Sensors and Actuators B 136 (2009) 230-234

journal homepage: www.elsevier.com/locate/snb

Contents lists available at ScienceDirect

Sensors and Actuators B: Chemical

Two mechanisms of conduction in polycrystalline SnO, ™

C. Malagti®*, M.C. Carotta?, A. Giberti?, V. Guidi?, G. Martinelli?, M.A. PonceP,

M.S. Castro®, C.M. AldaoP®

a Department of Physics University of Ferrara, Via Saragat 1/C, I-44100 Ferrara, Italy

b Institute of Materials Science and Technology (INTEMA), Universidad Nacional de Mar del Plata-CONICET, Juan B. Justo 4302, B7608FDQ Mar del Plata, Argentina

ARTICLE INFO ABSTRACT

Article history:

Received 28 July 2008

Received in revised form

29 September 2008

Accepted 21 October 2008
Available online 30 October 2008

Impedance spectroscopy was carried out on SnO, thick films exposed to different atmospheres. Oxy-
gen desorption and adsorption during heating and cooling processes, respectively, onto the grain surface
affects the resistance and electrical capacitance of the sensors. Double parabolic Schottky-type potential
barriers at grain boundaries were assumed to analyze the tunneling and thermionic contributions to con-
ductivity. In addition, the influence of the temperature on the oxygen diffusion into the grains annihilating

oxygen vacancies was studied. It was deduced that in-diffusion substantially affects the conductivity.
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1. Introduction

In the last two decades, gas sensors based on SnO, thick films
became the dominant solid state devices for the gas detection in
domestic, commercial, and industrial alarms [1,2]. It is generally
accepted that, when oxygen chemisorbs, electrons transfer from
the bulk to the surface of the grain modifying the barriers at the
grain boundaries [3]. In particular, after oxygen adsorption, the
barrier height and the depletion width become larger and, as a con-
sequence, the sample resistance increases. Different factors (such
as type of defects, morphology, and additives) contribute to the
electrical response of the gas sensor [4-6].

The film conductivity is broadly used to characterize a sensor.
Less attention has been paid to the electrical capacitance. Neverthe-
less, adsorption of gaseous species on the grain boundaries induces
changes in the sensor apparent capacitance [7]. Indeed, for non-
overlapped Schottky barriers (when the grain diameter is greater
than the depletion layer R>»> A), the capacitance (Cgp) is related to
the electron concentration in the bulk, N4, and the potential barrier
height, Vs, as [7]

Cab o (Na/Vs)'/2. (1
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Therefore, a decrease of the capacitance can be related to a higher
barrier and/or to the reduction of the donor concentration due to
the annihilation of oxygen vacancies.

In this work, the resistance and electrical capacitance response
of an undoped tin oxide thick film gas sensor is analyzed as a func-
tion of temperature in an oxygen atmosphere. In order to explain
these results, an electrical equivalent circuit that includes four
different contributions to the overall impedance: grain boundary,
bulk, electrode contact and the deep bulk traps presence was con-
sidered (see Fig. 2). Thermionic and tunneling contributions to elec-
trical conduction have been considered to estimate the Vs and Ng.

2. Experimental

Analytical grades of SnCl,-2H, 0 (Baker) were employed as a tin
source. Tin dioxide was precipitated at pH 6.25 through dropwise
addition of ammonium hydroxide (NH4OH) to an acid (HNO3) solu-
tion of tin (II) chloride. A series of washings with deionised water
were carried out until negative reaction of the filtrate with a con-
centrated silver nitrate (AgNOj3) solution. The obtained slurry, along
with the required amounts of the dissolved additives, was added
to a solution of citric acid in ethylene glycol in a 1:4 molar ratio.
The mixtures were left at room temperature with constant stirring
during 24 h aging with the purpose of promoting the formation of
the metallic citrates. Later, a concentrated solution of NH4OH was
slowly added until a crystalline solution was attained which was
afterwards evaporated and heated to promote the polymerization.
The solid was heated to 350 °C for 12 h in the beaker to burn off the
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organics compounds. The resulting black brittle mass was ground,
transferred into an alumina crucible of large surface and thermally
treated in an oven at 650°C for 4h. An X-ray powder diffraction
(XRD) analysis was carried out with a Philips (PW1830) equipment
running with CoKa radiation.

Thick and porous film samples were made mixing the powders
with glycerol in a 2:1 ratio and by painting, with the obtained paste
onto insulating alumina substrate on which gold electrodes with an
interdigit shape had been deposited by sputtering. Finally, samples
were thermally treated during 2 h in air at 500 °C. The mean thick-
ness of the films was ~100 pm, as measured using a coordinates
measuring machine Mitutoyo BH506. A Jeol ][SM-6460LV micro-
scope under the secondary electrons mode (SE) was employed to
image the tin oxide surfaces. An impedance analyzer HP4191A, in
the frequency range of 10~2Hz to 15 MHz, was used. The system
was linked to a computer for programming the measurements (100,
250, 350, 400, 425°C) and for storing and handling the data. Z' vs.
—Z" curves were measured at different temperatures in air atmo-
sphere (159.6 mmHg of oxygen). Temperature was increased and
then decreased the temperature from 100 °C up to 450°C at a rate
of ~1°C/min. Later, the decreasing was done from 450°C to 100°C
at the same rate.

Experimental data were fitted with an R(RC) equivalent cir-
cuit using the software Zview 2.1 for Windows. From temperature
cycling experiments, the impedance response was obtained.

3. Results and discussion
3.1. Sample microstructure

Particle size distributions of the powders were determined by
the Serigraph technique with a Micromeritics equipment. Table 1
shows data from particle size distributions corresponding to the
SnO, powder obtained from the SnCl,-2H, 0 (Baker). We have con-
sidered that D80, D50 and D20 are the corresponding diameters of
80, 50 and 20% volume respectively, and W=(D80 — D20)/D50 is a
measure of the distribution width of particle size. Later, the powder
mass was ground and films were made. The film microstructure was
analyzed with the scanning electron microscopy (SEM) technique
(Fig. 1a), and a highly porous microstructure with agglomerates of
250 nm was observed. From Fig. 1b, the average particle size (that
conform an agglomerate structure) was determined to be between
10 and 50 nm. From the XRD analysis the only presence of crys-
talline SnO, was detected as it is shown in Fig. 2a. The average
particle size was also determinate using the Scherrer formula,

0.91
B cos(6g) 2)

where t, the SnO, Particle size; A, the wavelength of the used radi-
ation (Co=1.7899 A); B is the angular width (as 263) and is usually
measured in radians, at an intensity equal to half the maximum
intensity (9.5429 x 10-3 rad); and @y the angular value of the most
intensity diffraction line shown in Fig. 2b. The particle size obtained
was ~18 nm and this value is in good concordance with the results
observed by the use of SEM.

Table 1

Particle size distributions of the obtained powders of SnO,.

Sample D20 (pm) D50 (pm) D80 (m) W
Sn0; 0.7 3 10 31

Fig. 1. Film microstructure was analyzed with the scanning electron microscopy
(SEM) technique (a) bar=1wm (b) bar=200nm. A highly porous microstructure
with agglomerates of 250 nm is observed.

3.2. Impedance interpretation and electronic equivalent circuit

It is well known that the interaction between oxygen and grain
surfaces produces the transfer of electrons from the bulk to the
surface [8]. From this process, barrier heights become larger and,
as a consequence, the sample resistance increases.

When instead the sample temperature is modified at a fixed
atmosphere the dominant effect is the change in the donors level
as observed in [8]. In Fig. 1 the impedance was measured by rais-
ing and then decreasing the temperature under 159.6 mmHg of
oxygen (dry air atmosphere). In this figure the evolution of the sys-
tem is shown. It can be observed that the radius of the resulting
semi-circles becomes smaller with increasing temperature. This
indicates that grain-boundary resistance decreases with temper-
ature, effect that is expected since current transport mechanisms
are all thermally facilitated.

To analyze the impedance spectroscopy results, in Fig. 3 the
considered electrical equivalent circuit is shown. Rg, and Cyp, repre-
sent the grain-boundary resistance and capacitance, respectively.
Ry and C,, represent the bulk resistance and capacitance, respec-
tively. The electrode elements are R, and Ce. R; represents the deep
bulk traps resistance [7]. Also, deviations in the Debye-like behav-
ior were considered by using a constant phase element (CPE) in the
equivalent circuit. To corroborate the above considerations, fittings
were carried out with the proposed model of Fig. 4.

Very frequently, for a better analysis of the impedance mea-
surements, the imaginary component of complex capacitance as
C'(w)=Z'[(w(Z?*+Z"%)) and the real component of the capacitance
as C(w)=2"|(w(Z'? +7'?)) are calculated [8]. In a previous work we
propose an alternative study in which the total parallel equivalent
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Fig. 4. Equivalent circuit employed to fit the data.

capacitance (Cp) and the total parallel resistance (Rp) as a function
of frequency are analyzed [9-11].

In Fig. 5, the fittings of the C, and R, responses with fre-
quency at 250°C are shown. The capacitance fitting plot as
a function of frequency at 250°C in oxygen atmosphere con-
sidering the electrical equivalent circuit proposed in Fig. 4
is shown in Fig. 5a and the resistance fitting plot as a
function of frequency at the same temperature is shown in
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Fig. 3. Nyquist plot of the measured impedance of the sample measured by raising
and then decreasing the temperature under oxygen atmosphere (159.6 mmHg).

Fig. 5. (a) Capacitance fitting plots as a function of frequency at 250°C in oxygen
atmosphere. (b) Resistance fitting plots as a function of frequency at 250 °C in oxygen

atmosphere.
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Table 2

Grain boundaries resistance (Rg,) and capacitance (Cg) as a function of temper-
ature. Vs and Ny variations were calculated assuming thermionic and tunneling
contributions to electrical conduction.

100°C 250°C 350°C
Rgp(initiat) (kS2) 167.683 62.087 161.542
Rep(finary (kS2) 1871.151 561.398 437.395
Cop(initiat) (PF) 3.38 4.72 4.61
Cep(finar) (PF) 2.69 3.84 4.39
Vs(initial] (EV) 1.00 0.95 1.00
Vs[ﬁnal) (ev) 1.06 1.027 1.05
Na(initiaty (M~3) 10%4 1.5 x 10% 1024
Nafinaty (m—3) 6.7 x 1023 8.12 x 1023 9.56 x 1023
Jrotal(initiary (A/cm?) 3.60 x 106 6.61 x 102 0.5186
.Imtal(ﬁnal) (A/sz) 3.31x 1077 728 x 1073 0.1857

Fig. 5b. The employed elements values were Cg,=3.84 x 10712F,
Rgp~5.3x10°Q, CPEy_5 =02, CPEx=5x1078, R;=5x107¢,
Ce=1x10"3F, R.=1100€2, C,=5x 10"14F and R, =1600£2. Also,
using the proposed model of Fig. 2, fittings for 350 and 425 °C were
carried out [9]. Now, to develop a method to calculate the values
of Ny, we focalize in the Rg, and Cgy, values of the circuit elements
obtained from these fittings. The Ry, and Cg, values for the overall
temperature cycle are shown in Table 2.

3.3. Calculation of the currents (two mechanisms)

By solving the Poisson’s equation under the depletion approx-
imation or resorting to the Gauss theorem, the grain-boundary
barrier height (eV;) and width (A) are directly related as follows
[10].

esz 2 2A
eV = £20 A (1_7> 3)

where Ris radius of the particle, A the depletion layer width and N,
is the donor density. Schottky barrier heights are around 1 eV and
the donor density is in the order of 1024 m~—3 [10]. With these values,
the critical grain size (diameter) for which the grains are completely
depleted is ~110 nm. From SEM microscopy a microstructure of
250 nm agglomerate particles diameter was observed. Thus, ini-
tially, grains cannot present overlapped potential barriers. But, after
the thermal treatment in an air atmosphere at 500 °C, some grains
are expected to have a donor concentration lower than 1024 m—3
due to oxygen vacancies annihilation. In Fig. 5 the evolution of the
grain-boundary resistance and capacitance during a temperature
cycle are shown (A to B for resistance and C to D for capacitance).
The final resistance, after the cycle is completed, is higher than the
initial one. Conversely, the final capacitance becomes lower than
the initial one. These changes in the grain-boundary resistance and
capacitance can be associated with the modification of the barrier
heights and of the donor concentration. In a Schottky barrier the
capacitance is related to the donor concentration in the bulk, Ny,
and the barrier height, Vs, as it was shown in Eq. (1).

The diminution of the final capacity then can be related to a
higher barrier, to the reduction of the donor concentration due to
the annihilation of oxygen vacancies after the oxygen diffusion into
the grains, or to both phenomena simultaneously. Thus, the ratio
between the initial and final grain-boundary capacitances can be
expressed as follows [7]:

(&)

where Ny; is the initial donor concentration in the bulk (during the
heating), Ny is the final donor concentration in the bulk (during
the cooling), V; and Vyy correspond to the initial and final barriers

_ Nai Vy

= di 7 4
Ngr Vi “)

heights, respectively. We found that the ratio between initial and
final grain-boundary resistances and capacitances at T=100 °C, for
example, is R;/Ry=0.0896 and C;/Cy=1.256. Thus, using Eq. (3), the
ratio between initial and final Ny and Vs can be expressed as follows.

Ny V.
2di 5 _ 578 (5)
Ngr Vi

After the oxygen treatment we expect a reduction in the donor con-
centration and a significant change in the sample resistance. The
total current density over and through a barrier can be calculated
as:

k

Vs
AT —V,
= / F(E)P(E)dE + AT? exp ( . ) (6)
0

where the first term corresponds to the tunneling current and the
second to the thermionic current, A and k are the Richardson and
Boltzmann constants, and f{E) is the Fermi-Dirac distribution. P(E),
the transmission probability for a reverse-biased Schottky barrier
(which is the limiting step), is given by

1/2 _pyl/2
P(E) = {exp {42’:/5 (%j) In (1 _a-pr ;61/2 ﬂ } , (7)

where m is the electron effective mass, € the electrical permittivity,
h the Planck constant and g is E/V; [10].

Assuming reasonable starting values for Vs (1eV) and Ny
(1024 m—3) we found that, for example at 100°C, the barrier height
must increase about 0.06 eV and simultaneously the donor con-
centration must decrease about 33%. These findings are consistent
with oxygen adsorption and diffusion into the grains reported in
a previous work [7,8]. Oxygen diffuses into the grains and annihi-
lates oxygen vacancies, the donor concentration decrease resulting
in an enlargement of the depletion layer. These effects produce an
increasing of the grain-boundary resistance. In all the temperature
range of our studies, the tunneling current is calculated to be more
than an order of magnitude larger than the thermionic current.

When the temperature is increased, the final electrical resis-
tance measured at low frequencies at 250°C (561.398 ohms
according to Table 2) is higher than its initial value at 100°C
(167.683 ohms according to Table 2). This increase in the inter-
grain resistance can be associated with a modification in the barrier
heights or to a decrease of doping level (an increase of conductance
was expected due to the increasing temperature). In the experimen-
tal conditions in which the sample is exposed to oxygen and the
temperature changes, a variation in the barrier width is also possi-
ble. These results are consistent with those previously reported for
polycrystalline semiconductors [12,13]. Fig. 6 shows that, contrar-
ily to what was observed for the grain-boundary resistance value,
the grain-boundary capacitance increases with the sole temper-
ature. Considering Eq. (1), a change of the final capacity can be
related to a variation of the donor concentration due to the anni-
hilation or the creation of oxygen vacancies after an atmosphere
change.

Finally, in Table 2, the evolution of the total current (correspond-
ing to the addition of tunnel and thermionic currents) at three
different temperatures during the cycle is presented. Furthermore,
using Egs. (3)-(7), we calculated the evolution of the potential bar-
rier height and the donor concentration values. In Table 2, it is
observed that the final barrier height is always higher than the
initial one. Conversely, after the cycle, the donor concentration
becomes smaller.
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Fig. 6. Ry, and Cy, derived from the model as functions of operating temperature.

4. Conclusions

In this work we present a model for tunneling and thermionic
barrier crossing in polycrystalline semiconductors. The model was
employed to analyze the impedance spectroscopic response of
SnO, to different gaseous atmospheres. The spherical approxima-
tion of the grains leads to Eq. (3) the solution of which, putting the
experimental values as input, results in an interesting outcome: the
effect of the lower doping level due to oxygen in-diffusion predom-
inates. Indeed, the large increase in the resistance accompanied by
the relatively low decrease in the capacitance results in a narrower
depletion region which indicates a decrease in N,. Thus, unexpect-
edly, it is necessary for the density of surface states, after oxygen
exposure, to be lower in order to account for a quasi constant sur-
face barrier and A can only increase.
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