in
the emission spectra of ZnOgass and ZnOp is poor, indicating good
exciton emission efficiency. It means that a great percent of
electron-hole pairs formed are easily changed into excitons, which
is not surprising if the high binding energy of the exciton, 60 meV,
is considered, but, on the other hand, a strong exciton emission
measured at T,oom, When a lamp is employed as excitation source,
is rarely showed by ZnO samples that were synthesized by
chemical methods. This is due to a dominant effect of emission
coming from the presence of defects in its crystalline structure over
the exciton emission; this is one reason why most authors use an
intense excitation source (laser) to maximize the conversion of
electron-hole pairs into exciton emission [40].

Fig. 6 shows the PL emission spectra for ZnOgss using the
355 nm laser line of Nd:YAG laser as excitation source. The spectra
were recorded at two different temperatures: 18 K (a) and
Troom=290K (b). A strong emission centered at 388 nm for T,oom
and 373 nm for T=18 K, was observed. The inset of the figure does
not show evidence of the existence of peaks in the visible region.
The missing visible emission reveals high optical quality of the
obtained microrods. The red shift of the exciton peak, when
temperature increases, is due to the widening of the near band
edge associated to the phonon contribution. ZnOg,ss shows FWHM
values for exciton emission peaks of: 46 meV: 18 K and 129 meV:
290 K.

Fig. 7 shows the PL emission spectra for ZnOa, using the 355 nm
laser line of Nd:YAG laser as excitation source. The spectra were
recorded at two different temperatures: 18 K (a) and Tyoom=290 K
(b). A strong emission centered at 386 nm for T;o0,, and 370 nm for
T=18 K, were observed. The inset of the figure does not show
evidence of emission peaks in the visible region, but when the slits
of the monochromator were increased from 100 to 750 um
(spectrum labeled with 6), the emission peaks associated to
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emission spectra recorded in a range 375-750 nm. The emission spectrum labeled
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crystalline defects appear; this corroborates the poor existence
and/or poor contribution of the defects in the emission spectrum
and may indicate the existence of a preferred de-excitation path
that improves exciton emission. The missing visible emission
reveals high optical quality of the obtained nano-fibers. ZnOg,
shows FWHM values for exciton emission peaks of: 56 meV: 18 K
and 121 meV: 290 K.

Fig. 8 shows the Tiom CL emission spectra for ZnOgj,ss and
ZnOp,. Both samples show strong exciton emission and poor visible
emission. The strong exciton emission under high energy electron
excitation indicates the relatively poor existence of crystalline
defects for both samples and is in agreement with the high optical
quality of the samples. The relative low intensity of the emission
bands, 570 nm for ZnOgj,ss and 500 nm for ZnOp, indicates the
presence of crystalline defects in microrods and nano-fibers, and
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Fig. 8. Cathodo-luminescent emission spectra for (a) ZnOga,ss and (b) ZnOa
samples. The accelerating voltage of the electron beam was 10 kV and the applied
current was kept constant at 0.3 mA. The spot size of the electron beam on the
sample surface was approximately 3 mm in diameter.

corroborates the existence of a preferred excitation wavelength
(355 nm) to improve the excitation emission. The blue shift of the
emission band associated to crystalline defects in ZnOp; is probably
due to the different nature of the defects in ZnOx, as compared
with defects in ZnOgjass.

4. Conclusions

Employing a simple chemical synthesis method, hexagonal-
shaped zinc oxide microrods and zinc oxide nano-fibers were
deposited on pyrex-glass and aluminum substrates, respectively.
Both deposits were homogeneous over all substrate surfaces.
Microrods and nano-fibers resulted with good optical quality and
with preferential crystalline growth in [1010] and [0001]
directions. The principal optical characteristics for both, microrods
and nano-fibers were: a) room-temperature photo- and cathodo-
luminescent spectra with strong exciton emission centered around
390 nm and with FWHMs around the 125 and 160 meV, respec-
tively, b) poor photo- and cathode-luminescent emissions in the
visible region of the electromagnetic spectrum, c) energy band gap
of 3.32eV, d) good emission efficiency supported by the not-
required high energy densities to obtain strong exciton emission
and e) good ZnO stoichiometry endorsed by photoluminescent
results. These characteristics make of these microrods and nano-
fibers good for potential photonic applications.

The ZnOgass sample was merely composed of a pile of micro-
rods and there was no evidence of any other kind of microstruc-
ture. The micrographs exhibit a uniform distribution of these
entities over the surface, very uniform wide and large sizes of
around 1 and 10 pm, respectively; and high microrod-formation
rate. Photoluminescence, XRD, micrographs and EDS results
strongly suggest microrods conformed by stoichiometric ZnO.

The ZnO, sample was composed of three kinds of micro-
structures: a) microrods, b) microstructures formed by multiple
rods with submicron dimensions emerging in a radial way from a
single point and c) a micro-film conformed by nano-fibers. The
population of the first two microstructures over the substrate
surface was relatively low compared with the micro-film that was
deposited over the entire substrate surface. The film was homo-
geneously deposited. The photoluminescence and XRD studies
obtained from the film are in agreement with a stoichiometric
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ZnO, but EDS studies were not enough to have information about
its stoichiometry. More studies, probably the Rutherford Back
Scattering study, are necessary to elucidate the chemical compo-
sition of the film.

The wet chemical method was appropriated for deposition of
microrods and nano-fibers with the desired optical properties for its
possible application in photonics. Due to the simplicity of the
method and the lower quantity of structural defects induced on
ZnO structures by this technique, the study of the optical properties
of ZnO structures as a function of its physical dimensions can be
done in the future. This should work to find the critical dimension
sizes of the ZnO structures that maximize its exciton emissions and
minimize their visible emission originated by structural defects.
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