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Abstract

Low resistive electrodes based on Co and Mo co-doped SnO, were prepared by the conventional solid-state
reaction and sintered at 1250 °C for 2 h. Concentration of Co,0; precursor was unchanged (1 mol%), while
MoO; was varied (0.25, 0.50 to 0.75 mol%) to promote conductivity. The structural and microstructural char-
acterization revealed that the samples have a rutile-type structure without secondary phases and large rutile
grains with low porosity. Electrical measurements on DC mode have shown a semiconductor behaviour of the
SnO, samples doped with 0.25 and 0.75 at.% of Mo at temperatures below 50 K, indicating their suitability for
low-temperature electronic applications. Impedance measurements indicate reduced energy barriers of less
than 1 meV formed between highly conductive crystallites for the SnO, samples doped with 0.25 and 0.75 at.%
of Mo. The sample with Mo content of 0.50 at.% presented a higher energy barrier at a few hundredths of eV,
with space charges at the crystallite boundaries.
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I. Introduction tively, which can segregate at the grain boundaries and
assist in the formation of the Schottky barriers [3]. SnO,
with tetragonal phase do not densify during the sinter-
ing process when the conventional solid-state method is
employed, although dense SnO, ceramics are suitable
for applications such as varistors [4], photochemical de-
vices [5], electrodes for electric glass melting furnaces,
and applications that request high chemical corrosion
resistance [6]. In this way, Co,0; is used to assist the
densification process [6], ascribed to the replacement
of Sn** by Co®* species and the consequent creation of
oxygen vacancies [7-9], likely facilitating the diffusion
processes, according to the following reaction [10]:

Tin dioxide (SnO,) is an n-type semiconductor with
a rutile-type crystalline structure which has low den-
sification rate due to its high surface tension at low
temperatures and high SnO, partial pressure at high
temperatures [1]. Dense SnO,-based ceramics can be
achieved by introducing dopants as well as by the hot
isostatic pressing route [2]. The addition of cobalt(III)
oxide (Co,0,) creates oxygen vacancies along with
substituted cobalt atoms, expressed according to the
Kroger-Vink notation as V{5, Co’g, or Co”,, respec-
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SnO,
Co,0; —> 2Cog, + Vg +305 (1)
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SnO, alloying can be engineered by controlling in-
trinsic and extrinsic defects. According to literature
[11-13], intrinsic defects are presented mainly as oxy-
gen vacancies and interstices while extrinsic defects can
be added in order to act as donors or acceptors to the
SnO, energy gap. The polycrystalline SnO, presents a
band-tail-like energy gap close to the conduction band
due to the doubly-ionized oxygen vacancies (V{y) and
by interstitial Sn (Sn;***®) acting as donors. When it
comes to the sintering of polycrystalline ceramics, the
high temperatures lead to the movement of ionic charges
to the surface of crystallites with the consequent forma-
tion of potential barriers among them [18]. If the alloy-
ing level is sufficiently high, free carriers in the crys-
tallites will recombine with space charges, lowering the
potential barriers and allowing the metallic character of
the conduction to occur. Increased electron density al-
lows a reduction of the energy barriers which in turn
affects the sample resistivity [16]. The potential bar-
riers between crystallites act as an energy barrier that
limits the charge transport, defining the resistivity as a
function of the applied voltage (V;), the electron charge
(e) and effective mass (m*), the Boltzmann constant
(kp), the sample temperature (7'), the average crystal-
lite size (L) determined from the Debye-Scherrer for-
mula, and the free charge density (n). In the case of non-
overlapped potential barriers, the energy barrier height
(¢) can be assumed as equal to e - V,, shown in Fig. 1,
which is defined as (L? - € - N;)/(8 - € - &).

The e - V, value can be determined by plotting
In(pT~"/?) versus 1000/7T. The applicability of this mo-
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Figure 1. Schematic of Debye-length rule representing the
non-overlapped (a) and overlapped potential barriers (b)
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del is tested by the Debye-length (Lp) rule, i.e. if Lp <
L/2, then the activation energy is due to carrier trapping
by ionized deep-level defects at the crystallite bound-
aries [19]. L can be defined as [(kg-T -&-&9)/e>-Na]'/?,
where ¢ is the low frequency dielectric permittivity de-
termined by the impedance spectroscopy measurements
[20], also carried out in this work, and &y the vacuum
permittivity. Figure 1 shows an energy band diagram
representation of the mentioned parameters. Our sam-
ples correspond to the case shown in Fig. 1a where po-
tential barriers are not overlapped as a consequence of
an Lp < L/2. In this case, the barrier height ¢ can be
assumed as equal to the band bending e - V.

Therefore, distinct proportions of molybdenum ox-
ide (MoO;) were used as extrinsic donors since molyb-
denum (Mo) presents 6 electrons in the outer orbitals,
in order to investigate its influence on the SnO, con-
ductivity [14,15]. It is an attempt to open perspectives
for application of Mo and Co co-doped SnO, towards
low-temperature applications in aerospace and informa-
tion transmission lines semiconductors. We also have to
consider that the Mo-doping into the SnO, lattice in-
duces the formation of Sn(s) vacancies [10]. In this way,
the low-temperature impedance spectroscopy (IS) tech-
nique has also been used to study the influence of the
MoO, addition on the three main contributions of the
electrical conductivity in a polycrystalline solid: bulk
and internal surfaces like grain boundaries and elec-
trodes [17]. Often, for a better analysis of the impedance
measurements, the imaginary (complex) and the real
components are plotted as a Nyquist diagram. This is
accomplished by varying the frequency of the AC in-
put signal over a wide range in order to cover the dif-
ferent responses that charge carriers show inside grains,
at grain boundaries and at the specimen-electrode inter-
face. In this work, we propose a complementary study
in which the total parallel equivalent capacitance (C))
and the total parallel resistance (R,) as a function of fre-
quency are also analysed in order to calculate different
currents contributions in this type of semiconductor. On
this way, we might be able to estimate barriers height
and width, as well as their donor concentration for dif-
ferent samples.

II. Materials and methods

The powders were prepared using analytical grade
tin oxide (SnO,, 99.9%), cobalt(Ill) oxide (Co,O;,
99.99%), and molybdenum oxide (M0O;, 99.50%). The
conventional mixed oxide method was performed in a
Marconi MA 500/CF ball mill, during 24 h at 150 rpm,
using isopropyl alcohol (200 ml/10 mg of powder) and
yttria-stabilized zirconia (YSZ) balls. After milling, the
samples were dried in a SP Labor SP-400 laboratory
oven at 100°C for 12h. The powders were then uni-
axially pressed with 11 MPa in steel moulds with a
diameter of 8.5mm and then isostatically pressed at
200MPa during 60s in ethyl alcohol, using a Mar-
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con MPH-30 isostatic press. To promote densification
of the SnO,, concentration of cobalt(IIl) oxide precur-
sor was unchanged (1 mol%), while MoO, was varied
from 0.25 to 0.75mol% to promote conductivity. The
molar compositions of the investigated systems were
(99-x)Sn0O, + 1Co,0; + xMoO;, with x = 0.25, 0.50
and 0.75 mol%. The samples were named Al, A2 and
A3 with the following conditions: Al (x = 0.25), A2 (x
= 0.50) and A3 (x = 0.75). The sintering process oc-
curred at 1250 °C in a muffle oven with air atmosphere,
and a heating rate of 5 °C/min for 2 h.

In order to determine the crystalline phase, struc-
tural characterizations by X-ray diffraction (XRD) were
made in a Rigaku DMax/2500PC with an acceleration
voltage of 40kV and a current of 15mA using Cu-
K, radiation (1 = 1.54187401&). The measured an-
gular range (26) was 20° to 75° with a step of 0.05°.
The scanning electron microscopy (SEM) investigations
were carried out using a Tescan See 3SEM, with an ac-
celeration voltage of 3 kV, aiming to determine the aver-
age crystallite sizes as well as the mean grain sizes. The
DC and AC electrical measurements were applied in or-
der to determine the dielectric and conductive properties
in a Janis CCS-350T closed cycle cryostat (from 10 to
317 K), with a Keithley 2400 source/measure unit along
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Figure 2. X-ray diffraction data of the ceramic pellet samples
with different Mo content: A1, A2 and A3

5.326 pmisy

with a Novocontrol Alpha-A impedance analyser, with
the frequency ranging from 0.01 Hz to 10 MHz in air
(~20% oxygen) [18,19]. The electrical resistance and
capacitance were determined and fitted with an R(RC)
equivalent circuit using the software Zview 2.1. A se-
quential number of measurements was carried out for
each sample. Density measurements were made using
the Archimedes method.

II1. Results and discussion

3.1. Crystallographic characterization

Figure 2 shows the X-ray diffraction patterns of the
sintered Co and Mo co-doped SnO, pellets. Besides the
SnO, rutile-like character, no secondary phase due to
the Co,0; and MoO; addition was noted. A sintering
study combined with the XRD results indicated that the
temperature of 1250 °C for 2h is the optimal to obtain
crystalline and dense Co and Mo co-doped SnO, con-
taining only the expected rutile phase. All dopants intro-
duced in the SnO, matrix lead to a stable solid solution
according to the Eqgs. 1 and 2.

SnO,
2MoO; — 2Mog; + Vi, + 6 OF

2

3.2. Microstructural characterization

Figure 3 shows the SEM micrographs of the doped
SnO, samples sintered at 1250 °C and physical dimen-
sions and microstructural characteristics of the con-
formed varistors are given in Table 1. Considering
their microstructure, a Schottky-type electrical barrier
can be likely considered at the SnO, grain bound-
aries, since no intergranular insulating layers in between
grains were observed. The negative surface charge at the

Table 1. Physical dimensions and microstructural
characteristics of the conformed varistors

Al A2 A3
Area, S [m?x107°] 5.67
Block thickness, d [mm] 1
Grain size [um] 3.02 8.04 4.65
No. of grains in thickness,d 331 124 215

Figure 3. SEM micrographs for the ceramic electrode system with different Mo content: a) 0.25 (A1), b) 0.50 (A2) and
¢) 0.75 at.% (A3)
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grain boundary interface is compensated by the posi-
tive charge in the depletion layer in the grains on both
sides of the interface [20-22]. SEM images confirm low
pore density between adjacent grains. The addition of
molybdenum does not provided a linear reduction in
grain size, as we can see from Fig. 3. After sintering,
the sample A1l (Fig. 3a) has an increase of the density
from 56.12 + 1.04 to 92.3 + 1.4% TD, with an average
grain size of 3.02 um determined by the linear intercept
method. While the density of the samples A2 and A3
increased from 58.57 + 1.67 to 89.53 + 0.30% TD and
from 58.28 + 1.55 to 92.37 + 1.24% TD, respectively.
A low pore density between grains can also be seen,
without formation of secondary phases. The SnO, ce-
ramics densification has been mainly attributed to the
effect of dopants substitution in the SnO, matrix which
leads to the formation of oxygen vacancies, providing
the increase of the diffusion coefficient of ions, and thus,
promoting the sintering. Cerri et al. [3] found relative
density above 99% TD, showing that CoO is extremely
active in the promotion of the SnO, densification, even
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with low concentration of dopants. They attributed the
high densification to the increased concentration of oxy-
gen vacancies in the grain boundary region, with the
proposed reaction for the formation of oxygen vacan-
cies when SnO, is doped with Co. These results are in
agreement with the work of Yuan ez al. [23] who demon-
strated that the Li* ion also promotes SnO, densifica-
tion by increasing the flux of species that diffuse inside
the material. Pianaro et al. [24] observed that when the
basic SnO, varistor is doped with Cr,O, the grain size
decreased, indicating that Cr,O, inhibits grain growth
during sintering.

3.3. Impedance spectroscopy

Figure 4a presents the impedance arcs (Nyquist plots)
for the samples Al, A2 and A3 in the frequency range
of 0.01 Hz to 10 MHz, at 300 K. An inset is used to evi-
dence the arcs of the samples Al and A3 that presented
a much lower impedance when compared to the sam-
ple A2. The observed behaviours of the varistors can-
not be reproduced with simple RC circuits (Fig. 4a, A2-
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Figure 4. Complex impedance spectroscopy for samples A1, A2 and A3 in the form of: a) Nyquist plot, b) resistivity versus
1000/T, c) R, versus frequency, d) C, versus frequency, along with e) equivalent electric circuit
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Table 2. Density currents, barrier heights, barrier widths, donor concentrations, as well as the electrical parallel capacitance
(C,) and resistance (R,) from the experimental measurements

Sample e- Vi & A Ny J C, (at IMHz) R, (at 10Hz)
[eV] [eV] [nm] [10*m™3] [A/m?x107] [pF] [kQ]
Al 0.999 1.001 19.40 3.31 3.6559 109 48.0
A2 0.074 1.026 26.68 1.26 0.0046 51.5 3890
A3 0.082 1.018 23.72 1.71 0.1444 80.65 121

fitting), which indicates that a more refined electrical
circuit model must be considered [25]. The resistivity
data up to 300K in a In(pT~'/?) versus 1000/ T plot can
be seen in Fig. 4b. In this plot, a linear slope indicates
that barriers at the crystallite boundaries are present and
that this model is applicable. Fittings for a standard par-
allel circuit model are represented in Table 2 along with
permittivity data. In Figs. 4c and 4d, the electrical par-
allel capacitance and resistance of the samples are plot-
ted as a function of frequency at a fixed temperature of
300K. An increase in C, Fig. 4c, at low frequencies
corroborates the presence of deep bulk traps. Moreover,
Fig. 4d shows that grain size differences could not be
responsible for the change in resistance. Furthermore,
it can also be a consequence of narrow inter-granular
barriers formation that facilitates conduction. In the cir-
cuit in Fig. 4e, three different contributions to the over-
all impedance were postulated: grain boundary, bulk
traps and electrode contact. The electrical behaviour of
a varistor at low frequencies can be described with the
electrical model shown in Fig. 4e. In this circuit, the re-
sistance Ryps and the CPE mimics the effect of deep
traps [26]. In Figs. 4c and d, it can be observed that
grain size differences (Table 1) are not directly corre-
lated with changes of C, (at 1 MHz) and R, (at 10 Hz)
for the samples A1, A2 and A3. Figure 4c also indicates
mild capacitance dependence with the frequency for the
samples at 1 MHz. Conversely, for the samples Al and
A2, a significant increase of the slope (C), vs. bias) from
1000 to 1Hz is observed. This dependence is another
evidence of the grain boundary barriers and traps phe-
nomenon in these grains. The sample A3 presents an in-
ductive behaviour at low frequencies. This phenomenon
could be associated with the MoO;, addition. For no
bias, the grain boundary capacitance measurements are
shown in Table 2.

Using the parameters given in Table 1, we study the
electrical conductance and capacitance variations with
Mo-doping. This information allows us to estimate band
bending (e - V), the barrier height (¢), the width (A or
Lp) and the donor concentration (N,), depicted in Table
2. Therefore, it is necessary to consider the two main
electrical mechanisms contributions of tunnelling and
thermionic currents to the total conductivity. Then we
can model the electrical behaviour using an equivalent
electronic circuit to obtain the relevant electrical com-
ponents (grain boundary capacitance and grain bound-
ary resistance) which permit to obtain the fitting values
for total current components (tunnel and thermionic).

For the samples used in the present work one could
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assume that at the interface of the grains, the pellets
present non-overlapped Schottky-type potential barri-
ers with (A < L/2) due to the grain sizes (Table 1).
Then, the electrical behaviour of the metal oxide pel-
lets could be regularly modelled using an (RC) electri-
cal equivalent circuit. However, in previous works, we
have shown that this simple circuit did not suffice to re-
produce the impedance frequency responses and that a
more sophisticated model needed to be considered [27].
Such a model, including electrode and bulk effects, deep
bulk traps, and grain boundaries is shown in Fig. 4e. In
order to simplify the model, we have assumed that R,
can be neglected at low frequencies [27]. In this circuit,
the resistance R, and the capacitance C; mimic the ef-
fect of deep traps [26]. The total conductivity (G,) and
total capacitance (C),) for this type of circuits can be ex-
pressed as:

3)

and

“4)

where 7 = C; - R; is the traps’ mean lifetime. R, and
C,p, values, defined by Eqgs. 3 and 4, can be determined
by taking the limit values of the conductance and capac-
itance for very low and very high frequencies as:

&)

Gtol, w—0 =
gr

and

(6)

In order to study grain boundary capacitance
changes, we can consider the C,, at a frequency of
IMHz (C, = Cg). Also, for our working frequency,
the electrode effects on total impedance and total capac-
itance can be estimated assuming a quite high value for
the electrode capacitance (107> F) [28].

Figure 5 shows the electrical capacitance behaviour
of the possible grain boundary barriers analysed at
1 MHz for a bias of 0V. The total capacitance depen-
dence on frequency is affected by the presence of deep
bulk traps. These bulk traps have a distribution of acti-
vation energies that implies a distributed impedance el-
ement. A simple distributed phase element, called con-
stant phase element (CPE), has a constant phase angle in
the complex plane and reflects the microscopic material
inhomogeneities [29].

Gp, w—0 = Cgb
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Figure 5. Parallel capacitance (C,) versus frequency (f)
along with a curve fitting for the sample A2

With the information given in Table 1 we have cal-
culated the capacitance considering that we are dealing
with a homogeneous material. For potential barriers, the
capacitance of an inter-grain is that of two Schottky bar-
riers in series. This change can be interpreted as a con-
sequence of depletion widths that are narrower than the
grain radius (non-overlapped potentials barriers), due to
a higher doping. The band bending (e- V) and width (A)
in a Schottky barrier can be directly related using [30]:

- N,

eV e

(7
where N, is the donor concentration. N; can be esti-
mated considering a typical value of barrier height of
1 eV (value that we will confirm below) using the rela-

tion of Eq. 7:

2e-e-V,
_2s-e V A2 )
2¢e

The dopant concentration can also be determined con-
sidering the capacitance for n intergrains in series:

g

where e - V; is given in Volts. Equation 9 corresponds to
the capacitance obtained from measurements shown in
Fig. 5. Nd can be calculated from Cy, as:

Ny

2e -V, - n?
e-€-Ny-S?

] —_

€))

Cep

8n?

Ndzcﬁb.e.vsm

(10)

With Eq. 10, the value for the dopant concentration can
be determined, N; ~ 10**m™, which is quite close to
the one determined using Eq. 8.

To gain confidence in the previous analysis based
on capacitance measurements, we have calculated the-
oretically the total current due to both tunnelling and
thermionic emission in order to fit the experimental val-
ues.
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On one hand, the total current density over and
through a barrier can be calculated as [30]:
) (11

The first term of Eq. 11 corresponds to the tunnelling
current while the second term is the thermionic contri-
bution to the total current, A and kp are the Richardson
and Boltzmann constants respectively, and f(E) is the
Fermi-Dirac distribution. P(E), the transmission proba-
bility for a reverse-biased Schottky barrier, which is the
limiting step, as previously explained [31-34] is given

SRaE

where m is the electron effective mass, ¢ the electrical
permittivity (g, = 14 for SnO,) and 4 is the Planck con-
stant.

On the other hand, the experimental current density
(Jexp) can be obtained from the grain boundary resis-
tance (Fig. 3d) with the following relationship:

eV
J= A'TT f F(E)P(E)dE + A - T? exp(—ke s
0

- T

E

eV
E

eV

4reV,
qh

me

Ny

P(E) = exp [—

(13)

\%
< Rep0H2)

Jexp = S

where V is the applied voltage during impedance spec-
troscopy measurements, S the varistor area (6.5 X
10 m?) and R, the grain boundary resistance mea-
sured at low frequencies. Then, pairs of N; and e - V;
were used for fitting experimental values with Egs. 3—
13. Iterative numerical calculations were carried out un-
til the calculated total current density J from Eq. 11
was equal to the experimental value J,,, obtained with
Eq. 13. Results of N; and e - V, are shown in Table 2
confirming our previous estimations. In this way the fit-
tings for the sample A2 were carried out. The capaci-
tance plot was fitted as a function of frequency at 300 K
in air atmosphere considering the electrical equivalent
circuit proposed in Fig. 4e. The employed element val-
ues are shown in Table 3. The electrical behaviour of
tin oxide varistor was modelled using a (RC) parallel
equivalent circuit, using a refined model. The AC re-
sistance and capacitance measurements at low frequen-
cies indicate deep bulk traps presence at SnO, samples.
Also, by using the equivalent circuit from Fig. 4e, and
considering the tunnelling conduction contribution, we
can understand the influence of donor concentrations on
the resistance and capacitance. Finally, it is important to
mention that C,, (at 1 MHz) and R,, (at 10 Hz) changes
for the samples A1, A2 and A3 were not directly corre-
lated with grain size differences (see Table 1) as shown
in Egs. 9 and 10. Instead, the main changes for C, (at
1MHz) and R, (at 10 Hz) are attributed to the barrier
height (¢ = e - V,) and width (A) values independently
of grain size.
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Table 3. Employed element values for the proper fitting of C,
versus frequency for sample A2

Circuit element Values
Bulk Resistance, R, [Q] 100
Bulk Capacitance, C, [F] 10712
Grain boundary resistance, R, [Q] 3.7 x 10°
Grain boundary capacitance, Cg, [F] 5.5 X 1071
Electrode resistance, R, [Q] 10
Electrode capacitance, C, [F] 1073
Deep bulk traps resistance, R, [Q2] 103
Deep bulk traps capacitance [F] 1077
CPE « coefficient 0.68

IV. Conclusions

Low resistive electrodes based on Co and Mo co-
doped SnO, were prepared by the conventional solid-
state reaction and sintered at 1250 °C for 2 h. Their mor-
phological and structural properties were investigated
by SEM and XRD indicating the presence of large ru-
tile grains with low porosity. These materials are pre-
sented in the form of inter and intra clusters of crystal-
lites of about 3 um. The addition of molybdenum did
not provide a linear shift in average grain sizes, though
a higher densification was obtained, likely ascribed to
the increased concentration of oxygen vacancies after
modification with Co,O, that diffused towards the sur-
face facilitating the sintering process. This high density
of ionized impurities, according to electrical measure-
ments, have migrated to crystallite boundaries and built
up a potential barrier that limited charge transport even
at room temperature. For this reason, only the samples
with 0.25at.% and 0.75at.% of Mo content would be
suitable for use as electrodes for low-temperature oper-
ations. Deep bulk traps in SnO, ceramics co-doped with
Co and Mo were evidenced using AC resistance and ca-
pacitance measurements.

The co-doped SnO, ceramics presented an indepen-
dence from grain size variation in the electrical re-
sistance control, with the inter-granular potential bar-
rier height (¢) having a key dependence on doping ef-
fects, which reflects on non-overlapped potential barri-
ers where the Fermi level energy (Er) is close to the
conduction band (E.), and therefore ¢ = ¢ - V.
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