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ZnO films were synthesized on SiO,/Si substrates through the sol-gel technique using diethanolamine as
chelating agent and annealed in Ar+0O, atmospheres with different O, flow-rates in the 10-100 sccm
range. Samples were studied by scanning electron microscopy and X-ray diffraction, evidencing a na-
nostructured morphology with a preferential orientation along the (0 0 2) direction (c-axis orientation),
which is uncommon when diethanolamine is used as the chelating agent. The room temperature pho-
toluminescence spectra show strong UV emissions at around 375 and 384 nm from near band-edge
transitions and phonon replica, and a broad defect-related band extending from the visible to near in-
frared (~500-800 nm). The analysis of the defect-related emission band and its various components as a
function of the O, flow-rate is discussed in terms of contributions from specific luminescent point defect
centers established during annealing.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Zinc oxide is considered an important and promising material.
Reasons for this include low-cost, simple and controllable synth-
esis processes of a wide diversity of nanostructures, such as na-
nocones [ 1], nanoparticles [2], nanowires [3], nanostructured films
[4]. Furthermore, ZnO is a II-VI semiconductor with interesting
optoelectronic properties due to its wide band gap of 3.37 eV and
large excitonic binding energy of 60 meV, which is larger than the
mean thermal energy at room temperature (RT) [1]. Hence ZnO
finds many applications in diverse optoelectronic devices, parti-
cularly in light-emitting diodes [5]. Other interesting applications
have been proposed for ZnO in catalysis [6], sensors [7], optical
waveguides [8] and photodetectors [9].

Nanostructured ZnO can be synthesized through different
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processes, like vapor transport with and without metallic catalyst
[1,3], sol-gel [10,11], pulsed laser deposition [12], electrophoretic
deposition [2], hydrothermal synthesis [13] and molecular beam
epitaxy [14], among others. The sol-gel synthesis is a powerful and
interesting route, as it involves processes at intermediate tem-
peratures with low costs and easy implementation [11]. This
technique involves transformations of a molecular precursor onto
a stable condensed oxide network through several stages, in-
cluding hydrolysis and polymerization for the formation of the sol
precursor and condensation by dehydration, nucleation and
growth (commonly achieved through annealing) [11]. When or-
ganometallic salts are used as molecular precursors the solvent
used is organic [15]. The aminoalcohols — diethanolamine (DEA)
and monoethanolamine (MEA) — are the most common chelating
agents when zinc acetate is used as a Zn*? source. The reason for
this is that these compounds increase the solubility of organo-
metallic zinc salts, improving stability and homogeneity of sol
precursors [4,16,17].

The photoluminescence (PL) of nanostructured ZnO has been
studied extensively. Regarding ZnO layers synthesized through the
sol-gel technique, most studies have focused mainly on the effects
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of chelating agent/Zn*? ratio [4], pH [17] and annealing tem-
perature [18] on the PL spectrum. However, the effect of oxygen
(0,) flow-rate during annealing/growth processes on the PL of sol-
gel synthesized ZnO films has been rarely reported.

In this work, ZnO films were synthesized through the sol-gel
technique in combination with the spin-coating deposition
method. ZnO samples were deposited on silicon (Si) substrates
stored in atmospheric air (therefore, naturally oxidized [19]). The
influence of O, flow-rate during the annealing process on the PL at
room temperature, and also on morphological and structural
properties of the ZnO films, was studied. These results contribute
to the understanding of the room-temperature PL spectra from
ZnO films grown by the sol-gel technique and the role of point
defects controlled by annealing in different Ar+0O, atmospheres.
Furthermore, they show that it is possible to obtain highly or-
iented sol-gel synthesized ZnO layers on oxidized Si substrates,
using DEA as chelating agent.
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2. Experimental details
2.1. ZnO fabrication

To prepare the sol precursor, 2.3 g of zinc acetate dihydrate
[Aldrich, Zn(C;H30,); - 2H,0] was diluted in 30 ml of ethanol at
65 °C to obtain a 0.3 M solution. A volume of 1 ml of DEA (Aldrich,
C4H1;NO,) was added to obtain a sol with a 1:1 M ratio of Zn*?/
DEA under constant stirring, until the solution went from white to
transparent. After stirring at 65 °C during about 2 h the sol pre-
cursor was cooled down to RT. The sol was then aged for 24 h and
no precipitates were observed.

ZnO layers were deposited onto p-type (1 O O)-oriented Si
substrates, which were ultrasonically washed first in acetone, then
in ethanol and finally air dried to remove organic contaminants.
Substrates were not etching with hydrofluoric acid (HF-etched)
prior to deposition, so as to leave a passivating thin layer ( ~ 2 nm-
thick) of native amorphous Si oxide (SiO;) [19,20].
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Fig.1. SEM images of the ZnO films annealed under O, flow-rates of (a) 10 sccm, (b) 30 sccm, (¢) 50 sccm and (d) 100 sccm, respectively; (e) grain size distributions obtained

from SEM images (n=50); (f) measured grain sizes from SEM micrographs.
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The sol was deposited by 14 spin-coating/drying cycles (spin-
coating: 150 pl of sol at 2000 rpm for 30 s) and dried in an oven at
150 °C for 10 min. After deposition, the samples were kept in a
horizontal split tube furnace at 600 °C for 1 h under a flow of ar-
gon+oxygen (Ar+0,) gas mixture. The Ar (99.999% purity) flow-
rate was fixed at 125 sccm for all experiments, while different O,
(99.999% purity) flow-rates were used, namely 10, 30, 50 and
100 sccm. After 1 h of annealing, the split furnace was opened to
quench the sample temperature at RT while maintaining the gas
flow to avoid contamination.

2.2. Characterization

Samples were studied by X-ray diffraction (XRD), scanning
electron microscopy (SEM) and RT PL measurements. XRD patterns
were obtained in a Shimadzu XD-D1 diffractometer, operating
with the CuK, line (A=0.1541 nm). PL spectra were recorded using
a backscattering geometry with a 15 mW He-Cd laser set at a
wavelength of 325 nm as the excitation source. The light emitted
by the sample was focalized on a CCD spectrometer with two bi-
convex lenses. A filter was placed at the entrance of the spectro-
meter to eliminate scattered laser radiation. The surface mor-
phology of the samples was characterized with SEM.

3. Results and discussion

Fig. 1 shows the SEM images obtained for the ZnO samples
annealed under different O, flow-rates. The films evidenced a
granular morphology with broad dispersion of grain sizes in the
range between 20-120 nm, as observed in the histograms shown
in Fig. 1(e). However, by comparing the distribution of grain sizes,
no significant differences were observed between the deposited
films, as shown in Fig. 1(f).

Fig. 2(a) shows the XRD patterns obtained from the deposited
ZnO films. The average crystallite size was obtained from the these
patterns by means of the well-known Scherrer's equation, which
reads

K
" Bcosd’ 1)

where D is the average crystallite size, K ( ~ 0.9) is the shape factor,
p is the FWHM of the diffraction peak in radians, 6 is the Bragg
angle and 4 is the wavelength of the incident X-rays
(CuKa=0.154 nm). As seen in Fig. 3, a slight variation of crystallite
size was observed in the range between 32 and 37 nm around an
average value of 34 nm. Together with grain size estimation from
SEM images, this allowed us confirming the nanostructured mor-
phology of the films. Analogously to the determination of grain
sizes from SEM images, this variation does not represent a sig-
nificant difference to be considered as being correlated to O, flow-
rate. The difference between the values obtained from Scherrer's
equation and from SEM images is due to the fact that only the
crystalline fraction of the grains observed in SEM images con-
tributes to the XRD peak intensity.

The XRD patterns evidence a preferential growth orientation of
the films along the (0 0 2) direction, corresponding to the c-axis of
the wurtzite structure. It is worth noting here that such pre-
ferential orientation is common for ZnO films [21] and is related to
the metastability of the polar c-axis, which implies a larger growth
rate along the c direction as compared to other crystallographic
directions. However, for ZnO films obtained from sol-gel pre-
cursors this preferred orientation is generally observed when MEA
is used as chelating agent [10,11]. Instead, no strong preferred
orientations are usually observed when DEA is used as chelating
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Fig. 2. (a) XRD patterns of all samples after drying at 100 °C and annealing; (b) XRD
pattern for a test sample dried at 300 °C; (c) variation of the ¢ parameter with O,
flow-rate during annealing.

agent [16]. Indeed, reports on growth of preferentially oriented
ZnO films using DEA are seldom found in the literature [22-24].
A key parameter to define the preferential direction of growth
is the temperature used during the drying process (previous to
annealing); for films synthesized using MEA it has been observed
that the (0 0 2) orientation appears at high drying temperatures
(=300 °C) [25]. In counterpart, when DEA is used, there are re-
ports about the synthesis of ZnO films oriented in the (0 0 2) di-
rection at low drying temperatures, as in our case [24]. In order to
prove the influence of this parameter in the preferential orienta-
tion of ZnO films, we synthesized a test sample using a drying
temperature of 300 °C instead of 150°C and 30sccm of O,
(without changing the other parameters). As observed in Fig. 2(b),
the peaks corresponding to (10 0) and (10 1) directions are clearly
present, evidencing an opposite behavior to that reported in the
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Fig. 3. Crystallite sizes obtained by means of Scherrer's equation using the XRD
data shown in Fig. 2(a).

literature regarding the relation between drying temperature and
preferential orientation in ZnO films grown using MEA. The origin
of this difference between the use of DEA and MEA resides prob-
ably on the complexation mechanisms between Zn*2 and each
aminoalcohol to form the corresponding organometallic complex.

The substrate is another key parameter that could affect the
crystallographic properties of the ZnO films [11]. It has been re-
ported that when sol-gel deposition is performed onto amorphous
and crystalline substrates it is possible to obtain ZnO films with a
preferential orientation along the c-axis. [11,24]. In the case of sol-
gel deposition, the orientation is defined during the nucleation
stage, at which the preferred c-direction orientation of crystallites
is defined by energy minimization favoring their growth from the
substrate upwards along the c-axis [11]. Hence, the crystalline
disorder or amorphousness of the substrate will not necessarily
inhibit the preferred orientation of the ZnO film. Taking this into
account, and given that native oxide in the silicon substrate has an
amorphous nature, a c-axis orientation of ZnO films can be ex-
pected. However, as mentioned above, it is not usually observed
when DEA is used as chelating agent. In our work, the degree of
preferential orientation depended mainly on the drying tem-
perature while the Si/SiO, substrate was the same for all samples.
Therefore, according to our results, the variation of O, flow-rate
does not have any sizable effect on the preferential orientation of
ZnO films. Since the substrate was the same for all samples, we are
left with the fact that the drying temperature was the most im-
portant factor affecting the preferential crystalline orientation of
our ZnO films. This is expected because crystal nucleation pro-
cesses at such relatively low temperatures should be limited by
kinetic barriers and therefore their rates should be strong func-
tions of the temperature. However, given the complexity of the
crystallite formation processes, further experiments should be
conducted for a better understanding of this effect and the op-
posite correlation with the temperature with respect to that ob-
served when MEA is used as chelating agent.

The lattice parameter ¢ can be calculated from the (0 0 2) dif-
fraction peak by combining Bragg's law and the equation for
spacing between planes

4sin’0 _ 4 h* + hk +K*) PP
2 3 a® c? @)

where a and c are the lattice parameters for hexagonal wurtzite, n
is the diffraction order from Bragg's law and (h k ) are the Miller
indices of the corresponding family of planes. For the first Bragg
reflection (n=1), one gets
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Fig. 4. Room temperature photoluminescence spectra obtained from ZnO films
annealed under different O, flow-rates. The inset shows a detail of the emission
band in the UV region.
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By substituting (h k I) values and @ for the (0 0 2) diffraction
peak in Eq. (3) the ¢ parameter is found to be given by the ex-
pression

A
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In this way, the ¢ values obtained for the samples annealed
under the lowest and highest O, flow-rates, respectively 10 and
100 sccm, were 0.5188 and 0.5185 nm. A slight but noticeable
variation of this parameter as a function of O, flow-rate during
annealing was observed, as shown in Fig. 2(c). Moreover, all the
obtained ¢ values were lower than the standard value of
0.5207 nm reported for ZnO (JCPDS Card No. 05-0644). The di-
minution of the ¢ parameter has already been observed for sam-
ples grown in an O,-rich atmosphere [26].

Fig. 4 shows the measured PL spectra at RT for all samples. A
broad emission peak was observed in the visible region, which
extends into the near infrared (500-800 nm). There was also a
strong ultraviolet (UV) emission band with two components at
about 375 and 384 nm, as shown in the inset of Fig. 4 and, in more
detail, in Fig. 5(a) and (b). For all samples and over the entire
emission range, except for the red component, the PL intensity
decreased with increasing O, flow-rate. In contrast to morpholo-
gical and structural characteristics, the PL was expected to be
strongly affected by small changes in the density of defects which,
in general, have an important impact on recombination rates
across the bandgap in semiconductors.

Although the PL of ZnO has been widely studied, the origin of
emission bands in the visible range remains controversial. Two
clear examples of this are the discussions on the origin of the
green and yellow components. The green emission has been as-
sociated with zinc [14] and oxygen [27] vacancies (Vz, and Vp,
respectively), while the yellow emission has been attributed to
oxygen vacancies and interstitial oxygen (O;) [28]. As for the UV
emission at RT, the origin is related to near-edge transitions, in-
volving free and neutral donor bound excitons (FX and D°X) [29],
donor-acceptor pairs (DAP) [29,30], acceptor-bound excitons (A°X)
[30] and their various order longitudinal-optical (LO) phonon re-
plicas [7].

As mentioned above, and as shown in Fig. 5, the UV emission
band can be decomposed in two components located around 375
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Fig. 5. Gaussian function fits of PL spectra from samples annealed under an O, flow-rate of 10 sccm in the (a) UV and (c) visible regions, and of 30 sccm in the (b) UV and
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and 384 nm (photon energies of 3.23 and 3.31 eV, respectively). It
is interesting to note that these values do not change significantly
with the O, flow-rate during annealing. Furthermore, they agree
well with those attributed to the FX and its various order phonon
replica contributions, which are broad at RT and hence merge
together into the main observed band [27].

To analyze the visible PL components as a function of the O,
flow-rate we considered the following equations, which describe
the evolution of point defect concentrations in ZnO during its
calcination in an O,-rich ambient [14]:
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As noted, during annealing in O, excess conditions, both [Vz,]
and [0;] increase with increasing O, partial pressure (Ppz), while
[Vo] and [Zn;] decrease. As mentioned above, the yellow emission
has been associated in the literature with both Vy and O;. Taking
into account the relations given in Eq. (5), [Vp] is expected to de-
crease and [0;] to increase with increasing O, flow-rate. However,
the yellow emission in the deposited ZnO samples decreased with
increasing O, flow-rate [see Fig. 6(a)]. Therefore, it is not reason-
able to attribute this emission to [O;] but to [V,] instead. Similar
results have been reported previously, relating yellow emission in
ZnO with transitions between electrons in the conduction band to
doubly ionized oxygen vacancies (Vo *) [1,31].

Based on Eq. (5), [Vz,] increases while [Vp] decreases with the
0, flow-rate during annealing. As shown in Fig. 6(a), the green

75

(b)

7.0 4

6.5 4

Green

6.0 4

/PL

554 )

0

Yellow

5.0 4

PL

4.54

4.0 4

3.5 T T T T
0 20 40 60 80

Oxygen flow-rate (sccm)

100

Fig. 6. (a) Intensities of green, yellow and red PL components, and (b) PLyejiow/PLcreen atio, as functions of the O, flow-rate.
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emission intensity decreased with increasing O, flow-rate, which
indicates that this component, just like the yellow emission,
should be associated with V. Fig. 6(b) shows the PLyejiow/PLgreen
ratio as a function of the O, flow-rate. As observed, the intensity of
the green emission decreased more rapidly than the yellow
emission intensity with increasing O, flow-rate. This behavior, in
turn, suggests that these two emission components are not due to
transitions involving the same defect (V) since, in such case, the
ratio PLyeiiow/PLgreen WoUld be nearly constant. An alternative ex-
planation for the origin of the green luminescence involves tran-
sitions between Vy-Zn; complex states to the valence band [32-34].
This is in accordance with the obtained experimental results, since
both Vj and Zn; concentrations decreased with increasing O, flow-
rate. This would also explain the different reduction rates of the
green and yellow emission intensities with increasing O, flow-
rate.

The red emission has also been related with Zn;, Vp, and O;
[28,35,36]. Taking into account the previous discussion about the
evolution of point defect concentrations as a function of O, flow-
rate, there is no evidence regarding the role of these in the red
emission since, as shown in Fig. 6(a), this component did not
change much with increasing O, flow-rate. An alternative ex-
planation relates the red emission with lattice disorder [37,38].
However, further experiments are needed for a better under-
standing of the origin of this component.

4. Conclusion

ZnO films have been synthesized on SiO,/Si substrates by the
sol-gel technique using DEA as the chelating agent and annealed
in Ar+0, atmosphere with fixed Ar and varying O, flow-rates. A
preferential orientation along the c-axis direction of wurtzite was
observed in all samples. The drying temperature is the most im-
portant factor affecting the degree of preferential orientation in the
films. Under UV excitation, the samples showed an intense UV
emission band comprising two components, centered around 375
and 384 nm, and a broad visible emission band which can be
decomposed into three (green, yellow and red) components. The
UV emission was attributed to the FX and phonon replica con-
tributions, which are broad at RT and hence merge together into
the main observed band. From the analysis of the intensity of the
different PL components as functions of O, flow-rate during an-
nealing, the green emission was attributed to transitions from V-
Zn; complex states to the valence band. The yellow emission, in
turn, was attributed to transitions between electrons in the con-
duction band and doubly ionized oxygen vacancies (Vo *). Fur-
ther experiments should be conducted for a better understanding
of the red emission and crystallization mechanisms.
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