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Influence of post annealing temperature on the thermoelectric properties
of bulk ZnSnO
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In this manuscript, we have studied the structural, electrical and thermoelectric properties
of bulk ZnSnO by post growth annealing method. X-Ray Diffraction data showed that the
crystallinity was found to be improved y annealing up to 700°C due to compensation of
oxygen vacancy type donor defects. But further annealing forced the oxygen atoms to
diffuse into the interstitial sites, therefore causes degradation in the crystal quality.
Thermoelectric properties were increased with annealing temperature up to 700°C and then
decreased due to further annealing. The sharp enhancement of thermoelectric properties is
due to mobility increase of carriers.
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1. Introduction

With the growing world energy demands, limited conventional energy resources and
emission of greenhouse gases are threatening to our environment. More than 80% of world energy
is obtained by fossil fuel with more than half of this energy is wasted in the form of heat. As the
world energy consumption continues to rise, so the shifting toward renewable energy resources
like windmill, solar energy, hydroelectric, thermo-electric devices and fuel cells is necessary [1-4].
Thermo-electric materials are the hot topic for the researchers nowadays because of their excellent
energy harvesting properties i.e. Electricity generation from the waste heat by using the
phenomenon of the Seebeck effect [5]. Beside this it has some advantages like noise free, no
mechanical or moving part, maintenance free, cost effective and long-life applications [6,7]. The
efficiency of any thermo-electric device can be defined by a dimensionless quantity called a figure

of merit (ZT) which is termed as [8]
ST
7T = /O <

All quantities have usual meaning. The conversion efficiency of any thermoelectric device
increases with increasing the Seebeck coefficient or by lowering the electrical resistivity and
thermal conductivity. Telluride based materials e.g. BiTe and PbTe and their alloys are widely
used as commercial thermoelectric materials due to their high conversion rate [9, 10].However, the
high manufacturing cost limits its application for large scale energy production. In contrast, ZnO
and its variants are emerging as an excellent thermoelectric material with the remarkable electrical,
optical and thermoelectric properties [11]. Beside this ZnO with a wide band gap (3.3 eV), n-type
conductivity and high temperature suitability makes it a potential candidate for high temperature
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thermoelectric applications [12]. So, the doping or alloying of ZnO with another element might
enhance its thermoelectric properties [13-17]. Sn is supposed to be a strong doping element in ZnO
and easy to replace zinc because it has comparable atomic radii. However, Sn doping in ZnO can
significantly enhance the Seebeck coefficient and electrical conductivity hence increase in power
factor as reported in the literature so far [18, 19].

In this paper, we have reported the modulation in the thermoelectric properties of bulk
ZnSnO by varying the post annealing temperature. The ZnSnO pallets were prepared by mixing of
ZnO and Sn powders using a hydraulic press at a pressure of 13 tons. The prepared pallets were
subjected to post annealing process at different annealing temperature from 500 to 800°C. XRD
data confirm that the sample annealed at 700°C shows best crystallinity and have the highest value
of Seebeck coefficient and power factor.

2. Experimental detail

ZnSnO based bulk composites were prepared by mixing 99% pure ZnO and Sn metal
powders obtained from Sigma Aldrich. Both powders were mixed by using 98% ZnO and 2% Sn
by keeping the net weight about 0.45g for each pallet. Agate mortar and pestle were used for the
mixing of powders while a very small amount of acetone was added during the grinding process to
improve the homogeneity of the mixture for 2hours. After that ZnSnO pallets were prepared by
using a hydraulic press at a pressure of 13 ton for 30 minutes. The prepared pallets were subjected
to post annealing process at different annealing temperature from 500°C to 800°C with step of
100°C in programmable muffle furnace for 1 hour.

The post annealed bulk ZnSnO samples were characterized by X-ray diffraction (Bruker
D8 advanced) to study structural properties and Raman spectroscopy (Dongwoo confocal micro
Raman mapping system) were used to study the vibrational and rotational modes of the samples.
Scanning electron microscope (Emcrafts Cube series) was used to evaluate the surface
morphology. For thermoelectric properties home developed Seebeck systems were used while the
Hall measurement (Ecopia 3000)was performed to measure the electrical conductivity.

3. Results and discussion

Figurel (a) shows the XRD pattern of ZnSnO samples at various post annealing
temperature from 500 to 800°C at step of 100°C for 60 minutes. The peaks observed at angle 20=
32.2°, 34.9 °, 36.6° 47.9° 56.9° 63.2°, 66.7°, 68.3° 69.4°, 77.3° is associated to the hexagonal
structure of Sn doped ZnO with miller indices (100), (002), (101), (102), (110), (103), (200),
(112), (201)and (202) respectively [20].No additional secondary peak related to SnO or SnO; is
observed. It is observed that as the post annealing temperature is increased, the crystallinity of the
samples increases up to 700°C and then decreases with further rise in annealing temperature. It is
accepted fact that ZnO has a large number of oxygen vacancy intrinsic defects so annealing in an
oxygen environment compensate the such defects because additional incoming oxygen atoms fill
the available oxygen vacancies and hence improvement in crystallinity [21]. But annealing at
800°C additional upcoming oxygen atom occupying the interstitial sites cause degradation in
crystallinity.

Figurel (b)also represent the Raman spectra of the ZnSnO sample at different post
annealing temperature from 500 to 800°C. A very sharp peak at 437cm™ is observed in all the
samples which is related to the Eg mode of ZTO [23].A large hump at 328cm™ and 378cm™ was

observed, which can be attributed to AL (TO) and E;'" —E)non-polar modes of ZnO[24,

25].While the peak at 587cmis assigned as and E1 (LO) mode of ZnO respectively. A small peak
around 540cm™ is appeared for the post annealed samples which can be related as A, (TO) mode
of SnO, [26]. The presence of Sn confirms the diffusion of Sn content in the ZnO matrices. The
highest intensity peak at 437cm™ shows an increasing trend with the annealing temperature up
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t0700°C and again decreasing with the further increase in annealing temperature having same trend
as XRD data.
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Fig. 1. (a) XRD and (b) Raman spectrum of ZnSnO pallets post annealed at different temperatures
ranges from 500-800°C.

Figure2 represents the surface morphology of the ZnSnO samples at different post
annealing temperature. In fig (2a) the un-annealed sample shows a fine, smooth morphology, but
with post annealing from 500 to 800°C the surface of the samples exhibits rough morphology fig
(2b) -(2e). It is also observed that the roughness of the samples goes on increasing with increase in
post annealing temperature, which can be related to the incoming oxygen atoms give rise to
degradation of the surface.
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Fig. 2. SEM images of ZnSnO pallets annealed at different temperatures ranges from 500-800°C.

Figure3 depicts the Seebeck coefficient versus annealing temperature of the samples, post
annealed at different annealing temperature from 500 to 800°C. The value of the Seebeck
coefficient shows an increasing trend with the increase in post annealing temperature up to 700°C
and again decreasing with the further rise in temperature. The negative value of Seebeck
coefficient is observed for all of the samples shows n-type behavior of the material. The increase
in Seebeck coefficient up to 700°C is related to the solubility of Sn atoms in the ZnO crystal due to
thermal annealing which is debatable. The enhancement in Seebeck coefficient from 500 to 700°C
is due to fact that most of the available oxygen vacancies filled by incoming atoms and causes an
enhancement in the mobility of charge carriers. The high mobility resulted in the enhancement of
Seebeck coefficient and electrical conductivity. But the further rise in annealing temperature cause
degradation in the crystal quality hence decrease in Seebeck coefficient is expected.
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Fig. 3. Effect of annealing temperature on Seebeck coefficient of ZnSnO pallets
at different measurement temperature.

Figure4 represent the effect of post annealing temperature on the electrical conductivity of
the ZnSnO samples.
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Fig. 4. The graph represents the effect of annealing temperature on the power factor of ZnSnO
pallets. The inset demonstrates the effect of annealing temperature on the electrical conductivity of
the ZnSnO samples.

The value of electrical conductivity shows an increasing trend up to 700°C and again
decrease at 800°C. The behavior of electrical conductivity with post annealing temperature is
attributed as; the mobility of carriers increased with the annealing temperature because the
scattering of charge carriers by the oxygen vacancy type defects decreased up to annealing
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temperature 700°C. But at high annealing temperature the conduction mechanism is shifted from
lattice to ionized impurity scattering mechanism cause decrease in mobility and hence decrease in
electrical conductivity is observed. The power factor of the ZnSnO samples which is calculated by
using this formula [27].

PF=S’xc

As the sample annealed at 700°C possess the highest value of Seebeck coefficient and
electrical conductivity so the highest power factor value at 700°C is justified.

3. Conclusion

In this manuscript we have reported the effect of post annealing temperature on the
thermoelectric properties of ZnSnO pellets using Sn and ZnO powders. The pallets were prepared
by using a hydraulic press at a pressure of 13 tons and the post annealed at different annealing
temperature ranges from 500°C to 800°C at step of 100°C for 1 hour. XRD data reveal that 700°C
samples show best crystallinity and possess the highest value of Seebeck coefficient, electrical
conductivity and power factor. SEM images show higher surface roughness of the sample
annealed at 800°C. So, this study reveals that the sample annealed at 700°C can be used for high
temperature thermoelectric applications.
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