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The electrical and optical properties of Ge-doped BaSnO; ceramics sintered at various temperatures
have been investigated to determine their semiconductor behavior. The electrical conductivity of Ge-
doped BaSnO3 samples increases with increase in temperature, confirming that the samples exhibit a
semiconductor behavior. A maximum conductivity value of 6.31 x 10~ S/cm was observed for the sample
sintered at 1200 °C. The optical band gaps of the Ge-doped BaSnO3; samples were determined by means of
reflectance spectra. The variation of optical band gap with temperature was analyzed using E¢(T) = Eg, + ST
relation. The rate of change of the band gap B of BaSngg9Gep 103 was found to be 7.6 x 10~# (eV/°C). A
minimum optical band gap value of 2.95 eV was observed for the sample sintered at 1400 °C. It is evaluated
that BaSngg9Geg 0103 is a wide band gap semiconductor and its semiconducting properties change with

Keywords:
Electrical conductivity
Optical properties

Sintering

Perovskite sintering temperature.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Pure and doped barium stannate as well as its solid solutions
(e.g. BaTi;_xSny03) have found important applications in materials
science and technology due to their dielectric properties, semi-
conducting behaviors and high thermal stability. Because of these
characteristic properties, BaSnO3; based ceramics are becoming
more and more important in material technology. It can be used
to prepare thermally stable capacitors and to fabricate ceramic
boundary layer capacitors [1-8]. Moreover, barium stannate can
be also used as a functional material for semiconductor gas sensors
[9-15] and photocatalytic applications [16-18]. BaSnOs crystallises
in the perovskite structure and has a band gap of 3.4eV [19]. It
has been observed that an isovalent partial replacement of Sn**
in BaSnO3 by other cations causes a modification in its electrical
properties [5,20-22]. In general, compacts on the basis of BaSnO3
reveal only a moderate densification behavior [2,23-26]. Therefore,
such ceramic bodies need high sintering temperatures or very long
soaking times [7,27,19]. The addition of additives can significantly
reduce the sintering temperature due to an improvement of the
densification behavior. Wang et al. [28] used SiO; as a sintering aid
for BaSnO3 ceramics. Sintering additives can influence not only the
sintering temperature but also the (di-)electric properties of the
final ceramics [29]. Kumar and Choudhary [22] sintered BaSnO3 at
1200 °C adding BaSiOs. They found the formation of solid solutions
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of the type BaSnj;_,SixO3 (x=0-0.15). The BaSn;_,SixO3 samples
show NTCR (negative temperature coefficient of resistance) behav-
ior and a better electrical conduction at elevated temperature than
pure BaSnO3 ceramic bodies. BaGeOs can be also used as a sinter-
ing aid to drastically reduce the sintering temperature as reported
for BaTiO3-based ceramics [30-32]. Recently, Koferstein et al. [33]
sintered BaSnO3 ceramics at very low temperatures adding BaGeO3
and they found a partial solid solubility of BaGeO3 in BaSnOs.

Here we present the results of our investigations on the elec-
trical and optical properties of Ge-doped BaSnO3; ceramics to
determine their semiconducting properties.

2. Experimental details

The preparation procedure is described elsewhere [33].
Briefly, a powder with the composition of BaSngggGeg 103
was prepared via a conventional mixed-oxide method. Equiv-
alent amounts of BaCO3 (Sabed VL 600, 99.9%, Solvay), SnO,
(>99.0%, Merck) and GeO, (99.999%, Acros Organics) were milled
in a PVC container for 24h using ZrO,-balls and propan-2-ol
(Mpowder :Mballs :Mpropan-2-0 = 1:1:4). After filtering and drying the
mixture was calcined in static air (heating rate 10 K/min) for 2 h at
1150 °C to obtain a powder with a specific surface area of 3.9 m?/g.
Then the calcined powder was milled with ZrO,-balls and propan-
2-ol in a PVC container for 2 h (mpowder:Mpaiis = 1:4). After filtering
and drying the powder was mixed with 5 mass% of a saturated
aqueous solution of polyvinyl alcohol (PVA) as a pressing aid. Then
the powder was pressed to pellets with a green density of about
3.5g/cm3. The pellets were sintered in static air for 1h at 1200,
1250, 1300 and 1400°C (heating rate 10 K/min). The theoretical
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bulk density of the ceramic bodies was calculated as 7.22 g/cm?
[34].

X-ray powder diffraction (XRD) patterns were recorded by a
STOE STADI MP diffractometer at 20 °C using CoKa; radiation. The
specific surface area was determined using nitrogen three-point
BET (Nova 1000, Quantachrome Corporation). SEM images were
recorded with a Philips XL30 ESEM (Environmental Scanning Elec-
tron Microscope). The electrical conductivity measurements of the
samples were performed using a KEITHLEY 6517A electrometer.
The reflectance spectra of the samples were measured using a
UV-VIS-NIR 3600 Shimadzu spectrophotometer with an integrat-
ing sphere attachment.

3. Results and discussion
3.1. Structural properties of the BaSng g9Geg 9103 ceramics

Recently, Koferstein et al. [33] reported on the system
BaSnO3;-BaGeOs. They found a limited solid solubility of BaGeO3
in BaSnOj3 of the order of 6-7 mol%, because of their different
crystal structures. While BaSnO3 appears in the cubic perovskite
structure, BaGeOs crystallizes in two modifications having a
pseudowollastonite-type structure and a pyroxene-type structure,
respectively [35-37]. X-ray diffraction investigations of the cal-
cined powder as well as the resulting sintered bodies show only
the reflection pattern of BaSnO3; as demonstrated in Fig. 1. There-
fore, the samples can be described as a solid solution between
BaGeOs and BaSnOj3 written by the formula BaSng g9Geg g1 03 (Ge!V
occupying the Sn!V sites). BaSng ggGeg 01 O3 ceramics reveal a dras-
tically better sintering behavior than pure BaSnO3 ceramics [23].
An overview of the ceramic bodies is given in Table 1. Sintering at
1200 °C leads to ceramics with relative density of 82% (5.92 g/cm?3).
Arelative density of95% (6.83 g/cm?3)is observed at a slightly higher
temperature of 1250°C. After sintering at 1300 and 1400°C we
obtain ceramics with relative densities of 99% [33].

Fig. 1. XRD patterns of the calcined powder (a) and of a ceramic, sintered at 1400 °C
for 1h (b).

Table 1
Structural parameters of the ceramics.

Sintering regime Relative Absolute density Grain size (um)

density? (%) (g/cm3)
1400°C, 1h 99 7.18 2.5-26
1300°C, 1h 99 7.13 2.5-7 and 0.5-1 (bimodal)
1250°C, 1h 95 6.83 0.46-1.5
1200°C, 1h 82 5.92 0.25-1

2 Related to the theoretical density of 7.22 g/cm?3.

SEM images of the surface of the ceramic bodies are shown in
Fig. 2. Ceramics sintered at 1200 °C exhibit cubical-shaped grains
between about 0.25 and 1pum. Sintering at 1250°C leads only
to a moderate grain growth between 0.45 and 1.5 pm. A further
increasing sintering temperature to 1300 °C causes a bimodal grain
growth with grain fractions between about 0.5-1 and 2.5-7 pm.

Fig. 2. SEM images of the ceramic bodies sintered at various temperatures for 1h. (a) 1200°C, (b) 1250°C, (c) 1300°C, (d) 1400°C.
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Fig. 3. Plots of electrical conductivity plots of the ceramics sintered at various tem-
peratures.

The smaller grain fraction has cubical-shaped grains, whereas the
larger grain fraction shows grains with a more irregular shape. At
1400 °C we obtain bodies with a heterogeneous grain distribution
between 2.5 and 26 pm (see also Ref. [33]).

3.2. Electrical conductivity of the BaSng g9Geg.9; 03 ceramics

Fig. 3 shows electrical conductivity plots of undoped BaSnO;
and sintered BaSng g9Geg 9103 ceramics. As seen in Fig. 3, the elec-
trical conductivity of undoped BaSnO3 sample is lower than that
of doped sample. This suggests that the electrical conductivity of
undoped BaSnOj3 increases with Ge dopant. The electrical conduc-
tivity of the samples increases with temperature, confirming that
the samples exhibit the semiconductor behavior. The electrical con-
ductivity plots show two linear regions (I and II) corresponding to
various conduction mechanisms. The first region shows a linear at
lower temperatures (T<410°C)and second region followed a linear
variation at higher temperature (T>450 °C). The electrical conduc-
tivity behavior of the ceramics were analyzed using the following
relation:

0 =0, exp (—%) (1)
where o0, is the pre-exponential factor, E is the activation energy,
k is the Boltzmann constant. The activation energy values for I and
Il regions, E; and Ejj, were determined from the slope of Fig. 3 and
are given in Table 2. The electrical conductivity values of ceramics
at 25°Cdo not indicate a regular trend with sintering temperature.
The ceramic sample sintered at 1200 °C shows the highest conduc-
tivity. Comparing the electrical conductivity values of the samples
with respect to sintering temperature, we evaluate that the grain
size is an effective parameter in the conduction mechanism of the
samples and the sample of the smallest grain size shows the highest
conductivity. This shows that when the grain size was reduced to
the nanometric regime, the electrical conductivity could be greatly
enhanced.

The electrical conductivity of the samples sintered at 1400, 1300
and 1250 °Cislower than that of calcium modified BaSnO3, whereas

Table 2

Electrical parameters of the ceramics.
Sint. temp. Eg (eV) Ei (eV) Ey (eV) o (S/cm)
1400°C, 1h 2.95 0.223 0.518 4.54x 10710
1300°C, 1h 3.03 0.356 0.889 1.08 x 1010
1250°C, 1h 3.07 0.415 1.280 1.10x 1010
1200°C, 1h 3.1 0.264 3.177 6.31x107°

the electrical conductivity of the sample sintered at 1200°C is
higher than that of it [38]. The activation energy values of the sam-
ples for first (except for 1200 °C) and second regions decrease with
increasing sintering temperatures. The samples sintered at 1250
and 1200°C have the higher activation energy values, 1.280 and
3.177 eV, respectively. This is attributed to long range diffusion of
doubly ionized oxygen vacancies V,** in present perovskite oxides
[39,40]. Whereas, the activation energy values of the samples sin-
tered at 1300 and 1400 °C is lower than that of the samples sintered
at 1250 and 1200°C, respectively. The long range diffusion of dou-
bly ionized oxygen vacancies Vg changes with increasing annealed
temperatures.

3.3. Optical properties of the BaSng.g9Geg 9103 ceramics

Fig. 4a shows the reflectance spectra of the samples sintered
at various temperatures. It is seen that the samples have high
reflectance in the visible range of 400-700 nm. The optical band
gap of samples can be determined by the following relation [41]:

ahv = A(hv — Eg)" (2)

where « is the absorption coefficient, A is an energy-independent
constant and Eg is the optical band gap. n is a constant which
determines the type of optical transitions and for indirect allowed
transition, n=2 and indirect forbidden transition, n=3, for direct
allowed transition, n=1/2; for direct forbidden transition, n=3/2.
In order to determine optical band gaps of the samples, firstly,
the reflectance values were converted to absorbance by applica-
tion of the Kubelka-Munk function [42,43]. Kubelka-Munk theory
is generally used for the analysis of diffuse reflectance spectra
obtained from weakly absorbing samples. The optical band gap
of lanthanum-doped stannate BaSnO3 has been determined using
diffuse reflectance spectra [44]. Kubelka-Munk formula for deter-
mination of optical band gap of BaSnO3 ceramics is expressed by
the following relation:

(1-R)

FR) = "R

(3)
where R is the reflectance, F(R) is the Kubelka-Munk function cor-
responding absorbance and « is determined using « = F(R)/d, here d
is the thickness. The transmittance spectra of the ceramic sintered
were obtained by means of Kubelka-Munk formula and are shown
in Fig. 4b. The transmittance of the ceramic samples decreases
with increasing sintering temperature. The sample sintered at
1250°C indicates the highest transparency. The transmittance of
the samples changes with sintered temperature and indicates an
absorption edge. The absorption edge varies with increasing sin-
tering temperature, suggesting that the optical band gap changes
with the temperature.

For determination of nature of the optical transitions, we have
to find n value. For this, Eq. (2) can be written in the following form
[45]:

Ino=InA-In(hv)+nIn(hv — Eg) (4)

In this equation, firstly, the approximate value of the optical
band gap must be determined. When E; is found, the value of r can
be determined from the slope of In (hv) as a function of In (hv — Eg).
If (d(In «)/d(hv)) is plotted as a function of (hv) for the compound,
d(In «)/d(hv) = f(hv) will show a maximum value corresponding
to approximate value of the optical band gap [46]. After determi-
nation of approximate value of the optical band gap, the value of n
is determined from the slope of In(hv) vs.In (hv — Eg) curve plotted
and was found to be about 0.5. This value suggests that the direct
transitions are dominant in the samples and Eq. (2) can be therefore
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Fig. 4. Transmittance and reflectance spectra of the ceramics sintered at various temperatures.

written as follows:
ahv = AChv — Eg)'/? (5)

The exact optical band gap values of the samples was deter-
mined from the plots of (chv)2 vs. hv, as shown in Fig. 5 and given
in Table 2. It is evident from Table 2 that the value of Eg changes
with sintering temperature. The obtained bad gap values of the
samples are lower than that of BaSnOs, prepared by the mixed-
oxide method, which is a wide band gap material having an energy
gap of 3.4eV [19,47]. This suggests that the Ge dopant and sin-
tering temperature decrease the optical band gap. The change in
optical band gap with increasing annealing temperature could be
attributed to the improved crystalline nature and porosity related

Fig. 5. Plots of (achv)? vs. hv of the ceramics sintered at various temperatures.

to density change of films. The optical band gap of the samples is
related to the crystalline nature, which in turn strongly depends
on the annealing temperature and density. The Eg values of the
samples are linearly decreased with the sintering temperature, as
shown in Fig. 6. The linearity change can be expressed [48]:

Eg(T) = Ego + BT (6)

where Eg, is a constant and § is the rate of change of band gap with
temperature. The least-square fit of Fig. 6 gives:

Eg(T) = —7.6 x 1074 T(°C) + 4.068 (7)

From this relation, the g value for the BaSng g9Geg o103 was found
to be 7.6 x 10~ (eV/°C). We can evaluate that the decrease in the
optical band gap of the BaSng g9Geg o103 is due to atomic distances
changing by temperature. The sample sintered at 1400 °C indicated
a minimum optical band gap value of 2.95 eV. The optical band gap
of the sample sintered at 1400 °C is lower than that of lanthanum-
doped BaSnOs [44]. It is evaluated that the sintering temperature
has an important effect on the optical band gap of BaSnOs.

Fig. 6. Plots of Eg vs. T of the ceramics sintered at various temperatures.
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4. Conclusions

The semiconducting properties of the Ge-doped BaSnOs3 sin-
tered at various temperatures have been investigated. The sintering
temperature changed the electrical and optical properties of Ge-
doped BaSnOs. The sample sintered at 1200 °C shows the highest
electrical conductivity, and also the sample sintered at 1400 °C indi-
cates the lowest band gap.

We have evaluated that BaSngg9Geg o103 is a wide band gap
semiconductor with the determined electronic parameters.
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