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The effect of Cr** on the electrical properties of SnO,-based
films deposited by electrophoresis on Si/Pt substrate was consid-
ered. The films were sintered in a microwave oven at 1000°C/
40 min and then the surface was modified with deposition of
Cr’" ions by electrophoresis. The diffusion of Cr®* contributes
to the modification of the potential barrier formed on the grain
boundary improving the electrical properties due to electron
acceptor species adsorption on the grain boundary. The influence
on the properties of grain boundary was verified by 7 versus V'
characterization in as a function of temperature. The films
showed nonlinear coefficient over 9, potential barrier height over
0.5 eV and resistivity greater than 107 Q-cm. 4 samples were
prepared at same conditions and presented similar electrical
behavior, showing the efficiency of technique on reproducibility
to varistor properties control. Thereby the nonlinear coefficient
increases while decreasing the conductivity of the system is
noticed.

I. Introduction

HE SnO»-based ceramics application such as varistors of

high or low voltage is directly linked to height and width
of the potential barrier formed in the grain-boundaries region,
which can be controlled by sintering or by the amount of metal
present in the region.'™ The efficiency of varistor is determined
by the nonlinear coefficient o, representing the electrical
response of the material in relation to disagree of Ohm’s law.
This nonlinear coefficient o can be calculated by Eq. (1).

a=(logE; — log Ey)”" (1)

where E, is the electric field when current density is 10 mA/
em® and E; being the electric field when current density is
1 mA/em?.>¢

The origin of potential barrier has been investigated by
some authors in an attempt to explain the mechanisms
responsible for the electrical characteristics of the varistor
ceramics based on SnO,. It is known that the potential bar-
rier existing in the grain-boundary region is dependent on
the additives (amount and type of defects induced by them)
and proportional to the nominal voltage of a varistor.>’ !¢
The potential barrier is formed by SnO, intrinsic defects
(V¢,, VE) as well by extrinsic defects created by the addition
of modifying agents, as shown in Eqs. (2-4)."!
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The positive donors (Vg, Nbg, ) have a charge density (Ng)
on both sides of the grain boundary forming a positive inter-
face (depletion layer) of width d. The negative interface is
formed during the sintering process and is composed of the
acceptors donors (Vgr, V¢, M¢,, O', O') with density surface
states (Ns) at the interfaces of the grain boundaries. These
defects are responsible for the formation of a double barrier
for the electrical transport between the grains of SnO, in the
grain-boundary region.'*”!

As noted in the literature, , the increase in the elec-
trical properties is dependent of addition of chromium in the
systems. The nonlinear coefficient (o) has a significant
improvement and this is related to increase in potential bar-
rier height, since it provides greater blocking the transport of
electric current. It was reported that chromium segregated at
the grain-boundary region and modifies the barrier potential
and promote the resistivity for potential barrier model pro-
posed by Bueno et al.'®

The superficial addition of Cr** ions on varistor and fur-
ther thermal treatment allow the diffusion of these ions into
the samples leading to a direct modification of the grain-
boundary region and resulting in an improvement of the elec-
trical properties, as well a decreasing of sintering temperature.
The purpose of this research was to verify the influence of
chromium on electrical properties at grain boundary of surface
on SnO»,-based films aiming to use it as low voltage varistors.
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II. Experimental Procedure

(1) Reagents

Tin (II) chloride dehydrate (Synth, Diadema/SP, Brazil), zinc
oxide (Unimaud, Maua/SP, Brazil), niobium pentoxide
(CBMM, Tokyo, Japan), ethyleneglycol (Synth) and citric
acid (Merck, Darmstadt, Germany). Ammonia solution
(Quemis, Indaiatuba/SP,  Brazil), silver nitrate (Merck),
nitric acid (Quemis), hydrofluoric acid (Synth), calcium car-
bonate (Merck) and distilled water were the other reagents
used. All reagents had analytical purity.

(2) Ceramic Powder Preparation
Figure 1 resumes the preparation of polymeric solutions by
the Pechini method, which immobilizes the metal ion in a
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Fig. 1. Block scheme for preparation of the polymeric solution by
Pechini Method.

complex organic matrix and decreases the segregation of
metals during calcination of the polymeric resin. The used
processing allows the addition of many modifiers in small
amount giving its homogenous distribution in the ceramic
matrix. The molar ratio of metal:citric acid: ethylene glycol
for Sn*" solution was 1:3:6 and for Zn>", Nb>* solutions
was 1:4:16.

The polymeric resin of interest was obtained by mixing
98.95 mol% of SnO,, 1 mol% of ZnO and 0.05 mol% of
Nb,Os and it was obtained: (0.9895)Sn0,(0.01)Zn0O(0.0005)
Nb,Os. The ceramic powder was obtained by controlled cal-
cination of the resin (350°C/1 h, followed by 500°C/2 h—
heating rate of 5°C/min) until the complete formation of oxi-
des. The material was then milled in order to break the
agglomerate of particles. The calcination of polymeric solu-
tion, followed by milling, also provides a nanopowder with
spherical morphology and size distribution resulting in high
surface area (57 m?/g).'*%°

(3) Electrophoretic Deposition

The deposition of (Zn, Nb)-SnO, nanoparticles on Si/Pt sub-
strate [Si(100)/TiO5(1 um)/Ti (20 nm)/Pt 8150 nm)] by elec-
trophoretic deposmon technique (EPD)? was used to
obtain the ceramics film, providing a rapid deposition and
uniform thickness.

NdFeB magnets of 11 mm x 1.5 mm circular shape and
with Ni surface treatment and were coupled to the electrodes
in a system containing ethylic suspension (7 mg of powder in
20 mL of alcohol) and 0.02 g of solid iodine to increase the
surface charge, as shown in Fig. 2. These modifications were
carried out to improve the ionization process of the particles
from the alignment of the dipole orientation and thus
increase the deposition rate.

A voltage of 2 kV for 10 min was applied in the system
using a high voltage source—Hipot ET 5000cc Serta (Elec-
tricTest Serta, Belo Horizonte/MG, Brazil) with a current of
approximately 2.0 mA. The addition of iodine and magnets
were needed to increase the deposition rate of the particles
and density of the film, thereby decreasing the presence of
pores. After deposition, the films obtained were submitted
for heat treatment at 250°C/30 min for iodine evaporation.
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Fig. 2. Electrophoretic deposition system developed by the authors.
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(4) Microwave Sintering

The use of microwave oven for sintering has advantages such
as the use of a shorter sintering time, high heating rates,
better control of sintering due to minimize the diffusion of
metal electrode of the substrate into the material and
enhances the mass diffusion by vibrational and rotational
motions of molecules.>*

The sintering of the films occurred in a microwave oven of
770 W and frequency of 2.45 GHz, adapted by the research
group itself with a temperature controller. The sintering was
carried out at 1000°C for 40 min, which promoted considerable
reduction in pores and the formation of necks between grains.

(5) Addition of Cr3+ and Heat Treatment

A thin layer of Cr** ions was also deposited by electrophoresis
on the surface of the sintered films. The films were immersed in
a cell containing 0.3 mol/L of chromium solution and a volt-
age of 2 kV for 5 min was applied in the system. Then, each
sample was thermally treated in a microwave oven to promote
the diffusion of Cr*" in the grains. A sample without Cr**
was prepared (Film 0) to check the action effect of chromium
surface deposition on the potential barrier. Table I shows
details of the temperature and time of heat treatment used for
the diffusion of Cr*" ions. To verify the reproducibility of the
technique applied on the electrical properties of ceramic films,
more than one sample were prepared at same conditions for
diffusion of chromium: 1000°C/10 min (Film 5, Film 5.1 and
Film 5.2) and 1000°C/15 min (Film 6, Film 6.2 and Film 6.1).

(6) Characterization

Thermal analysis was carried out using thermo-gravimetric
analysis. Netszch-Thermische (Selb, Germany) Analyse PU
1.851.01 and TASC (Selb) 414/2 controller. Alpha alumina
(0-Al,O3) was used as standard. The equipment was operated
at a constant heating step of 10°C/min in an air atmosphere
of 30 cm®/min. The thermal analysis was carried out up to
650°C. Technique of adsorption—desorption of N, gas in the
samples (BET method) carried out by ASAP 2010 (Micro-
meritics, Norcross, GA) equipment was used to measure the
surface area of the powder.

XRD measurements were carried out at Rigaku (Tokyo,
Japan) equipment RINT2000 model. The experimental con-
ditions were as follows: range of 20°-80° with increment of
A20 = 0.02° and copper radiation (40 kV, 20 mA). The
XRD pattern for SnO,-based system obtained was analyzed
and compared with JCPDS-ICDD card (no. 41-1445). SEM
images were obtained by JEOL (Peabody, MA) 7500F
model-field emission scanning microscope, to provide a quali-
tative morphological analysis of the sintered samples (grains
and pores).

(7) Electrical Measurements

The effect of the addition and diffusion of Cr’" on the elec-
tronic conductivity in conjunction with the formation of
potential barrier was verified by the studies of current-voltage

Table I. Heat Treatment Conditions after Cr>* Deposition
by EPD on the Sintered Film Surface

Sample Heat treatment Sample Heat treatment

Film 0  (without Cr*")  Film 4 1000°C/5 min

Film 1 900°C/5 min Film 5, Film 1000°C/10 min
5.1, Film 5.2

Film 2 900°C/10 min  Film 6, Film 1000°C/15 min
6.1, Film 6.2

Film 3 900°C/15 min
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analysis as a function of temperature. The measurements
were performed in air at room temperature and in the range
of 50°C-300°C with intervals of 50°C and stabilization of
temperature for 20 min.

By the DC Sputtering technique, the platinum top elec-
trodes were deposited on the film’s surface using a mask with
circular holes with a diameter of 300 um, and then electrical
measurement was carried out in the transverse section in the
samples (platinum from the substrate acts as the bottom elec-
trode). The value of nonlinear coefficient is determined by
Eq. (8), derived from Eq. (5). The calculation of a relative to
the electric field (E) and current density (J) is defined in
Egs. (6) and (7).

_ logJy —logJ, )

" logE, —logE»

Values of the electric field and current density are obtained
from the equations:

E=V/d ©)
J=1/4 @)

where d represents the sample thickness and A the area of
the electrode deposited on the surface of the film. For the
calculation of a, the range of 1-10 mA/cm? current density
was used, i.e., J;1 = 1 and J, = 10, then:

o= (log Ey — log Ey) ™" (®)

The breakdown electric field (ER) is equivalent to the field
when the current density is 1 mA/cm? (J;). To evaluate the
electronic resistivity on the grain boundary of the samples
(pgB), an analysis was performed in the linear region of low
current (0 mA/cm? at 1 mA/cm?) of E versus J curves as
function of temperature. The resistivity was determined by
the slope of the line obtained by linear regression in the
ohmic region. Pianaro et al.?’ studied SnO,-based ceramics
and determined the conduction as being the Schottky type,
where the conduction occurs through the potential barrier
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formed in the grain-boundary region through the action of
the electric field and the temperature. The equation that
describes this behavior is as follows:** 28
E
JS — A*. T2 - exp [_ ¢bB 1/2:|

kT ©)

where A* is Richardson constant, ¢} represents the height of
the potential barrier, £ is the electrical field, 7 is ambient

temperature in Kelvin and f a constant related to the width
of the potential barrier, according to the equation:

B = (do) '/ (10)

where d representing the average grain size and o the width
of the barrier.

III. Results and Discussion

The XRD analysis of SnO,-based powder was carried out
previously by the authors.”” It was shown that SnO,-rutile
phase was formed (JCDPS no 41-1445) and no secondary
phase formation was noticed.

For deposition by electrophoresis, an ethylic alcohol sus-
pension formed by SnO,-based powder was used in a system
as showed in Fig. 2 [and described in Section I1(3)]. The
films obtained were sintered in a microwave oven at 1000°C/
40 min, further returned to EPD system for the deposition of
Cr®" ions on surface of the films and then different heat
treatments in a microwave oven were applied, according to
Table I. The steps were schematized in the flow diagram:

SnO,-based
powder shyntesis

Thermal Treatment at 900 °C (;r'H deposition by EPD
and 1000 °C (5, 10 and 15 min) (2 kV/5 min)

S

Deposition as Films by
Electrophoresis
(2kV/10 min)

Microwave sintering
(1000 °C/40 minutes)

[ Electrical Characterization ]

Fig. 3. SEM of (Zn, Nb)-doped SnO,: (a) particles after synthesis process; (b) top vision of the film sintered at 1000°C/40 min in a microwave
oven; (¢) and (d) cross sections of the sintered films (different magnifications).
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Fig. 4. EDS of sintered film after Cr** deposition by EPD and thermally treatment at 1000°C/15 min in a microwave oven.

Table II. Values Calculated for the Coefficient of Nonlinearity (o), Breakdown Electric Field (Er) and Breakdown Voltage (VRr)
for Films Sintered at 1000°C/40 min Without and with Cr>*?
Sample Heat treatment o Egr (kV/cm) Vr (Volts) I (A)
Film 0 Without Cr* ™" 1.7 5.0 2.5 6.8 x 1074
Film 1 900°C/5 min 4.2 22.0 11.0 54 x 107*
Film 2 900°C/10 min 5.8 128.0 64.0 6.7 x 107*
Film 3 900°C/15 min 7.2 130.0 64.5 2.8 x 1074
Film 4 1000°C/5 min 9.6 48.0 24.0 46 x 1074
Film 5 1000°C/10 min 10.3 125.0 62.5 44 x 1073
Film 5.1 1000°C/10 min 10.5 141.0 70.4 62 x 107°
Film 5.2 1000°C/10 min 10.8 157.0 78.5 1.6 x 107°
Film 6 1000°C/15 min 11.4 119.0 59.5 4.8 x 107°
Film 6.1 1000°C/15 min 13.8 151.0 75.5 8.5 x 107°
Film 6.2 1000°C/15 min 11.5 120.0 60.4 2.8 x 107°
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Fig. 5. E versus J curves as a function of temperature (a) for film without deposition of chromium and (b) for film thermal treated at 900°C/

15 min after Cr* " deposition.

By using the ImageJ software to analyze the SEM images,
it was possible to verify that the synthesis methodology
allowed obtaining nano-sized particles [Fig. 3(a)] with an
average diameter of 20 nm and after deposition of the parti-
cles as film and microwave sintering, the particles [Fig. 3(b)]
had an average diameter of 190 nm. According to the cross
section image [Figs. 3(c)—(d)], the films possess homogeneous
thickness of 5 um. The EDS analysis presented in Fig. 4
shows that Zn and Nb were uniformly distributed in the

solid solution of SnO,-powder and no evidence of their seg-
regation and no presence of any other ion as contaminants
was noticed. That confirms that Cr®>" ions deposited by EPD
were well done.

The films were previously characterized according to.*
The current-voltage analysis (I versus V) for evaluation of
nonlinear coefficient and breakdown voltage indicated that
the films had improved varistor behavior after thermal
treatment in a microwave oven due to Cr’” diffusion,
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Fig. 6. Curves of resistivity (p) for the films submitted to / versus V analysis as a function of temperature (after thermal treatment for Cr’™"

deposition).

without change in the SnO,-microstructure. The increase in
the nonlinear coefficient and breakdown voltage caused by
the addition and diffusion of Cr** was present in Table II.
All films were modified with chromium that showed a

Table III. Values Calculated After Analysis / versus V a
Function of Temperature
Sample Heat treatment 107 pgg (Q.cm)” dp(eV) O/ Opmax
Film 0 Without Cr3+ 0.6 0.34 0.97
Film 1 900°C/5 min 1.4 0.51 1.00
Film 2 900°C/10 min 1.7 0.56 0.38
Film 3 900°C/15 min 2.1 0.64 0.24
Film 4 1000°C/5 min 3.8 0.47 0.67
Film 5 1000°C/10 min 4.5 0.56 0.57
Film 5.1  1000°C/10 min 4.9 0.58 0.54
Film 5.2 1000°C/10 min 6.5 0.60 0.59
Film 6 1000°C/15 min 8.6 0.61 0.21
Film 6.1  1000°C/15 min 11.1 0.68 0.29
Film 6.2  1000°C/15 min 9.7 0.60 0.24

fValues of pGB determinate at 25°C.
“This value is used to check how much the width (®) decreased compared
to the sample with greater width of the potential barrier (®gjm; = Omax)-
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Fig. 7.

curves of (a).

varistor nominal voltage (the breakdown voltage at current
den§(i)ty of 1 mA) within the range of a commercial varis-
tor.”

The improvement of nonlinear coefficient was caused by
better distribution of chromium at grain boundaries that
results in longer heat treatment time, leading to the creation
of higher potential barriers due to increase in concentration
of electron donors’ species. Thus, the deposition of particles
by electrophoresis, microwave oven sintering, and Cr®" dif-
fusion after thermal treatment can produce films with good
reproducibility (Films 5.1, 5.2, 6.1, and 6.2) looking for low-
voltage varistors characteristics.

To verify the electrical conduction in a grain-boundary
region due to formation of the potential barrier, all the films
were I versus V characterized as a function of temperature.
Figure 5(a) shows E versus J graph for Film 0 measured at
different temperature. The films thermally treated after depo-
sition of Cr*™ [Fig. 5(b)] exhibited a similar behavior as Film
0 with curves of non-ohmic behavior until 100°C. It can be
observed that an increase in temperature led to an increase
in electrical conduction, thus characterizing the electrical
conduction of the thermionic type.

The resistivity was determined from the slope obtained by
linear regression in the ohmic region (low current region of
0 mA/cm? at | mA/cm?) from curves presented in Fig. 5. The

(b)

Ln(Jy/T) (A.cm™ K’

1 i 1

2.0x10°  25x10°  3.0x10°
1UT

3.5x10°

(a) Curves Ln(J/T?) versus E'? for Film 0 analyzed at different temperatures. (b) Linear fit of Ln (Jo/7?) from extrapolation to E = 0 of
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behavior of the resistivity at different temperatures is shown
in Fig. 6, making it possible to observe a significant variation
between 25°C and 100°C.

It was noticed that the films thermally treated at 1000°C
after deposition of Cr** [Fig. 6(b)] possessed highest resistiv-
ity than films treated at 900°C [Fig. 6(a)]. This can be asso-
ciated with chromium diffusion rate, which was higher with
increase in temperature of thermal treatment, and influences
on generation of defects on the grain boundaries. The defects
such as oxygen vacancies, which contribute to an increase in
the height of the potential barrier, leading to a higher block
of electrical current, and consequently increasing the resistiv-
ity values. Also, it was indicated that the samples prepared
from the same batch showed similar values, confirming the
efficiency of the applied technical reproducibility onto electri-
cal properties. All films with Cr®" showed higher resistivity
compared to the film without Cr’* (Table III). All samples
possess similar values of resistivity over 100°C, due to the
effect of temperature that activates the electronic conduction
process.

From the data collected by I versus V analysis as a func-
tion of temperature [Fig. 5(a)] were plotted curves Ln(J/T?)
versus E'? [Fig. 7(a)]. By extrapolation E = 0, the values of
Ln(Jy/T?) were obtained from the intersection of the curves
with the Y axis and plotted graphs of Ln(Jy/7?) versus 1/T
[Fig. 7(b)]. For each sample, the height (¢,) of the potential
barrier formed in the grain boundary was calculated from
the slope of the curve of Fig. 7(b) and the value of B was
determined from the curve at 25°C of Fig. 7(a), and then the
width (@) of the potential barrier was calculated from
Eq. (10) (Table III)

It was observed that the addition and diffusion of Cr®*
ions on the surface of the film caused significant modification
in the potential barrier that increased by increasing the tem-
perature of the thermal treatment. The values of resistivity
on grain boundary (pgg) increase significantly. The highest
value of resistivity was obtained for Film 6 and was attribu-
ted to the highest potential barrier. The increase in the
potential barrier height (¢,) will decrease the transport of
electric current, thereby improving the nonlinearity coefficient
(Table II). The increase of ¢, and decrease of ® suggest that
the addition of Cr®* causes modification on the potential
barrier by increasing the density of the electronic charges in
the grain boundary.

1V. Conclusions

The application of Cr®" results in the modification of the
potential barrier and resistivity, compared to the sample
without Cr®™" superficial addition. Furthermore, an increase
in the potential barrier leads to an improvement to block
the electrical current into the material, resulting in an
increase in the varistors properties (nonlinear coefficient,
resistivity). This effect occurs due to the increase in
concentration of electron donors species in the grain
boundary.

The applied methodology allowed obtaining a ceramic
powder with homogeneous composition, particles with spher-
ical morphology and uniform size distribution. Using micro-
wave sintering at 1000°C for 40 min and EPD was possible
to obtain films with homogeneous thickness (5 um) and
varistors properties with a relatively high nonlinear coeffi-
cient of 9-14 and breakdown voltage below 80 V, further
improvement of properties prospectively will allow their
application as low voltage varistors, replacing the commercial
ZnO varistors.
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