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The electrical properties of polycrystalline tin dioxide films were investigated by impedance spectroscopy in
the frequency range 100 Hz—1 MHz at temperatures 4.2 K, 77 K and 300 K. Analysis of the experimental data
by means of complex nonlinear least squares method made it possible to divide the contributions of grain bulk
and grain boundaries to the conductivity. It was found that at room temperature charge transport processes are
mainly determined by the grain volume while at the low temperatures contribution from the grain boundaries to

the impedance of the system prevails.

PACS: 73.61.Le

1. Introduction

Tin dioxide nanocrystalline structures are used for
number of optoelectronic applications due to their high
conductivity and high transparency in the visible range of
electromagnetic spectra [1, 2]. Investigation of influence
of stoichiometry, doping, grain sizes etc. on the conduc-
tivity of tin dioxide is very important. Measurements
of the complex impedance are one of the more reliable
methods in order to divide contribution from the grain
boundaries and grain volume in the total conductivity of
polycrystalline materials [3].

2. Experimental results

Polycrystalline tin dioxide films were fabricated using
gas-transport chemical reaction on the previously syn-
thesized metal-polymer precursor [4]. The grain size of
the samples was in the range 20-100 nm according to
scanning electron microscopy and transmission electron
microscopy images. Impedance spectroscopy measure-
ments in the frequency range from 100 Hz to 1 MHz
and in the temperature range 4.2-300 K were used for
the electrical characterization of the samples. LCR me-
ter Agilent 4284 A was used for the measurements of fre-
quency dependences of real and imaginary components
of the impedance of tin dioxide films. Amplitude of
the sinusoidal signal was 25 mV. DC bias voltage in the
range 0-3 V was simultaneously applied to samples. De-
pendences of AC-conductivity on the applied bias volt-
age were measured in the temperature range 4.2-300 K
as well.
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3. Discussion

Frequency dependences of the real and imaginary com-
ponents of the impedance of polycrystalline tin diox-
ide films Z'(f) and Z”(f), measured at temperatures
4.2 K, 77 K and 300 K, are shown in Figs. 1 and 2,
respectively. The points correspond to the experimental
data while solid lines represent the results of the cal-
culations by means of complex nonlinear least-squares
method (CNLS) [5]. It was found that the impedance
of the samples does not depend on the applied bias volt-
age at 77 K and 300 K and decreases with the increase
of bias voltage at T = 4.2 K. Z'(f) dependences mea-
sured at U, = 0 V and U, = 3 V are shown in Fig. 1.
As one can see from Fig. 2, maximum observed on the
Z"(f) dependences shifts to the high-frequency region
with the increase of the temperature and bias voltage (at
T = 4.2 K). Nonlinear dependences of the impedance on
the applied DC bias voltage were observed at T' = 4.2 K.

Best fitting results were obtained by simulation of the
experimental data with an equivalent scheme shown in
the inset to Fig. 1. Resistors Ry and Ry, in this scheme
simulate resistance of the grain volume and grains bound-
aries, respectively. C}, is the parasitic capacitance of the
bonding wires. Constant phase element (CPE) used in
an equivalent scheme takes into account spread in values
of the resistance and capacitance of the grain boundaries.
The admittance of the CPE is defined as [5]:

YCPE = Ao(iw)a

= Aow®[cos((m/2)a) + isin((7/2)a)], (1)
where Ay — coefficient with the dimensionality depend-
ing on the «a value. In the case a = 1, Ay has the dimen-
sionality of capacitance while in the case o = 0, Ag has
the dimensionality of resistance. In the intermediate case
dimensionality of Ay can be considered as Q=1 s [6].

(146)



AC-Conductivity of Thin Polycrystalline . .. 147

107

Z'[Q]

109
T=77K;

%

105 VLAV SV AN A SVACAVA AV EE D
ET=300K; Uy =0V
_IIII 11 IIIIIII 11 IIIIIII

102 10° 10*

10° fHz] 10°

Fig. 1. Frequency dependence of the real component of
the impedance of polycrystalline tin dioxide films mea-
sured at different temperatures and applied DC bias
voltage. Lines show the approximation of the experi-
mental data by an equivalent circuit, shown in the inset.
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Fig. 2.  Frequency dependence of the imaginary com-
ponent of the impedance of polycrystalline tin dioxide
films measured at different temperatures and applied
DC bias voltage. Lines show the approximation of the
experimental data by an equivalent circuit.

As one can see from Figs. 1 and 2, frequency depen-
dences of the impedance can be well fitted at f > 300 Hz
by an equivalent scheme shown in the inset to Fig. 1.
According to approximation results at room temperature
resistance of grain volume is about 4 times higher than
the resistance of the grain boundaries (Ry = 8.5 x 10%
vs. Rgp = 2.0 x 10%Q).

As the temperature decreases, contribution to the
impedance of the samples from the grain boundaries is

rising (Ry = 2.5x10° Q, Ry, = 1.2x10° Qat T' = 77 K).
At T = 4.2 K the resistance of the grain boundaries ex-
ceeds the resistance of grain volume (Ry = 3.9x 10° 2 vs.
Rgp, = 8.2 x 10°Q). Thus, impedance and nonlinearity of
the conductivity of thin polycrystalline tin dioxide films
at T = 4.2 K are determined mainly by the grain bound-
aries. Temperature rise is accompanied by the essential
increase of their conductivity. As a result, nonlinear elec-
trical properties were not observed at the liquid nitrogen
and room temperatures. Impedance of the samples in
the high temperature range is determined mainly by the
resistance of the volume of tin dioxide grains.

4. Conclusion

Analysis of the complex impedance of polycrystalline
tin dioxide films, measured at different temperatures and
different applied DC bias voltage was done. It was found
that at room temperature electrical properties are deter-
mined by the contribution to the impedance both from
the grain volume and grain boundary. As the temper-
ature decreases, contribution from the grain boundaries
to the impedance of the system starts to prevail.
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