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The transport and thermoelectric properties together with annealing of the new layered Bi-chalcogenide LaOBiHgS3
are studied. On the transport part, the insulating behavior of the as-grown sample is evidently depressed by post annealing.
A hump-like abnormality appears around 170 K. The thermoelectric performance of the sample is observably improved
by the annealing, mainly because of the enhanced electrical conductance. The present results suggest that the physical
properties of LaOBiHgS3 are sensitive to post annealing and the possible micro adjustments that follow, indicating the

layered Bi-chalcogenide family to be an ideal platform for designing novel functional materials.

Keywords: thermoelectric material, Bi-chalcogenide, post annealing

PACS: 74.25.F-, 74.62.En, 74.20.Rp, 74.70.Xa

1. Introduction

The search for and exploitation of new sustainable energy
sources have always been the focus of attention for human so-
ciety, especially in the present circumstances, as the traditional
nonrenewable energy sources are becoming increasingly ex-
hausted. Amongst the many options, thermoelectric devices,
i.e., devices that convert thermal energy into electrical energy,
have been favored for their high stability, long service life,
and zero release of greenhouse gases. To have the technique
widely utilized in social and industrial activities, practical ther-
moelectric materials with high efficiency are desirable.

Not long ago, promising thermoelectric properties were
discovered in the BiS,-based layered material.['=! With the
simple layered structure of alternating conducting BiS, lay-
ers and various insulating layers, the electronic structure and
physical properties could be effectively tuned by element dop-
ing or intercalation.[®! The thermoelectric performance is usu-
ally judged by the dimensionless figure of merit (Z7T), with
the definition of ZT = ST /px, where S, T, p, and Kk are
the Seebeck coefficient, temperature, electrical resistivity, and
thermal conductivity, respectively. As the Seebeck effect co-
efficient and thermal transport properties are influenced by

(2781 it is beneficial to pro-

both phonon and carrier behaviors,
mote the carrier mobility and suppress the thermal conduc-
tivity to enhance ZT. Take LaOBiS; for example, S-site Se
doping increases the in-plane chemical pressure and promotes
the carrier mobility.>! Therefore, a high ZT value of 0.36

was obtained in LaOBiSSe at 650 K, which is the highest ZT
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recorded in this series. %)

Recently, compounds of further intercalation to LaOBiS,
were under intense study. LaOBiPbS3 is one of them, with
the rock-salt PbS cubic inserted into the two layered BiS;
conducting layers.!!”] By means of synchrotron x-ray diffrac-
tion and neutron diffraction, LaOBiPbS3; was confirmed to
own the 4-layer-type conducting layer. The structure is sim-
ilar to that of the BisTeg conducting layers in CsBisTeg, an-
other member of the Bi-chalcogenide family.!'!! The narrow
gap semiconductor (~ 100 meV) satisfies both large S and
small p,!7! which offers good potential for practical applica-
tion. However, more compounds with various compositions
and electronic properties have to be tried out in the series, to
obtain a practical thermoelectric material with better perfor-
mance. In this work, we report the successful synthesis of
the LaOBiHgS3; compound, the iso-structure counterpart of
LaOBiPbS3. The basic physical properties and effects of vac-
uum annealing are also displayed and comprehensively dis-
cussed.

2. Experiment

Polycrystalline samples of LaOBiHgS3 were prepared via
the solid-state reaction method. High-purity powder of La,S3,
La;03, Bi, Bi;S3, and HgS were weighed strictly according to
the stoichiometric ratio in a glove box filled with inert gas. The
mixture was thoroughly ground, pelletized, and sealed into an
evacuated quartz tube (below 2 x 1073 Pa) before it was heated
at 940 K for 25 hours. The sintering process was conducted
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in ambient pressure. The obtained sample was ground and
pelletized again in the inert gas atmosphere for homogeniza-
tion, and sintered at 1020 K in vacuum quartz tubes for another
25 hours. The annealed samples were selected from the same
batch as the as-grown ones. They were heated up to 673 K in
vacuum quartz tubes for 6 hours before taking out. The ob-
tained as-grown samples were characterized by powder x-ray
diffraction (XRD) utilizing K1 radiation. The actual com-
position of the crystal was determined using x-ray photoelec-
tron spectroscopy (XPS) carried out on an x-ray photoelec-
tron spectrometer (ESCALAB 250Xi, Thermo, USA). The dc
electrical resistivity measurement was performed using a stan-
dard four-probe method with a constant current of 1 mA on
the Quantum Design physical properties measurement system
(PPMS) from 2 K to 300 K. The electrical resistivity and See-
beck coefficient at higher temperatures were measured simul-
taneously by a commercial equipment (ULVAC-RICO: ZEM-
3, Japan) under He atmosphere. The error bar of the data for
either PPMS-9 or ZEM-3 is less than 1%.

3. Results and discussion

In order to determine the crystal structure of the as-grown
samples, bulks of crystals are chosen and ground to fine pow-
ders for the powder XRD measurements. The XRD patterns
are displayed in Fig. 1. The diffraction peaks of LaOBiHgS;

are in accordance with those of LaOBiPbS3, 1:10]

revealing the
tetragonal crystal structure (space group: P4/nmm). Tiny extra
peaks of impurity phase of HgS are also detected. By using the
software of XRD-program, we take a general fit to the XRD
data and determine the lattice constants as a = 4.06 A and
¢ =19.86 A. Considering the smaller radius of Hg compared
to that of Pb, the shrinkage of the ab-plane lattice parame-
ter compared to LaOBiPbS; (4.0982 A)['91 is comprehensi-
ble. XPS measurements of three bulk samples from the same
batch are performed, giving the average element ratio to be
La:Bi:Hg:S =1.00(3):1.09(6):0.96(5):3.12(1), as shown in Ta-
ble 1. The oxygen content cannot be determined accurately by
XPS because of the adhering oxygen and water molecules on
the sample surface. The actual Hg ratio is relatively lower than
the nominal one, which is attributed to the high effumability
of the element.

The temperature dependence of the resistivity for
LaOBiHgS3 is displayed in Fig. 2 in the temperature range
of 2-300 K. The parent compound exhibits typical insulat-
ing transport behavior as temperature descends. The resistiv-
ity goes beyond the resistance measuring limits of the PPMS
below 95 K. While as shown in the inset of Fig. 2, p(T) of
the post annealed LaOBiHgS3; sample undergoes drastic de-
pression in the whole temperature region. The p of the an-
nealed sample is only 4.5 Q-mm at room temperature, nearly
three orders lower in magnitude than that of the as-grown

one. A hump-like abnormality is observed at around 170 K
in the p—T relation of the annealed sample, below which the
p(T) behavior appears metallic. The observation of a similar
hump feature was also reported in AFe>_,Se; (A = K, Rb,
Cs, and T1) single crystals,['>!3] where superconductivity was
developed from AFM Mott insulator with a rather high Néel
temperature. !4 The abnormal detected in the A,Fes_,Ses
superconductors was interpreted to be caused by phase coex-

istence and competitions.
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Fig. 1. Powder x-ray diffraction pattern of the as-grown LaOBiHgS3
sample.

Table 1. Element ratio of the LaOBiHgS3; sample determined by XPS.

La Bi Hg S
1 1.00(3) 1.09(2) 0.98(2) 3.09(6)
2 1.00(2) 1.11(3) 0.96(2) 3.15(5)
3 1.00(3) 1.08(3) 0.95(1) 3.11(3)
Average 1.00(3) 1.09(6) 0.96(5) 3.12(1)
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Fig. 2. Temperature dependence of resistivity of the as-grown

LaOBiHgS3; sample from 2 K to 300 K. The inset displays the tem-
perature dependence of resistivity of the annealed LaOBiHgS3 sample.
Error bars are amplified 1000 times.

To evalue the thermoelectric performance of LaOBiHgS3,
the temperature dependence of the electrical resistivity and
Seebeck coefficient was measured from 300 K to 770 K for
the as-grown and the annealed samples, as shown in Figs. 3(a)

017401-2



Chin. Phys. B Vol. 28, No. 1 (2019) 017401

and 3(b), respectively. The negative sign of S indicates that
the main contributing carriers are electrons. As one can see,
the behavior of the absolute value of S (|S]) undergoes a sim-
ilar evolution in the two cases. Both |S| values increase with
rising temperature below 665 K, followed by steep drops with
Other than the S(T') behavior,
drastic contrast is observed between the p—T curves. For the

different descending rates.

as-grown sample, p decreases monotonously in the whole
temperature range, and the decrease becomes slow and steady
above 416 K. While for the post annealed sample, p increases
with ascending temperature overall, and the growing rate be-
comes almost constant above 600 K. Generally speaking, the
thermal conductivity of the Bi-chalcogenides moderately in-
creases with ascending temperature. For convenience, the
thermoelectricity is more often estimated by the power fac-
tor (PF), defined as PF = S?c. Figure 3(c) gives the tem-
perature dependence of the PF value for the as-grown and the
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Fig. 3. Temperature dependence of the resistivity and Seebeck coeffi-

cient from 300 K to 770 K for (a) the as-grown and (b) the annealed

LaOBiHgS3; samples. Error bars are amplified by 100 times. (c) Tem-

perature dependence of the thermoelectric power for the as-grown and

the annealed LaOBiHgS3; samples.

annealed samples, respectively. PF of the as-grown sample is
evidently enhanced by the rising temperature. Due to the tem-
perature limit of the device, the maximum of PF values reaches
0.125 uW /cm - K? for the as-grown sample at 770 K, an order
of magnitude smaller compared to that of LaOBiPbS;3 (around
1.18 uW /cm-K? at 770 K).I'51 A peak appears in the PF-T
curve of the annealed sample around 665 K, with the PF value
of 0.339 uW/cm-K?, which is three times larger compared
to that of the as-grown sample at the same temperature. As
could be observed from Figs. 3(a) and 3(b), the |S| value does
not differ much after the annealing. Thus, the enhancement of
the thermoelectric performance mainly results from the fierce
depression of the p(T') value.

To comprehend the transport transformation of the
LaOBiHgS3 sample after annealing, it is beneficial to discuss
the effects of different ways of post annealing. Oxygen an-
nealing has been widely utilized in tuning the chemical com-
position and local physical properties, where removable oxy-
gen atoms are intercalated into the compound during the pro-
cess. Take the FeTe;_,S, superconductors for instance, the
as-grown sample is often non-superconducting because of the
excess iron. As mentioned in previous reports, the exchange
field of the local ferromagnetic interaction breaks the cooper-
pairs, and depresses the superconductivity.!'?) While the oxy-
gen intercalated during the annealing process could effectively
suppress the local magnetic moment, and therefore, introduces
superconductivity.['!71 It should be mentioned that the extra
dose of oxygen is often removable via post vacuum annealing,
rendering the FeTe;_,S, superconducting crystals reentering
the normal state.

On the other hand, the effects of vacuum annealing are
much more diversified. As in the present case, the evident
suppression of the insulating behavior might be caused by the
complex effects of different factors, and possible reasons are
proposed as follows. Firstly, from the perspective of composi-
tion change, the increase of the oxygen vacancy (Vo) density
at high temperatures should not be excluded from considera-
tion. As is well known, Vs play a crucial role in tuning the
physical properties of oxides. In the present sample, as shown
in Fig. 2, the increase of Vgs would serve as extra carriers,
enhancing the carrier density and the electrical conductance.
In this scenario, the annealed sample of LaOBiHgS; would
be a dual carrier system, and the electrical conduction is con-
tributed by both electron carriers and ionic carriers. Secondly,
former study on the TiO, ceramic reveals that at temperatures
high enough, the Vs would be thermally delocalized and ob-
tain high mobility. Further on, to lower the summation of in-
teractive energies, Vos tend be become ordered, and a fragile
conductive filament could be formed during the annealing pro-
cess that drastically reduces the electrical resistance. Thirdly,
micro-structure adjustments!!7!8] and further homogenization

017401-3
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of the element distributions!!°! are often observed during vac-
uum annealing. Annealing usually leads to the shrinkage
of the lattice parameters, which directly increases the orbital
overlapping, and therefore, enhances the electrical conducting.
Similar behavior was also detected in the case of Se element
substitution in LaOBiS,_,Se,, "1 which could be viewed as

the parent compound of LaOBiHgS3 before intercalation.

4. Conclusion

To summarize, we have successfully synthesized a new
Through
XRD measurement, the crystal structure of LaOBiHgS3 is de-

layered Bi-chalcogenide polycrystal LaOBiHgSs3.

termined to be categorized into the tetragonal P4/nmm space
group, which is similar to that of LaOBiPbS3;. The as-grown
sample displays typical insulating behavior, and a relatively
low thermoelectric performance, with the PF value growing
monotonously with ascending temperature above 300 K. By
post vacuum annealing, the resistivity is reduced by three or-
ders in magnitude at room temperature, and a hump-like ab-
normal appears around 170 K. The PF maximum is enhanced
observably, reaching 0.339 uW /cm - K? at around 665 K. Fur-
ther decrease of the lattice parameter and increase of the or-
bital overlapping should be an effective strategy to enhance
the thermoelectric properties of the layered Bi-chalcogenide
material.
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