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Defects at semiconductors with electron acceptor and donor sites govern the electronic and optoelectronic ap-
plications due to their unique electronic properties. This work provides deep insight into the nature of defects
and the conduction mechanism in a-AgaWOj4. To this aim, a detailed analysis of the results of XRD with Rietveld
refinements, FE-SEM images, and measurements of different spectroscopies (impedance, positron annihilation

lifetime, and photoluminescence) are carried out on a-AgaWO4 samples synthesized by a simple co-precipitation
method. Two types of vacancy defects: cationic O-vacancies, and anionic Ag or Ag-O vacancy complexes are
elucidated with a Schottky p-type potential barrier. The results indicate that the Ag vacancies remain constant
during thermal treatment, while an opposite effect is found for the oxygen vacancies. This behavior governs the
multifunctional properties of a-AgaWO4 semiconductors via a tunneling plus thermionic conduction mechanism.

1. Introduction

The rapid progress in semiconductor nanotechnology relies on three
factors: (i) the success in quantifying and understanding the amount and
nature of defects, (ii) the employment of appropriate synthetic proced-
ures to control the presence of defects, and (iii) adequate post-physical
modifications to obtain high-quality of crystals that possess unique
and extraordinary properties [1-6]. Semiconductors formed after the
synthesis process and thermal treatment contain defects owing to the
reaction process, which inevitably exist and alter the properties.

Defects are general perturbations of the periodic atomic arrange-
ments in semiconductor materials. They are known to manifest them-
selves as energy levels, within the band gap, tuning the physicochemical
properties by changing the electrical features with enhanced or novel
functional applications. In this sense, it is essential to understand the
nature and influence of defects on the activity and performance for
further optimization of the semiconductor system. In transition metal

oxides, defects can be associated with cationic vacancies (oxygen va-
cancies, Vo) and anionic vacancies (silver vacancies or vacancy com-
plexes, Vag.0) [7]. These vacancies act not only as an electron-hole
recombinant center capturing a free electron and a free hole, but also
break the electronic structure of an otherwise perfectly periodic crystal.
Recently, it has been found that the presence of Vg provokes the for-
mation of reactive sites in these semiconductors, which can promote the
migration of these carriers and reduce the interfacial reaction energy
barrier [8-12]. The spatial distribution of V¢ dictates its nature while
the surrounding atoms are re-organized for defect energy level forma-
tion. Control and manipulation of defects provide a degree of freedom
for harvesting and tailoring the functional properties of semiconductors.
However, the rapid and simple detection of Vg is a great challenge
owing to its elusive and highly diluted contents.

Transition-metal tungstates have recently gained significant atten-
tion in the scientific community owing to their excellent and favorable
properties that are applied in photocatalysts, gas sensors, lasers, and
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supercapacitors [13-15]. Silver tungstate (a-AgaWO,) is a representa-
tive member of this family with remarkable physical/chemical proper-
ties that mainly depend on the intrinsic defects controlling their
structure and electronic properties, and advanced applications such as
antimicrobial, photocatalyst, gas sensor, and antitumoral [15-18].
a-AgoWO, presents a unique atomic arrangement that provides a
fundamental ability to accommodate a large number of defects without
destabilizing the crystal structure. Significantly, the properties of
a-AgoWO,4 are highly tunable by selecting the temperature, pH, pres-
sure, type of solvent, and surfactant along the synthesis process [19].
The unique structure of a-AgaWO4 and electronic flexibility allows the
substitution of Ag atoms by different transition metals, such as Zn, Cu,
Mn, and Ni atoms, and/or W by Mo cations to form solid solutions with
enhanced photocatalytic performance [20-24]. In addition, the doping
of a-AgoWO4 with rare earth cations renders materials with interesting
photoluminescence (PL) emissions [25,26]. In this scenario, our group is
engaged in a research project devoted to understanding the nature of the
defects in semiconductors, and very recently, we have been employing
positron annihilation lifetime spectroscopy (PALS) to establish the na-
ture of vacancy-like defects in both pure a-AgoWO4 samples and those
submitted to electron beam irradiation [27].

Here, we report the controlled synthesis of polycrystalline a-AgoWO4
by using the co-precipitation (CP) method, free of any template and
without surfactants. Impedance spectroscopy has been applied, for the
first time, to unveil the nature of the defects. The obtained material was
characterized by Rietveld refinement and field emission scanning elec-
tron microscopy (FE-SEM), PALS measurements, and PL emissions. The
main aims are fourth fold: (i) disclose the nature of defects at the
a-AgaWO4 semiconductor; (ii) understand the dependence of the con-
centration of these defects as a function of temperature treatment; (iii)
find a relationship among PL emissions, PALS measurements, and results
of the impedance spectroscopy; and (iv) propose a plausible mechanism
for the conduction behavior based on present findings.

2. Experimental procedures
2.1. Synthesis and characterization

The a-AgoaWO4 powder was synthesized by using the CP method as
described in the literature [27]. The a-AgaWO, pellet was obtained by
cold pressing the a-AgaWO,4 powder at a pressure of 1 atm for 5 min and
70 °C. The pellets were characterized by X-ray diffraction (XRD) using
the D/Max-2500 PC diffractometer (Rigaku, Japan) with the CuKa ra-
diation (A = 1.5406 1°\) in the 26 range (10° - 110°) at the rate of 1°/min.
The Rietveld refinements were performed using the General Structure
Analysis System (GSAS). The morphology of the a-Ag,WO4 powder was
observed with an FE-SEM Supra 35-VP (Carl Zeiss, Germany) operated at
5 kV. Room-temperature PL measurements were performed using as an
excitation source a 355 nm laser (Cobol/Zouk) focused on a 200 pm spot
with a constant power of 5 mW. The luminescence signal was dispersed
by a 19.3 cm spectrometer (Andor/Kymera) and detected by a Si
charge-coupled device. For PL measurements samples were treated at
the same temperature steps of the impedance spectroscopy analysis.

2.2. Direct current (DC) semiconductor characterization

To determine the semiconductor behavior (n- or p-type) of the
a-AgoWO, pellets with thermal treatment, thick films were conformed
and treated in three different atmospheres (vacuum, oxidant, and
reductive). The measurements were carried out at 150 °C, and an exci-
tation current of 1 mA was applied by using a two-point probe technique
with a DC-type measurement. An Agilent 3440A multimeter was
employed for the electrical conductance measurements.
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2.3. PALS measurements

Positron annihilation lifetime measurements were performed using a
fast—fast spectrometer with a time resolution of 251 ps in a collinear
geometry. A 10 pCi-sealed source of 22NaCl deposited onto two thin
Kapton foils (7.5 pm thick) sandwiched between two identical samples
was used as a positron source. The spectra were recorded at room
temperature, and typical 1.5 — 2 x 10% counts per spectrum were
collected. The lifetime values reported in this work for each sample are
at least an average of 10 measurements in the same experimental con-
ditions. After subtracting the background and the source contribution,
the PALS spectra were analyzed using the LT10 program [28].

In general, from the positron lifetime spectra decomposition, several
lifetime components can be extracted; each of them is characterized by a
lifetime 7; and an associated intensity I;. The state i can be the delocalized
one in the crystal lattice (free positron state) or localized states at
different defect sites where positrons become trapped and annihilated.
The presence of more than one lifetime indicates that the studied sample
is not defect-free, which is common in semiconductor oxide samples.
PALS measurements were performed to establish if the defect structure
of the a-AgaWO4 compound was modified when this sample was sub-
mitted to the same thermal treatment used for the impedance spec-
troscopy measurements; specifically, the sample was ex-situ heated from
303 up to 423 K at a heating rate of 1 K/min and then maintained at this
temperature for 30 min. Detailed analysis of the PALS measurements
performed is presented in the supporting information (Fig. SI-1).

2.4. Impedance spectroscopy

The impedance spectroscopy technique provides fundamental char-
acteristics of semiconductors like conductivity (o) as a function of time,
temperature, applied voltage bias, and frequency (®) [29,30]. Imped-
ance measurements were carried out with an HP 4284A LRC meter. The
measurement frequency range was from 100 Hz to 1 MHz. The imped-
ance data have been measured in the temperature range between 303
and 423 K with an increasing rate of ~1 K/min. To ensure that the
system is in a steady state previously to the data acquisition, the tem-
perature was kept constant at a predetermined value until it did not vary
with time. For each temperature, a sequential number of measurements
were performed, and the capacitances and electrical resistances were
estimated by fitting the data to an equivalent circuit using Zview 2.1
software. The relative error for all measurements was lower than 3%.

3. Results and discussion

An analysis of the XRD data (Fig. SI-2) renders that all samples have
well-defined diffraction peaks, indicating a good degree of structural
order. The as-synthesized a-AgoWO4 samples present an orthorhombic
structure belonging to the symmetry Pn2n space group, according to
card No. 4165 in the Inorganic Crystal Structure Database (ICSD). The
results of Rietveld refinements are presented in Fig. SI-3 and Table SI-1.
An analysis of the results renders that, after thermal treatment, there is a
slight increase in the lattice parameters of the crystalline cell. The
a-AgoWO,4 powder observed with an FE-SEM was the rod-like
morphology as reported in the literature (see Fig. SI-4).

3.1. Two-point probe DC measurements

Fig. 1A is a schematic representation of a semiconductor’s electrical
behavior when acts as an n- or p-type semiconductor. Reducing gasses,
such as CO, react and then remove ionosorbed oxygen from the surface.
Thus, electrons returned to the grains. In general, for an n-type semi-
conductor, this implies lower intergranular barriers, and then the film
conductivity increases (resistivity decreases). The opposite behavior is
expected when a p-type semiconductor is exposed to air, for which
intergranular barriers decrease and the conductivity increases
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Fig. 1. (A) Schematic representation of the electrical behavior when the material acts as an n- or p-type semiconductor when it is exposed to a reducing gas (target

gas). (B) Electrical behavior of a-AgoWO, film.

(resistivity decreases). In Fig. 1B, the time response of the a-AgoWO4
film is presented. Measurements were carried out when samples were
heated at 423 K. Time response results show that after a quick resistance
increase due to the change from vacuum to CO exposure, a decrease in
the electrical resistance is observed when samples were exposed to air. A
reproducible behavior is observed for CO and air exposures indicating a
p-type behavior where the resistance increases after the air removal.
This experimental result is in agreement with the p-type behavior pre-
dicted previously by our research group [31] based on first-principles
calculations.

N and Np correspond to the concentration of acceptor and donor
impurities, respectively, being N—Nj — Np,_ the net acceptor concen-
tration, The band diagram at the grain surface adopts the form shown in
Fig. SI-5.

3.2. PALS analysis

To analyze the temperature effects on the defects, PALS measure-
ments were performed to establish if the defect structure of the
a-AgaWO4 compound was modified when this sample was submitted to
the same thermal treatment used along the impedance spectroscopy
measurements. The measured positron lifetime spectra could be satis-
factorily fitted considering three discrete lifetime components. In both
samples, the intensity associated with the longest lifetime component
(t3~1800 ps), usually ascribed to the annihilation via the pickoff pro-
cess of the ortho-Positronium atom formed in the intergranular spaces of
the powder samples, is lower than 3% [32]. Taking into account the
small value of its intensity, this lifetime component is not discussed
further. The obtained results for the other two lifetime components are
presented in Table 1.

As can be seen in the table, the values of the positron parameters
obtained from PALS measurements in the thermally treated sample are
the same, within the experimental error, that those already reported for
a non-heated a-AgaWO,4 sample [27]. The values of T and I are main-
tained along thermal treatments. Specifically, it was pointed out that the

Table 1

Values of positron lifetimes (1) and their associated intensities (I) obtained from
the decomposition of PALS spectra for a-AgoWO,4 samples before and after the
thermal treatment used for the impedance spectroscopy measurements.

a-Ag2WO4 samples’ state 71 (ps) I; (%) T2 (ps) I, (%)
Before thermal treatment 172 £1 24.7 £ 0.5 274 + 2 72.6 £ 0.5
After thermal treatment 171 +£1 245+ 0.5 274 + 2 73.0 £ 0.5

positron trapping sites are Vag or Vag.0 vacancy complexes character-
ized by a positron lifetime tp = 274+2 ps. Furthermore, the value of the
intensity associated with this lifetime component (I ~73%) indicated
the presence of a high concentration of this type of defect. It is worth
mentioning that isolated oxygen vacancies (Vo) are invisible to posi-
trons. In fact, due to their positive charge, these defects repel positrons,
making them not effective positron traps [33]. Therefore, PALS results
indicate that, during the impedance spectroscopy measurements, the
number of Ag-O vacancy complexes does not change.

3.3. Photoluminescence emissions

Fig. SI-6 shows the PL emission spectra of a-AgaWO4 as a function of
temperature (343, 373, 398, and 423 K). It is observed that the
a-AgaWO4 emission is centered on two specific peaks, one located at
~460 nm and the other at ~730 nm. The emission in the blue region is
related to the transitions from the ground state A; to the high 1Ty vi-
bration level that occurs in [WOg] clusters [34]. Furthermore, these
more energetic emissions can be enhanced due to the increase of
structural defects in the sample [27]. These structural defects cause the
creation of more energetic intermediate levels in the middle of the
forbidden region of the band gap (deep defects) [35]. The emission
observed in the red region is directly related to the electronic density
generated by Vg in the [AgOy] clusters (x = 2, 4, 6, and 7) which can
recombine with the Vg resulting in changes in these emissions [34].
These alterations cause the formation of less energetic energy levels,
close to the valence and conduction bands of the semiconductor
(shallow defects). The amount of both types of defects is reduced with
increasing temperature, indicating an increase in the structural order of
the sample [36]. This effect is in agreement with the Rietveld refinement
analyses, where it was possible to observe an increase in the volume of
the crystalline cell (see Table SI-1) due to oxygen diffusion into the
grains, which decreases the Vo density as shown in PL (Fig. SI-6) [34,
371].

3.4. Impedance spectroscopy

The Nyquist plots (-Z’ vs. Z”’) of the a-AgoWO, at different temper-
atures are shown in Fig. 2. From the figure, a diminution of the semi-
circle radii with increasing temperature is observed. This behavior can
be related to the higher mobility of the charge carriers with temperature,
reaching sufficient energy to pass through the barrier when the tem-
perature rises. We can sense that the semicircular arcs are not centered
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Fig. 2. Nyquist plots (-Z’ vs. Z”’) of the a-AgoWO, pellets at different temperatures.

on the real axis, which means the a-AgoWO,4 samples present non-
Debye-type relaxation processes. The samples were found to obey the
Cole-Cole formalism [38-40]. Generally, each semicircle is attributed to
a specific contribution: it represents grain contributions at high fre-
quencies and grain boundaries and electrode contributions at low fre-
quencies which are commonly overlapped. Then, to better perform the
analysis of the impedance data, the total parallel equivalent capacitance
(Cp) and the total parallel resistance (R;) as a function of frequency will
be analyzed to reveal the electrical conduction mechanisms [41].

For the fitting of the Nyquist plots, an equivalent circuit with a
combination of ideal resistors, capacitances, and inductances can be
used. Nevertheless, ideal elements only approximate over a limited
frequency range. When dealing not with a single activation energy but
with a distribution of activation energies, one passes from a simple ideal
resistor and capacitor in parallel or series to a distributed impedance
element. The disordered states associated with deep bulk defects in
semiconductors grains could be the phenomenon that modifies the
Debye-like response. Then a better fitting to experiments can be ob-
tained when a large number of different disordered states as RC series
are added in parallel to the grain boundary contribution [39].

For the fitting, the equivalent circuit employed in this study is

displayed in Fig. 3A, where Ry, Cp, R, Ce, and Rgp, Cgp, Rg, CPE 4 represent
the resistance and capacitance of the bulk of grains, of the electrodes,
and those of grain boundaries, the resistance related to distributed de-
fects and the constant phase element of the defects, respectively [42].
From an electronic point of view, these defects, in turn, display low or
high electron density, rendering different charge accumulation.

Particularly, this electrical behavior of states due to distributed de-
fects is modeled by a series combination of resistance (R4) and a constant
phase element (CPEg). A CPE is a simple distributed element that pro-
duces an impedance having a constant phase angle in the complex plane
according to the Eq. (1):

A
Zepe = oy (@)

where o is the angular frequency. Constant A and exponent a correspond
to the impedance modulus and impedance angle, respectively. If a = 1,
the CPE acts like a capacitor with A equal to the capacitance. The CPE
can also behave as a resistance (a« = 0) or an inductance (@ = —1) [30,

43].
The total electrical behavior is well represented in R, and C,, vs. f(Hz)

Re Rgb Rb
A —
Ce Cgb Cb
— I i |
Rd CPHEd
A
7
Re Rgb
B
e Cgb
] L L
LI | L)
Rd CPEd

>—m

Fig. 3. (A) Complete equivalent circuit. (B) Simplified equivalent circuit: for our experimental values, R, and C, do not play a relevant role in the whole circuit.

Then, we do not take into account the bulk contribution for modeling.
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plots, as shown in Fig. 4A and 4B, respectively. {

Table 2 indicates the obtained electrical parameter values for fitting. Gy = R (2
It can be seen that the modeled values of R, and Rg, decrease as tem- g
perature increases, which indicates a thermally activated conduction
mechanism. Interestingly, Ry increases until 323 K and then decreases,
rending a competition between temperature and carrier concentration. Copes
From the fittings, we also observed in Table 2 that the electrode
capacitance increases with temperature. Fig. SI-7 shows the fitting of the
experimental results using the electrical circuit proposed in Fig. 3B from
303 to 423 K. To explain the observed capacitance variation with tem-
perature the electrical currents through the grain boundary are further
investigated.

and,
=Cy 3

To study the grain boundary capacitance changes, we can consider
the Cgp at a frequency of 1 MHz (Cy~Cg). The procedure used to obtain
the values of the electrical grain boundary capacitance and resistance is
described in the supplementary part of this article. In particular, for our
working frequency, the electrode effects on total impedance and total
capacitance can be estimated assuming a quite initial high value for the
electrode capacitance (1072 F) for 303 K. Grain boundary resistance
(Rgp) can be determined at low frequencies, say 100 Hz. The resistance
values decrease with the increase in temperature (Fig. 5, Table 2, and
Fig. SI-7), which can be explained by the increased mobility of the
charge carriers that contribute to the conduction process.

Fig. 5 shows the electrical conductance and capacitance behavior
(Fig. 5 inset) of the potential grain boundary barriers analyzed at 100 Hz
for the Gp curve, and 1 MHz for the Cp curve (Cp=Cg at 1 MHz, and G,
=Ggp at 100 Hz at a bias of 0 V). The total capacitance dependence on
frequency is affected by the presence of bulk defects and the electrodes.
These bulk defects have different activation energies reinforcing the use
of a constant phase element.

It is known that carriers, with energies below the top of a barrier, can
penetrate it by quantum-mechanical tunneling. On the other hand,

3.5. The electrical currents through the grain boundary

It is widely accepted that the electrical conduction in polycrystalline
semiconductors is dominated by intergranular potential barriers that
have a Schottky-type nature [41,44-52]. Then, to study the electrical
currents, we must first model the observed electrical behavior using an
equivalent circuit to obtain the relevant electrical components (Grain
Boundary Capacitance Cg and Grain Boundary Resistance Rgp).

For the equivalent circuit of Fig. 3B, the values of Rg, and Cg, can be
determined from the limit values of the conductance (G,) and capaci-
tance (Cp) for very low and very high frequencies (Fig. 4A, B) as [53]:
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Fig. 4. (A) R, and (B) G, total electrical behavior as a function of frequency (Hz).
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Table 2
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Experimental grain boundary resistance and capacitance dependence with temperature used for fitting the G, vs f behaviors are shown in the table. Ry, is obtained from
total parallel resistance (Rp) at 100 Hz and Cg, from total parallel capacitance (Cp) at 1 MHz. From the fitting with the equivalent circuit of Fig. 3B, R,, Ce, and trap

parameters were obtained as a function of the temperature.

T (°C) Ryp, (o) £100Hz Cgp (107'%F) f:1MHz R. (o) C. (107°F) Ra (@) CPE4 (1071°F) o
303 567,510 5.06 15,000 8 70,805 121.30 0.61
313 463,790 5.24 11,000 8 163,250 27.54 0.70
323 470,100 4.99 5000 60 273,710 27.54 0.70
333 391,120 5.01 2000 200 269,120 27.54 0.70
343 344,540 4.97 1500 250 261,460 27.54 0.70
353 172,000 5.28 820 300 194,710 12.85 0.78
363 112,530 5.51 700 400 186,260 9.81 0.82
373 69,513 5.80 400 500 142,960 4.92 0.88
383 47,443 6.03 300 500 120,160 5.24 0.88
393 33,690 6.28 250 750 98,293 4.03 0.90
403 24,124 6.56 180 800 77,135 4.81 0.89
413 18,012 6.83 140 1000 62,003 6.02 0.87
423 14,328 7.01 100 1500 69,783 7.82 0.86

10% where, e is the electron charge, k is the Boltzmann constant, T is the
8 8 experimental temperature, ¢ is the permittivity and N, as define above, is
N7 warly the net acceptor concentration.
- o — . .

N =yp P 6% An analysis of the results of Table 2 renders that in the 303 - 423 K
I % 5 oLooo” 5g range, the PL emission spectra show that the amount of Vo was reduced
8 i 50° A E when temperature increases and, consequently, the net doping con-
— e = Uoo’o 3z centration (N) would increase as the temperature is raised. Changes in N
© o oo 2 directly reflect in the values of Cg, as shown in Fig. 5 inset. This result is

1 1 . . . . . .
— 1051 203 313 333 353 373 393 413 433 consistent with the slight increase in the lattice parameters detected
g T(K) during Rietveld refinements (see Section 3.3). The increase of the values
b for the capacitance (C,) with temperature could be a consequence of the
= short-distance oxygen diffusion into the grains that are directly in con-
8 tact with the electrodes. Also, for Ry and CPE; we have to consider the
O] E, = 0.55 eV effect of temperature and the Fermi level position on the activated
N variable according to capacitance process rate of trap charging (as shown in the band diagram of Fig. SI-5).
As a consequence, Ry and CPEy can increase or decrease with tempera-
1 0-6 q p
T T | T T :
r bserved in Table 2.
0.0022 0.0024 0.0026 0.0028 0.0030 0.0032 0.0034 ture as observed

1/T(K)

Fig. 5. Electrical conductance (G,) and capacitance (C,) behavior (inset) of the
potential grain boundary barriers. The net acceptor concentration (N) depen-
dence on temperature is also shown in the inset. G, values are extracted at 100
Hz from Fig. 4A and C, values are obtained from Fig. 4B at 1 MHz (Cp=Cg at 1
MHz, and G, =Ggp, at 100 Hz at a bias of 0 V).

carriers can overcome the barrier height (¢) to move from one grain to
another favoring the thermionic emission Thus, we calculated the two
main contributions to electrical conduction, namely, the thermionic
emission and the tunneling contribution. The tunneling current can be
calculated with Eq. (4):

where A* is the Richardson constant, F(E) is the Fermi-Dirac distribu-
tion, and P(E) is the transmission probability, which can be determined
with the Wentzel-Kramer-Brillouin approximation [54]. For high dopant
concentrations, such as the ones found here, thermionic-field emission is
the most relevant conduction mechanism. By solving Poisson’s equation
for the depletion approximation, the relationship between the grain
boundary capacitance (Cg or Cp at 1 MHz) and the band bending (V3) in
volts is:

eNe
C!s’h = V, — kT %)

e

The fitting shown in Fig. 5 was obtained with an iterative process for
a constant band bending of E,=eV,=0.55 eV and a variable doping ac-
cording to capacitance changes, considering an N = 2 x 10%° m 2 for the
low temperatures. The doping was determined considering that the
capacitance is directly related to the square root of the doping, which is
the case for parabolic barriers. The values derived from the iterative
process depend on the temperature and are those shown in the inset of
Fig. 5. Note that the observed trend of the total conductance changes at
about 343 K, and it is directly correlated with the increase of the grain
boundary capacitance.

4. Conclusions

Understanding the relationships among the structure, nature of de-
fects and the electrical transport is essential for designing semi-
conductors with multifunctional properties. Here, a-AgoWO,4 samples
were synthesized via a simple CP method, and their physicochemical
properties were characterized by a wide range of techniques: XRD with
Rietveld refinements, FE-SEM images, impedance spectroscopy, PALS,
and PL emissions.

The main conclusions of the present work can be summarized as
follows: (i) a-AgoWO4 present cationic (oxygen vacancies, Vp), and
anionic (Ag-O vacancy-complexes) vacancies with Schottky p-type po-
tential barriers at grain boundaries (with defects accumulation on the
grain surface), (ii) during the thermal treatment on the a-AgoWO4
polycrystals, the defect structure type (Ag-O vacancy-complexes) re-
mains constant, (iii) the relationship between the results of PL emissions
and impedance spectroscopy shows that the density oxygen vacancies,
Vo, decreases when temperature increases and, consequently, the net
doping concentration would increase as the temperature is raised. This
result is consistent with the slight increase of the lattice parameters
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measured during Rietveld refinements, (iv) when the polycrystalline
a-AgaWO4 semiconductor is exposed to an air atmosphere, at tempera-
tures greater than 423 K, there is an annihilation of oxygen vacancies,
Vo, without appreciable changes in the concentration of the Ag-O va-
cancy-complexes, and (v) the good fitting of the conductivity as a
function of temperature gives confidence on the proposed tunneling plus
thermionic conduction mechanisms. Overall, the results advance the
understanding of p-type AgaWO,4 semiconductors, which provides a
platform for controllable synthesis with desired functional properties for
technological applications.
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