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a b s t r a c t

Impedance spectroscopy was carried out on SnO2 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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. Introduction

In the last two decades, gas sensors based on SnO2 thick films
ecame the dominant solid state devices for the gas detection in
omestic, commercial, and industrial alarms [1,2]. It is generally
ccepted that, when oxygen chemisorbs, electrons transfer from
he bulk to the surface of the grain modifying the barriers at the
rain boundaries [3]. In particular, after oxygen adsorption, the
arrier height and the depletion width become larger and, as a con-
equence, the sample resistance increases. Different factors (such
s type of defects, morphology, and additives) contribute to the
lectrical response of the gas sensor [4–6].

The film conductivity is broadly used to characterize a sensor.
ess attention has been paid to the electrical capacitance. Neverthe-
ess, adsorption of gaseous species on the grain boundaries induces
hanges in the sensor apparent capacitance [7]. Indeed, for non-
verlapped Schottky barriers (when the grain diameter is greater
han the depletion layer R � �), the capacitance (Cgb) is related to

he electron concentration in the bulk, Nd, and the potential barrier
eight, Vs, as [7]

gb ∝ (Nd/Vs)
1/2. (1)
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herefore, a decrease of the capacitance can be related to a higher
arrier and/or to the reduction of the donor concentration due to
he annihilation of oxygen vacancies.

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

. Experimental

Analytical grades of SnCl2·2H2O (Baker) were employed as a tin
ource. Tin dioxide was precipitated at pH 6.25 through dropwise
ddition of ammonium hydroxide (NH4OH) to an acid (HNO3) solu-
ion of tin (II) chloride. A series of washings with deionised water
ere carried out until negative reaction of the filtrate with a con-

entrated silver nitrate (AgNO3) solution. The obtained slurry, along
ith the required amounts of the dissolved additives, was added

o a solution of citric acid in ethylene glycol in a 1:4 molar ratio.
he mixtures were left at room temperature with constant stirring

uring 24 h aging with the purpose of promoting the formation of
he metallic citrates. Later, a concentrated solution of NH4OH was
lowly added until a crystalline solution was attained which was
fterwards evaporated and heated to promote the polymerization.
he solid was heated to 350 ◦C for 12 h in the beaker to burn off the
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rganics compounds. The resulting black brittle mass was ground,
ransferred into an alumina crucible of large surface and thermally
reated in an oven at 650 ◦C for 4 h. An X-ray powder diffraction
XRD) analysis was carried out with a Philips (PW1830) equipment
unning with CoK� radiation.

Thick and porous film samples were made mixing the powders
ith glycerol in a 2:1 ratio and by painting, with the obtained paste

nto insulating alumina substrate on which gold electrodes with an
nterdigit shape had been deposited by sputtering. Finally, samples

ere thermally treated during 2 h in air at 500 ◦C. The mean thick-
ess of the films was ∼100 �m, as measured using a coordinates
easuring machine Mitutoyo BH506. A Jeol JSM-6460LV micro-

cope under the secondary electrons mode (SE) was employed to
mage the tin oxide surfaces. An impedance analyzer HP4191A, in
he frequency range of 10−2 Hz to 15 MHz, was used. The system
as linked to a computer for programming the measurements (100,
50, 350, 400, 425 ◦C) and for storing and handling the data. Z′ vs.
Z′′ curves were measured at different temperatures in air atmo-

phere (159.6 mmHg of oxygen). Temperature was increased and
hen decreased the temperature from 100 ◦C up to 450 ◦C at a rate
f ∼1 ◦C/min. Later, the decreasing was done from 450 ◦C to 100 ◦C
t the same rate.

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

. Results and discussion

.1. Sample microstructure

Particle size distributions of the powders were determined by
he Serigraph technique with a Micromeritics equipment. Table 1
hows data from particle size distributions corresponding to the
nO2 powder obtained from the SnCl2·2H2O (Baker). We have con-
idered that D80, D50 and D20 are the corresponding diameters of
0, 50 and 20% volume respectively, and W = (D80 − D20)/D50 is a
easure of the distribution width of particle size. Later, the powder
ass was ground and films were made. The film microstructure was

nalyzed with the scanning electron microscopy (SEM) technique
Fig. 1a), and a highly porous microstructure with agglomerates of
50 nm was observed. From Fig. 1b, the average particle size (that
onform an agglomerate structure) was determined to be between
0 and 50 nm. From the XRD analysis the only presence of crys-
alline SnO2 was detected as it is shown in Fig. 2a. The average
article size was also determinate using the Scherrer formula,

= 0.9�

B cos(�B)
(2)

here t, the SnO2 particle size; �, the wavelength of the used radi-

tion (Co = 1.7899 ´̊A); B is the angular width (as 2�B) and is usually
easured in radians, at an intensity equal to half the maximum

ntensity (9.5429 × 10−3 rad); and �B the angular value of the most

ntensity diffraction line shown in Fig. 2b. The particle size obtained
as ∼18 nm and this value is in good concordance with the results
bserved by the use of SEM.

able 1
article size distributions of the obtained powders of SnO2.

ample D20 (�m) D50 (�m) D80 (�m) W

nO2 0.7 3 10 3.1
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ig. 1. Film microstructure was analyzed with the scanning electron microscopy
SEM) technique (a) bar = 1 �m (b) bar = 200 nm. A highly porous microstructure
ith agglomerates of 250 nm is observed.

.2. Impedance interpretation and electronic equivalent circuit

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

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

To analyze the impedance spectroscopy results, in Fig. 3 the
onsidered electrical equivalent circuit is shown. Rgb and Cgb repre-
ent the grain-boundary resistance and capacitance, respectively.
b and Cb represent the bulk resistance and capacitance, respec-
ively. The electrode elements are Re and Ce. Rt represents the deep
ulk traps resistance [7]. Also, deviations in the Debye-like behav-

or were considered by using a constant phase element (CPE) in the
quivalent circuit. To corroborate the above considerations, fittings
ere carried out with the proposed model of Fig. 4.
Very frequently, for a better analysis of the impedance mea-
urements, the imaginary component of complex capacitance as
′′(ω) = Z′/(ω(Z′2 + Z′′2)) and the real component of the capacitance
s C′(ω) = Z′′/(ω(Z′2 + Z′′2)) are calculated [8]. In a previous work we
ropose an alternative study in which the total parallel equivalent
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Fig. 2. X-ray powder diffraction. (a) High quality diffraction patterns, in the range
20–80◦ (2�) the only presence of crystalline casiteritte is observed, (b) most intensity
diffraction peak.

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).
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Fig. 4. Equivalent circuit employed to fit the data.

apacitance (Cp) and the total parallel resistance (Rp) as a function
f frequency are analyzed [9–11].

In Fig. 5, the fittings of the Cp and Rp responses with fre-
uency at 250 ◦C are shown. The capacitance fitting plot as

function of frequency at 250 ◦C in oxygen atmosphere con-

idering the electrical equivalent circuit proposed in Fig. 4
s shown in Fig. 5a and the resistance fitting plot as a
unction of frequency at the same temperature is shown in

ig. 5. (a) Capacitance fitting plots as a function of frequency at 250 ◦C in oxygen
tmosphere. (b) Resistance fitting plots as a function of frequency at 250 ◦C in oxygen
tmosphere.
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Table 2
Grain boundaries resistance (Rgb) and capacitance (Cgb) as a function of temper-
ature. Vs and Nd variations were calculated assuming thermionic and tunneling
contributions to electrical conduction.

100 ◦C 250 ◦C 350 ◦C

Rgb(initial) (k�) 167.683 62.087 161.542
Rgb(final) (k�) 1871.151 561.398 437.395
Cgb(initial) (pF) 3.38 4.72 4.61
Cgb(final) (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
N (m−3) 1024 1.5 × 1024 1024
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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,
d(initial)

d(final) (m−3) 6.7 × 1023 8.12 × 1023 9.56 × 1023

total(initial) (A/cm2) 3.60 × 10−6 6.61 × 10−2 0.5186
total(final) (A/cm2) 3.31 × 10−7 7.28 × 10−3 0.1857

ig. 5b. The employed elements values were Cgb = 3.84 × 10−12 F,
gb ≈ 5.3 × 105 �, CPE(1−a) = 0.2, CPE(A) = 5 × 10−8, Rt = 5 × 107 �,
e = 1 × 10−5 F, Re = 1100 �, Cb = 5 × 10−14 F and Rb = 1600 �. Also,
sing the proposed model of Fig. 2, fittings for 350 and 425 ◦C were
arried out [9]. Now, to develop a method to calculate the values
f Nd, we focalize in the Rgb and Cgb values of the circuit elements
btained from these fittings. The Rgb and Cgb values for the overall
emperature cycle are shown in Table 2.

.3. Calculation of the currents (two mechanisms)

By solving the Poisson’s equation under the depletion approx-
mation or resorting to the Gauss theorem, the grain-boundary
arrier height (eVs) and width (�) are directly related as follows
10].

Vs = e2Nd

2ε
�2

(
1 − 2�

3R

)
(3)

here R is radius of the particle, � the depletion layer width and Nd
s the donor density. Schottky barrier heights are around 1 eV and
he donor density is in the order of 1024 m−3 [10]. With these values,
he critical grain size (diameter) for which the grains are completely
epleted is ∼110 nm. From SEM microscopy a microstructure of
50 nm agglomerate particles diameter was observed. Thus, ini-
ially, grains cannot present overlapped potential barriers. But, after
he thermal treatment in an air atmosphere at 500 ◦C, some grains
re expected to have a donor concentration lower than 1024 m−3

ue to oxygen vacancies annihilation. In Fig. 5 the evolution of the
rain-boundary resistance and capacitance during a temperature
ycle are shown (A to B for resistance and C to D for capacitance).
he final resistance, after the cycle is completed, is higher than the
nitial one. Conversely, the final capacitance becomes lower than
he initial one. These changes in the grain-boundary resistance and
apacitance can be associated with the modification of the barrier
eights and of the donor concentration. In a Schottky barrier the
apacitance is related to the donor concentration in the bulk, Nd,
nd the barrier height, Vs, as it was shown in Eq. (1).

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

Ci

)2

= Ndi Vsf
, (4)
Cf Ndf Vsi

here Ndi is the initial donor concentration in the bulk (during the
eating), Ndf is the final donor concentration in the bulk (during
he cooling), Vsi and Vsf correspond to the initial and final barriers
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eights, respectively. We found that the ratio between initial and
nal grain-boundary resistances and capacitances at T = 100 ◦C, for
xample, is Ri/Rf = 0.0896 and Ci/Cf = 1.256. Thus, using Eq. (3), the
atio between initial and final Nd and Vs can be expressed as follows.

Ndi

Ndf

Vsf

Vsi
= 1.578 (5)

fter the oxygen treatment we expect a reduction in the donor con-
entration and a significant change in the sample resistance. The
otal current density over and through a barrier can be calculated
s:

= AT

k

Vs∫
0

f (E)P(E) dE + AT2 exp
(−Vs

kT

)
(6)

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

(E) =
{

exp −
[

4�Vs

qh

(
mε

Nd

)1/2
ln

(
1 − (1 − ˇ)1/2

ˇ1/2

)]}
, (7)

here m is the electron effective mass, ε the electrical permittivity,
the Planck constant and ˇ is E/Vs [10].

Assuming reasonable starting values for Vs (1 eV) and Nd
1024 m−3) we found that, for example at 100 ◦C, the barrier height

ust increase about 0.06 eV and simultaneously the donor con-
entration must decrease about 33%. These findings are consistent
ith oxygen adsorption and diffusion into the grains reported in
previous work [7,8]. Oxygen diffuses into the grains and annihi-

ates oxygen vacancies, the donor concentration decrease resulting
n an enlargement of the depletion layer. These effects produce an
ncreasing of the grain-boundary resistance. In all the temperature
ange of our studies, the tunneling current is calculated to be more
han an order of magnitude larger than the thermionic current.

When the temperature is increased, the final electrical resis-
ance measured at low frequencies at 250 ◦C (561.398 ohms
ccording to Table 2) is higher than its initial value at 100 ◦C
167.683 ohms according to Table 2). This increase in the inter-
rain resistance can be associated with a modification in the barrier
eights or to a decrease of doping level (an increase of conductance
as expected due to the increasing temperature). In the experimen-

al conditions in which the sample is exposed to oxygen and the
emperature changes, a variation in the barrier width is also possi-
le. These results are consistent with those previously reported for
olycrystalline semiconductors [12,13]. Fig. 6 shows that, contrar-

ly to what was observed for the grain-boundary resistance value,
he grain-boundary capacitance increases with the sole temper-
ture. Considering Eq. (1), a change of the final capacity can be
elated to a variation of the donor concentration due to the anni-
ilation or the creation of oxygen vacancies after an atmosphere
hange.
sing Eqs. (3)–(7), we calculated the evolution of the potential bar-
ier height and the donor concentration values. In Table 2, it is
bserved that the final barrier height is always higher than the
nitial one. Conversely, after the cycle, the donor concentration
ecomes smaller.
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ig. 6. Rgb and Cgb derived from the model as functions of operating temperature.

. Conclusions

In this work we present a model for tunneling and thermionic
arrier crossing in polycrystalline semiconductors. The model was
mployed to analyze the impedance spectroscopic response of
nO2 to different gaseous atmospheres. The spherical approxima-
ion of the grains leads to Eq. (3) the solution of which, putting the
xperimental values as input, results in an interesting outcome: the
ffect of the lower doping level due to oxygen in-diffusion predom-
nates. Indeed, the large increase in the resistance accompanied by
he relatively low decrease in the capacitance results in a narrower
epletion region which indicates a decrease in Nd. Thus, unexpect-
dly, it is necessary for the density of surface states, after oxygen
xposure, to be lower in order to account for a quasi constant sur-
ace barrier and � can only increase.
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