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ABSTRACT

Pure and Ta-doped ZnO were prepared by the sol-gel method in acetic medium using different annealing tem-
perature treatments. The effects of low Ta doping on the crystallinity and electrical properties of ZnO nano-
particles were analyzed by means of X-ray diffraction and micro-Raman, UV-visible, and impedance spectro-
scopies.

We also performed first principles calculations in order to study the predicted changes in the structural,
vibrational and electronic properties induced by the inclusion of the impurities, and to complement the ex-
perimental measurements.

We showed that above thermal treatments at 600 °C the precursor samples take the hexagonal wurtzite ZnO
phase with high crystallinity. For the doped samples, we found that the synthesizing method has good Ta doping
efficiency of the ZnO host structure. Also, Ta doping substantially decreases the resistivity compared to pure
ZnO. These results confirm that Ta impurities can substitute Zn atoms and act as donor impurities in the host

semiconductor.

1. Introduction

Zinc oxide is a multifunctional semiconductor considered as a pro-
mising candidate for many technological applications [1,2]. In addition
to its chemical and thermal stability, abundance and low cost, its at-
tractive remains in the possibility of changing its structural, electronic
and magnetic properties by doping it. Because of the emergent prop-
erties that arise with doping, this compound is investigated for appli-
cations in solar cells, gas sensors, transparent electrodes, catalysts, light
emitting diodes, and laser devices [3-9].

Among the wide variety of production methods, the sol-gel pro-
cesses have been investigated in order to synthesize pure and doped
ZnO powders. In general, these kind of bottom-up approaches are
simple mechanisms for preparing different nanometric structures. In
this respect, research on nanostructured pure and doped ZnO synthe-
sized by sol-gel methods has gained attention in the last years
[2,10-13]

In this work, we present a study of the synthesis of tantalum-doped
ZnO prepared by the sol-gel method via the acetate route. The synthesis
and growth of Ta-doped ZnO nanoparticles by different ways is a sub-
ject of current interest due to the structural, electrical and other

properties that appear with the inclusion of the Ta impurity [14,15],
with most of the investigations being done on thin films [16-19]. The
diversity of reported chemical and physical methods to produce the
doped ZnO also indicates the interest on finding a simple way to obtain
it. In this respect, different sol-gel acetate routes are good candidates
that satisfy this requirement, and have proven to successfully synthesize
pure and doped oxides [20-23]. So, following this concept, this paper
focuses on synthesizing Ta-doped ZnO by an easy sol-gel acetate route.
Using X-ray diffraction (XRD) and micro-Raman, UV-visible, and im-
pedance spectroscopies, we experimentally study pure and Ta-doped
ZnO. XRD and Raman measurements allow a detailed analysis of the
involved crystal structures and their evolution with annealing treat-
ments. In particular, we performed a simultaneous monitoring of the
crystallite growth and the Ta doping process of the wurtzite ZnO host
structure. In addition, we use impedance and UV-visible spectroscopies
to investigate the role of Ta doping on the electrical and optical prop-
erties of the samples. All these experimental measurements are also
complemented with own first principles calculations. The computa-
tional modeling allows us controlling the impurity location in the host
structure, and analyzing how its inclusion modifies the structural, vi-
brational and electronic properties of the oxide. In this respect, various
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Fig. 1. XRD patterns for (a) pure ZnO and (b) Ta-
doped ZnO.
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ab initio calculation approaches have been applied to study some of
these properties in pure and doped ZnO (see for example Refs.
[24-31].). Nevertheless, none of these first principles investigations
focused on studying in detail the case of Ta-doped ZnO.

So, to the best of our knowledge, we present for the first time a
study for Ta-doped ZnO synthesized by the sol-gel acetate route. Also,
this is the first time all the above mentioned properties of this com-
pound are investigated by combining experimental techniques and first
principles methods.

2. Methodology
2.1. Sample preparation

Zinc acetate dihydrate (ZAD), Zn(CH3COO),2H,O (Baker), and
tantalum oxide, Ta,Os (Aldrich), were used as precursors to synthesize
Ta-doped ZnO. All reagents were of analytical grade and were used
without any further purification. In order to reach 3 at% Ta doping in
ZnO, we dissolved 6 g of ZAD in 125 ml of 2-propanol, and 186 mg of
Ta,0s in 50 ml of glacial acetic acid. Both solutions were mixed and
magnetically stirred in a heating plate at 100 °C until drying. A pure
ZnO reference sample were simultaneously synthesized using the same
procedure, but without the Ta,Os precursor.

The obtained powders (pure and doped cases) were fractionated and
placed into crucibles, and each of them was thermally treated for 2 h at
T, = 200, 300, 400, 600 or 800 °C in a muffle furnace without any
special atmospheric condition.

2.2. Instrumentation

The resulting samples were characterized at room temperature by
XRD, micro-Raman spectroscopy, and impedance spectroscopy. The
phase evolution with the different thermal treatments was studied by
XRD (Rigaku Ultima IV, Cu Ka radiation) and micro-Raman spectro-
scopy (WITec Alpha300RA, A = 532 nm).

For the pure and doped powders treated at T, = 600 °C we per-
formed UV-visible (Shimadzu UV-2600 spectrometer) and impedance
(Gamry Inst. Ref. 3000) spectroscopy measurements. To obtain the
impedance spectra, after the thermal treatment the powders were
pressed at 40 MPa into pellets of %2 in diameter, and sintered at 600 °C
for 10 h. The resulting pellets were about 3 mm thickness. Impedance
spectra in the range 10 Hz-1 MHz were measured using stainless steel
electrodes, and different DC bias between 1 and 8 V.

2.3. Computational procedure

We performed ab initio calculations by means of the Density
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Functional Theory (DFT) [32,33]. The calculations were made using the
Vienna ab initio Simulation Package (VASP) code [34-37], with the
Generalized Gradient Approximation (GGA) exchange-correlation
functional, using the Perdew-Burke-Ernzerhof (PBE) parameterization
[38,39]. We used the Projector Augmented-Wave (PAW) potentials
with the following valence electrons: Zn (3d'° 4s%), O (2s2 2p*) and Ta
(5p65d36sz). In the case of ZnO we utilized the pristine unit cell of the
wurtzite hexagonal phase (h-ZnO), and in the case of Ta-doped ZnO we
build a 2 x 2 X 2 supercell and thus substituting a Zn atom with a Ta
atom. By performing this atomic substitution we reach the Ta, gZn;,50
structural formula, i.e., 12.5 at% of Ta doping. A k-space grid of 6 X 6
X 6 was selected in all the calculations and a cut-off energy for the
plane wave expansion of 400 eV. The structures were optimized until
the forces in all the atoms were lower than 0.01 eV/A, and the unit cell
was optimized until the components of the stress tensor were lower
than 1 kBar. After that, we proceed with the vibrational analysis, uti-
lizing the Phonopy code for the phonons calculations [40]. Finally, we
applied the Porezag & Pederson methodology [41], as implemented in
the vasp_raman.py script [42], to determine the polarizability of every
single eigenvector of the I'-point phonons in order to get the simulated
off-resonant Raman spectra.

3. Results
3.1. XRD

In Fig. 1a we present the XRD patterns of pure ZnO powders after
the different thermal treatments. The initial pattern (after the drying at
100 °C) can be indexed to the structure of anhydrous zinc acetate (PDF
card number 000-21-1467) [43]. Thermal treatments at higher tem-
peratures promote the formation of the ZnO wurtzite structure (h-ZnO,
group 186), which is characterized by the three major peaks in the
range 20 = 32-37°. In addition, for the treatments at T, = 200-300 °C
we found also the cubic ZnO phase (c-ZnO, group 216), whose main
peaks are at 20 = 39° and 20 = 34°. For T, > 300 °C, only those peaks
corresponding to h-ZnO are observed, indicating that the synthesized
oxide has high purity.

In Fig. 1b we show the XRD patterns corresponding to the series of
Ta-doped ZnO. These patterns present the same features that those
corresponding to the pure ZnO samples, with two main differences.
First, we observe the presence of Ta,Os precursor phase after any
thermal treatment. This phase has its principal peak at 26 = 23°, and its
contribution to the XRD pattern decreases as T, increases, being
minimum after the 600 °C treatment. On the other hand, after the
treatment at 800 °C new diffraction peaks appear, which correspond to
a third phase, associated to the formation of the ZnTa,0¢ mixed oxide
(whose pattern is indexed with PDF number 000-49-0746). Regarding
the h-ZnO phase, its diffraction peaks become sharper and narrow with
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Table 1
Lattice parameters and crystallite size for pure and Ta-doped h-ZnO phases.
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Pure h-ZnO Ta-doped h-ZnO
T, (°C) a ) N D (nm) a ) c@) D (nm) X,
200 3.2571(1) 5.238(1) 13.1(3) 3.2465(2) 5.2239(4) 18.1(2) 0.0060
300 3.2513(3) 5.2182(6) 23.5(2) 3.25001(2) 5.2148(3) 27.0(2) 0.0175
400 3.2529(3) 5.2139(5) 30.9(3) 3.2521(2) 5.2129(3) 33.9(2) 0.0225
600 3.2532(2) 5.2124(3) 52.0(7) 3.2533(2) 5.2117(3) 55.4(6) 0.0174
800 3.25143(9) 5.2094(1) 124(1) 3.2500(1) 5.2066(2) 132(2) -
—6— Pure h-ZnO thermal decomposition of zinc acetate [45]. In addition, the obtained
lattice parameters evolve with T, toward those reported for undoped h-
—— - - ot o
3.26 Ta dOped h-ZnO ZnO powder (a = 3.2501(1) A, ¢ = 5.2071(1) A [46]) (see Fig. 2).
7 ] In the case of Ta-doped ZnO, from the Rietveld refinement we also
f(_/ 3.25 determined the effective doping x, for Zn;,,OTa,, in the hexagonal
i hase. To this purpose we suppose that the samples only present crys-
® p. purp pp p. yp M
3.24 1 talline phases, and are those observed in the XRD patterns. So, based on
~b524F T T T T T T T T T T T the used initial amounts of Zn and Ta and the fitted Rietveld weight
ft_/ 5922 _'%\ fractions, we calculated x,. We found that after the treatments at
o v I %§$ 77777777 o—18 i 400-600 °C we reach about 2 at% Ta doping (see Table 1 and Fig. 2). In
5.20 the case of the powder treated at 800 °C we did not determine x, due to
g 120 J e é the complexity of the XRD pattern with the presence of the ZnTa,O¢
£ 80 4 secondary phase.
17 (I) L L L 3.2. micro-Raman spectroscopy
0.02 ] o—  T——o
=~ 0.01 1 / The room temperature non-resonant Raman spectra for pure and Ta-
_'3 doped ZnO are presented in Fig. 3a and b, respectively. In the case of
0.00

200 300 400 500 600 700 80
(<)

Fig. 2. Lattice parameters, crystallite size, and effective Ta doping determined from
Rietveld refinement (see text). The dotted line stands for the reference value of Kisi et al.
[46].

increasing T,, which indicates a more complete crystallization of the Ta-
doped ZnO structure.

For the pure and Ta-doped powders we analyzed the h-ZnO phase
evolution by Rietveld refinement of the crystal structure [44]. In
Table 1 and Fig. 2 we present in each case the obtained lattice para-
meters, a and c, and crystallite size, D. We found that for both, pure and
Ta-doped samples, D increases from 13 to about 130 nm in the con-
sidered temperature range for T,. We observe that D increases its growth
rate for the treatments above 600 °C (see Fig. 2), which is in very good
agreement with the previous results for pure ZnO formation during

(a) (b)

pure ZnO, we found that these spectra evolve from the anhydrous zinc
acetate spectrum to that corresponding to h-ZnO (see Fig. 3a). Initially,
for the powder prepared at 100 °C, we found all Raman modes of zinc
acetate, with a main peak at 959 cm ™' assigned to v(C-C) stretching
mode [47]. This initial spectrum also presents organic v(C-H)
stretching modes near 3000 cm ™! (not shown in Fig. 3a), which dis-
appear after any thermal treatment. After treatments at T,
300-400 °C, the spectra exhibit a high fluorescence signal that makes
quite difficult to follow the evolution of the Raman modes. For
T, > 400 °C the spectra present the typical Raman features of h-ZnO. In
this sense, we found a main band at 440 cm™?, followed by bands at
101, 333 and 382 cm ', These modes correspond to E,(high), Ex(low),
second order E,(high)-Eo(low), and A;(TO) phonon modes, respectively
[10,47,48]. We observe that for the most prominent peak at 440 cm ™!
there is a slight shift to higher frequencies as T, increases (blueshift),
which suggest a compressive strain in the lattice parameters. In addi-
tion, the peak width diminishes with increasing T,, in agreement with
the crystallinity increase already observed by XRD.

Fig. 3. Raman spectra for (a) pure ZnO and (b) Ta-
doped ZnO.
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On the other hand, the Raman spectra for Ta-doped ZnO evolve with
T, in a similar way to those of pure ZnO (see Fig. 3b). For T, > 400 °C,
the presence of the same phonon modes than those observed for the
pure samples suggests that in these cases Ta impurities enter in the h-
ZnO host lattice without producing significant changes to the structure.
However, when we compare these spectra with those corresponding to
the pure ZnO series, we found a slightly more pronounced peak at
382 cm ™. As can be seen in Fig. 3b, for T, > 400 °C we found that the
Ta-doped h-ZnO phase also presents a E,(high)/E,(low) intensity ratio
lower than unity, which is inverse to that observed in the pure ZnO
samples. This ratio inversion could be associated with the Ta doping of
the hexagonal phase, a hypothesis that is supported if we focus on the
sample treated at 600 °C, where no additional modes to those of h-ZnO
are observed (i.e., we do not detect an additional phase that could affect
the intensity of the considered peaks).

Finally, after the thermal treatment at 800 °C we observe the pre-
sence of many additional minor modes to those of h-ZnO, especially in
the range 150-300cm™?, but also in the 500-800cm™' range.
Considering our previous XRD results, we speculate that these modes
correspond to the ZnTa,0¢ phase occurrence. Confocal Raman mapping
allows the study of the phase distribution in the samples at the mi-
croscopic level. To this purpose, for T, = 800 °C we chose the 440 and
740 cm ! peaks as references for the h-ZnO and ZnTa,O phases, re-
spectively. In Fig. 4 we present the 2D Raman image generated by in-
tegration of these, and their corresponding spectra. We found that at T,
= 800 °C, the ZnTa,0¢ phase appeared as a segregate (indicated in blue
color in Fig. 4a), as also evidenced by XRD Rietveld analysis, probably
as a consequence of tantalum loss from the Ta-doped h-ZnO phase.

Regarding the detection of the Ta,Os phase through Raman spec-
troscopy, we did not find any significant contribution of this oxide to
the spectra. To check this we performed additional measurements using
thermally treated Ta,Os powder, and we confirmed that this oxide does
not contribute to the spectrum with any peak of those observed for the
Ta-doped ZnO samples. Regarding this, the Ta,O5 powder spectra are
practically the same to those already presented for Ta;O3 coatings in
Ref [49].

3.3. UV-visible spectroscopy

Diffuse reflectance spectra for pure and Ta-doped ZnO are shown in
Fig. 5a. These spectra correspond to samples thermally treated at T, =
600 °C, as mentioned above. As can be seen, there is practically no
difference in R(A) between these two cases. For both samples, it is quite
clear that reduction in reflectance starts at about 460 nm.

In Fig. 5b we present these spectra after the Kubelka-Munk treat-
ment, considering a direct allowed transition [50]. In each case, the
band gap energy E, is obtained from the intersection point between the
horizontal hv axis and the tangent line to the point of inflection of the
curve. By using this method we obtained the values indicated by arrows

(a) (b)
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in Fig. 5b, E, = 3.26(1) and 3.27(1) eV for pure and Ta-doped ZnO,
respectively. So, any change in E, with Ta doping is at the edge of the
precision limit of this experimental method. Nevertheless, our results
are in good agreement with those reported in other similar Ta-doped
samples. Previous measurements of E, in Ta-doped ZnO show dissimilar
results, and suggest that the E, behavior with Ta concentration depends
on the considered preparation method for the sample. In this sense,
according to the absorption data on nanocrystals reported by Kong
et al., Eg increases from 3.19 to 3.34 eV when Ta doping ranges from 0
to 4 at%, respectively [14]. In the same way, later measurements for
thin film samples presented similar increases in E, when consider the
same Ta doping range [17,19,51]. However, also for Ta-doped ZnO
films Ravichandran et al. found E, values that practically do not change
with doping concentration [18]. But in this respect, the investigations
of Cao et al. and also those of Mahmood et al. demonstrate that the
sample annealing temperatures could affect the measured value of E,
[16,17], a fact that we consider explains the differences in E; mentioned
earlier.

3.4. Impedance spectroscopy

In Fig. 6a and b we present the Nyquist plots of both pure and Ta-
doped ZnO samples for the different operation DC bias voltage. In both
cases, only a portion of a semicircle-like branch is seen, with its origin
on the real axis. In general, at high frequencies, for low values of the
real part of the impedance, the plots practically do not change as the
bias voltage varies. On the other hand, at lower frequencies, for higher
values of Z,.,, the DC bias modifies the open arc part of the Nyquist
plot. This effect is clear in the case of pure ZnO, where as DC bias in-
creases the arc increases its final slope (Fig. 6a).

Our data were analyzed by fitting to the equivalent electrical circuit
model of Fig. 6¢c. This model is a series-parallel combination circuit,
where each resistance is in parallel with a constant phase element
(CPE), and each parallel contacted R-CPE pair stands for the grain in-
teriors and grain boundary contribution to the total impedance. A CPE
represents a non-ideal capacitor, and its impedance can be expressed as

1
Zcpg = m,
where Yy, is the capacitance, and a is an exponent equaling unity in case
of an ideal capacitor.

The solid lines in the Nyquist plots of Fig. 6 are the least-squares fits
of our model to the corresponding impedance data. The obtained con-
tributions to the total impedance are plotted against the DC bias voltage
in Fig. 7. We called R,; and Ry, the resistance for the grain interiors and
grain boundary, respectively. Considering the pellet diameter and
thickness, we calculated the corresponding resistivities pg; and pgp,. In
Fig. 7 such values are indicated on the right axis of each resistance plot.

For the pure ZnO, Rg; is one order of magnitude lower than Ry,. The

Fig. 4. (a) 2D Raman mapping of the Ta-doped ZnO sample
treated at 800 °C considering the 440 and 740 cm ~ ! peaks (in red

|

|

|

)
f A N~ I
‘/‘\4 WA/ W *)‘
oy

I

|
I
am

Total Ta-doped ZnO

|
[N N,
I

and blue, respectively), and (b) their corresponding h-ZnO and
ZnTa,0s Raman spectra extracted from the points indicated by
arrows. The y-axis in (b) has a different scale for each spectrum to
get a better visualization.
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Fig. 5. (a) Diffuse reflectance spectra for pure and
Ta-doped ZnO, and (b) their corresponding Kubelka-
Munk transformed reflectance spectra.
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Fig. 6. Nyquist plots for (a) pure ZnO and (b) Ta-doped ZnO, and (c) proposed equivalent
circuit.

assignments of the Ry and Rg, parameters were chosen according to
previous works [52-54]. As can be seen in Fig. 7, Ry, monotonously
increases with DC bias. This dependence is a consequence of the open
arc part behavior with bias voltage already described for Fig. 6a. For
the Ta-doped sample we also found that Rg; is one or two orders of
magnitude lower than Rgp,. In addition, we observe that for DC bias
ranging from 1 to 6V R, is about 1 MQ, while for higher bias it
abruptly falls to about 0.2 M, which is an effect of the change in the
starting curvature of the Nyquist plot observed for these DC bias values
(see Fig. 6b, inset plot).

On the other hand, for both samples the CPE impedances are
characterized by a value near unity over all the considered DC bias

707

When we compare the resistances of both pure ZnO and Ta-doped
ZnO, it becomes clear that the Rg; and Ry, values in the doped system
are lower to those corresponding to the pure case. This result suggests
that Ta doping modifies both grain interiors and boundary, diminishing
their resistivities, in overall good agreement with the nominal triple-
donor character of the Ta atom (element with valence 5+ ) when acts as
substitutional impurity in the Zn®>*0? host structure. In this sense,
when the Ta atom locates at a regular Zn site, it donates negative
charge, which enhances the electrical conduction. Also, since the con-
centration of Ta impurities is lower in the grain boundary than in its
interiors, it is expected the more pronounced diminishing of Rg; than
Ry, with Ta doping. In this sense, Ry changes from 9 to 10 MQ to
0.2-1.1 MQ with Ta doping (i.e., a mean decrease to about 7% of the
undoped sample values), while Ry}, diminishes from 84 to 910 MQ to
90-134 MQ (i.e., a decrease to about 20%).

3.5. Computational simulations

In order to obtain the Raman spectra from first principles, we first
calculate the equilibrium geometrical structure for pure h-ZnO and Ta-
doped h-ZnO. The obtained cell lattice parameters are: a =b = 3.254 A
and ¢ = 5.251 A for h-ZnO, anda = b = 3.251 A and ¢ = 5.209 A for
Ta-doped h-ZnO (expressed in terms of the pristine h-ZnO unit cell). As
can be observed, Ta doping induces a compressive strain in the struc-
ture, lowering the values of the cell lattice parameters. This result can
be considered a consequence of the change of the involved ionic radii
with the cation substitution [55]. In effect, we can also look the local
structure modification obtained with the inclusion of the Ta impurities.
According to our calculations, when we allow the relaxation of the
internal atomic positions the Ta-O final distances dr,.o take values in
the range 1.90-2.00 f\, which tend to be lower than the original dz,.o =
1.98 A for pristine h-ZnO.

When we compare these structural results with those obtained by
XRD, we found that there exists a good correspondence between the
predicted compressive strain introduced by Ta doping and the experi-
mental slight diminishing of the h-ZnO phase lattice parameters ob-
tained with the Ta doping (see Table 1). Considering that theoretically
we deal with a higher at% of Ta doping of the host structure, it is ex-
pected that the predicted structural effects with doping should be more
pronounced than in experiments.

The vibrational spectra are analyzed first in terms of the partial
density of phononic sates (phonon DOS), presented in Fig. 8. For h-ZnO,
the phonon density of states shows the typical two regions, the first
from O to 250 cm ™' with a major contribution for Zn in comparison to
0, and the second one from 350 to 550 cm ™! majorly contributed from
O in comparison to Zn. The Ta-doped h-ZnO case shows a broader
phonon spectrum, as expected from the symmetry breaking introduced
by the Ta doping. The contribution from this atom is mainly localized in
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Fig. 7. Fitted parameters for the proposed equivalent
circuit in (a) pure ZnO and (b) Ta-doped ZnO. Rg;
and Ry, are in units of MQ, and Yy, in units of 1072
Ss® We also indicate the corresponding values for
resistivities pg; and pgp, on the right, in units of MQm.
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the region of 0-300 cm ™2, as expected for this relatively higher mass
and with an additional small contribution at 650 cm ™.

After this vibrational analysis, we followed with the calculation of
the off-resonance Raman spectra for both structures. The corresponding
results are shown in Fig. 9. In the case of h-ZnO, we obtain the expected
Raman modes B,, E(high), E;, A, and E;(low) at 534, 433, 395, 375
and 95 cm !, respectively (see Fig. 9a and b). These Raman shift values
are in very good correspondence with those determined experimentally
with some differences in their relative intensities (see Fig. 3a). Re-
garding the intense B; mode, if we allow LO/TO splitting this mode
could be shifted to lower values. However, LO/TO splitting has not
been considered in the present calculations. When we compare the
calculated h-ZnO Raman spectrum with that predicted for Ta-doped h-
ZnO, we found that Ta doping introduces additional peaks with im-
portant contribution for the Raman cross section (see Fig. 9c). Among
them, we can distinguish the peaks located at 180, 280, 474, 497, 523
and 650 cm ™ L. In most of these cases, there is a relevant contribution
from Ta atoms, as schematized in the corresponding Fig. 9d, demon-
strating how the presence of Ta doping can be evidenced from the
Raman analysis.

In reference to the electronic structure, in Fig. 10 we present the
calculated densities of electronic states (DOS). For pure h-ZnO we can
distinguish a valence band separated by about 1 eV from the conduction
band. This result subestimates the experimental value of the forbidden
band gap energy (E, is about 3.2 eV according to our measurements and
previous results [14,17-19]), as it is well known for GGA-PBE calcu-
lations. Nevertheless, we can still do the comparison between the pure
and doped system, just in relative terms. For our case, the Ta doping
introduces electronic levels at the Fermi energy of the ZnO bulk host,

thus generating a semi metallic situation (see Fig. 10b). Also, despite
the fact that GGA-PBE calculations subestimate the E, values, according
to our PAW calculations the inclusion of the Ta impurity diminishes Eg
in about 0.3 eV due to the presence the donor levels. A change in E, of
this order of magnitude has not been experimentally observed, as can
be seen from our UV-visible measurements and other experimental
results reported for Ta-doped ZnO [14,17-19]. However, it is worth to
notice that this effect of the Ta atom on the E, value could be due to the
high Ta doping considered in our calculations. For example, it has been
already observed by first principles that for larger Ta-doped ZnO su-
percells (i.e., a lower Ta impurity concentration) the donor levels in-
troduced by the impurity lie on the conduction band bottom [24]. So, in
such cases the presence of the Ta impurity does not modify the pre-
dicted value of E,, which is a prediction in better agreement with our
UV-visible measurements for Eg.

4. Discussion and conclusions

The XRD and Raman results presented for the reference sample
synthesized without the Ta,O5 precursor show that the initial solution
dehydrates first into anhydrous zinc acetate, and evolves to h-ZnO as
the thermal treatment temperature increases. During this evolution, the
hexagonal phase coexists with the cubic one after treatments in the
range 200-300 °C. The presented phase transitions and the crystallite
size growth rate for h-ZnO are consistent with those previously reported
for undoped ZnO synthesized by other methods [45,47,56]. On the
other hand, for the Ta-doped ZnO samples we found similar crystal
structure results to those of pure ZnO, for both the hexagonal phase
lattice parameters and the crystallite size evolution with the different

Fig. 8. Total and partial density of phononic states
for (a) h-ZnO and (b) Ta-doped h-ZnO. The insets

| Ta-doped h-ZnO

show the corresponding used cells. Grey, red and
orange spheres stand for Zn, O, and Ta atoms, re-
spectively.
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Fig. 9. Off resonance theoretical Raman spectra for (a) h-ZnO and (c) Ta-doped h-ZnO, and (b, d) vibrational representations for selected modes.

thermal treatments. However, we observed that the low Ta doping
slightly diminishes the lattice parameters of the unit cell, which can be
expected according to our first principles calculations of the equili-
brium structures of pure and Ta-doped h-ZnO. After the treatment at
600 °C we reached an optimal situation in which the sample is highly
crystalline, the formation of hexagonal phase is maximum, and the Ta
doping is about 2 at%. Later, after the treatment at 800 °C we found
that the mixed oxide ZnTa,O¢ is segregated, in a low temperature
modification of its orthorhombic form. In this sense, it has been re-
ported using solid-state or other sol-gel methods that for thermal
treatments in the range 650-1100 °C the formation of ZnTa,Og is pro-
moted [57,58].

(a) (b)

In order to study the optical and electrical properties of Ta-doped
ZnO, and considering the preceding results, we performed UV-visible
and impedance spectroscopy measurements for powders calcined at
600 °C (in form of pellets for impedance studies). In this respect, our
results show that the achieved Ta doping does not modify the E, value.
In addition, the semiconductor resistivity in the Ta-doped sample is
lower than that of the pure sample, in agreement with the donor
character of the Ta impurity in the ZnO host structure. We found that Ta
doping produces a more pronounced decrease in the grain interiors
contribution to the impedance compared to the grain boundary con-
tribution. At this point, it is important to mention that both pure and
Ta-doped samples present practically the same crystallite size, as

Fig. 10. Total and partial DOS for (a) h-ZnO and (b)
Ta-doped h-ZnO.
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observed by XRD. So, the diminishing of the resistivity may be indeed
produced by Ta doping. Although this is the first time where impedance
spectroscopy measurements are presented for Ta-doped ZnO, previous
work has shown similar behavior for the total resistivity when the host
matrix is doped with Ta. Concerning this, it has been showed that when
ZnO films are doped with 1-2 at% Ta, the total resistivity decreases
about one order of magnitude [17,18]. On the other hand, impedance
spectra has been applied to the study of ZnO doped with other im-
purities, with results that follow the same trend to that presented in this
work. For example, Zhou et al. measured a decrease of one order of
magnitude for the resistivity when ZnO is doped with trivalent Al im-
purities. Also, in an opposite way, acceptor impurities increase the
sample resistivity [59].

In summary, in this work we performed a detailed study for the first
time of the sol-gel method in acetic medium for synthesizing Ta-doped
ZnO. By using different experimental techniques, we followed the
crystallization evolution towards the h-ZnO phase, together with the Ta
doping process of the crystal structure. We demonstrate that the max-
imum formation of Ta-doped h-ZnO is reached after heating the sample
at 400-600 °C. For the doped oxide, the inclusion of the Ta impurity in
the host structure is accompanied by a decrease in both grain interiors
and grain boundary resistivities, in agreement with the donor character
of the dopant. The theoretical simulations allow us to confirm the Ta
doping on the h-ZnO host, explaining the reduction of the resistivity in
the doped samples.
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