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Thermoelectric properties of Tl 2SnTe5 and Tl 2GeTe5
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We report on the thermoelectric properties of two ternary tellurides with known crystal structures.
Both compounds have a very low lattice thermal conductivity. Tl2SnTe5 appears to have ap-type
figure of merit about the same as that of Bi2Te3, the best thermoelectric material among binary
compounds. We have synthesized mainly polycrystalline samples, but a few small crystals have
been grown and used for electrical measurements. Prospects for further improvement of these
materials are discussed. ©1999 American Institute of Physics.@S0003-6951~99!02925-3#
o
ra
ol

n
he
le
fo

om
om

au
a

h
in

s-
n

or
tu
a

-
on
s

e
-

T
T

ne

y

eri-
ytic

d
ch-
res
ds
ely
T,
ap-
b-

s
re-
nts
ak
c-

ra-
nd

of an
P
ure.
e
n-
or
ted
h-

e
in
P
T,

in

aled
ndi-
%

. A
se
The thermoelectric effect is used for a wide variety
small-scale cooling applications. In the important tempe
ture range of 250–350 K, the best materials known are s
solutions found in the Bi2Te3–Sb2Te3–Bi2Se3 system. We
are engaged in an exploration of ternary tellurides and a
monides aimed at discovering a material with advanced t
moelectric performance in this temperature range. In this
ter, we report on the properties of two tellurides selected
study as novel thermoelectric materials. One of these c
pounds seems to have a thermoelectric figure of merit c
parable to that ofp-type Bi2Te3.

With a few exceptions, binary compounds that are pl
sible thermoelectric candidates have been considered. M
ternary compounds have been investigated also,1 but most of
these have been adaptations of binary compounds, wit
without a preservation of the overall stoichiometry. For
stance, Cu2GeSe3 and CuIn2Se4 are derived from the binary
zincblende structure.2 By contrast, our approach is to inve
tigate the thermoelectric properties of ternary tellurides a
antimonides that adopt advantageous and largely unexpl
crystal structures. These ternary systems are an oppor
field in which to search for crystalline semiconductors th
approach the ideal ‘‘phonon glass.’’3

The Tl–Sn–Te4 and Tl–Ge–Te5 systems both contain
several ternary compounds, including a 2-1-5 composition
both systems. Some crystal structure data for Tl2SnTe5
~TST! and Tl2GeTe5 ~TGT! are given in Table I. Both com
pounds are tetragonal and contain columns of Tl ions al
the crystallographicc axis. The large interatomic distance
for the eight-fold coordinated Tl ions~Table I! are one of the
main reasons these compounds were selected as thermo
tric candidates. Transverse to thec axis these columns alter
nate with chains of composition~Sn/Ge!Te5. In TST ~Fig. 1!,
the chains can be described as SnTe4 tetrahedra linked by Te
atoms that are in square-planar coordination. The Ge5

chains in TGT are better described as the alternation of4

square rings and edge-sharing pairs of GeTe4 tetrahedra~cor-
responding to a composition of Ge2Te6 for each pair of tet-
rahedra!. TST and TGT can be viewed as polytypes of o
another, with different stacking sequences of~Ge/Sn!Te4 tet-

a!Electronic mail: jsharp@marlow.com
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rahedra and TeTe4 square planar units linked into chains b
edge sharing.6

For polycrystalline sample synthesis, the starting mat
als were sealed in silica tubes that were coated with pyrol
carbon, evacuated and backfilled with argon~approximately
one-third atmosphere!. Single phase samples of TST an
TGT were made by mixing the elements at 750 °C, quen
ing the melt and annealing for a few days at temperatu
just below the melting points. We find that both compoun
melt incongruently, and the melting points are approximat
285–290 °C for TST and 265–270 °C for TGT. For TG
our results contradict the report of congruent melting at
proximately 322 °C,7 a temperature at which we have o
served a second melting event.

X-ray diffraction patterns of our polycrystalline sample
agree well with the powder pattern calculated from the
ported crystal structures. Neutron scattering experime
were performed at the High Flux Isotope Reactor of O
Ridge National Laboratory using a powder neutron diffra
tometer equipped with a closed-cycle liquid helium refrige
tor. Neutron diffraction was used to refine the structure a
calculate atomic displacement parameters~ADP!. ADP val-
ues measure the mean-square displacement amplitude
atom about its equilibrium position in a crystal. A large AD
value means that the atom is weakly bound in the struct
ADP information can be used to identify new crystallin
solids with abnormally low values of the lattice thermal co
ductivity (kL).8 In both structures, there are large ADPs f
the Tl ions and some of the Te atoms. This is an expec
result for eight-fold coordinated Tl atoms with nearest neig
bors ~Te atoms in this case! that are distant relative to th
sum of the corresponding covalent or ionic radii. As seen
Table I, our neutron diffraction data show the same AD
trends as the x-ray diffraction data in the literature. For TG
the ADP values are from a structure refinement7 that has
been questioned,9 but the atomic coordinates changed little
the revised cell.

Polycrystalline samples (;636313 mm3) for transport
measurements were taken from quenched and anne
specimens or from hot pressed specimens. Adequate co
tions for hot pressing TGT and TST to approximately 97
of x-ray density are 23.5 kpsi for one hour at 250–270 °C
graphite die was used and lined with graphite foil to ea
4 © 1999 American Institute of Physics
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TABLE I. Crystal data for Tl2SnTe5 and Tl2GeTe5. In each case, the second isotropic thermal parameter v
is from our neutron diffraction data.

Tl2SnTe5
a

Tetragonal

a58.306 Å, c515.161 Å Interatomic distances Isotropic thermal parameters

Space groupI4/mcm Tl~1!: 8 Te at 3.49 Å Tl~1!: 1.34, 2.02 Å2

32 atoms/cell Tl~2!: 8 Te at 3.66 Å Tl~2!: 3.71, 3.87 Å2

x-ray density57.40 g/cm3

Tl2GeTe5
b,c

Tetragonal

a58.243 Å, c514.918 Å Tl–Te distances~Å! Isotropic thermal parameters

Space group P4/mbm Tl~1!: 4 at 3.53, 4 at 3.79 Tl~1!: 3.81, 3.28 Å2

32 atoms/cell Tl~2!: 4 at 3.38, 4 at 3.54 Tl~2!: 1.95, 1.66 Å2

x-ray density57.34 g/cm3

aReference 6.
bReference 7.
cReference 9.
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ejection of the sample. An average grain size in the polycr
talline samples was 25mm, with a wide distribution. Smal
single crystals (;2.532.53,1 mm3) were grown ~flux
composition>TlTe2) and used for electrical measurements
theabplane. All samples appear to be stable in air, water
common solvents.

The transport properties of four samples are shown
Figs. 2–4. The data shown here were collected by usin
small heater to create the temperature gradient, with ther
couples~1 to 3 mil wires! epoxied onto a lateral face of th
sample. Current was injected via a conductive epoxy w
which the 636 mm2 sample faces were coated. All thre

FIG. 1. Crystal structure of Tl2SnTe5. The larger spheres represent Tl, an
the darker small spheres represent Sn. There are no Tl–Tl bonds, but t
atoms have been connected by thin lines to show their arrangement
the ~vertical! c axis. TeTe4 square planar units have been emphasized.
clarity, the Sn–Te~tetrahedral Sn! and Tl–Te bonds are not shown. The
are two eightfold sites for Tl: cubic and square antiprism.
t 2004 to 128.219.12.140. Redistribution subject to AI
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properties are measured in the same direction. The trans
properties of similar samples have been tested in two a
tional systems. One of these also uses a heater to creat
temperature gradient. In this apparatus, the heat flow thro
the sample was calibrated by a comparative technique10 us-
ing Pyrex 7740 standards and published thermal conducti
~k! data taken by the 3v method.11 The third measuremen
system employs the Harman method, in which the Pel
effect is used to create the required temperature gradien
this apparatus, the probe wires are connected to copper
that are soldered to samples that have been nickel plated
three systems give results consistent with one another.

The Seebeck coefficient~S! data ~Fig. 2! indicate that
TST and TGT are small band gap semiconductors and
these undoped samples arep type. From the maxima of the
Seebeck coefficients as a function of temperature, we e
mate the band gaps as approximately 0.25 and 0.17 eV
TST and TGT, respectively.12 Hall measurements on a TS
sample with a Seebeck coefficient of 210mV/K at room
temperature yielded a carrier concentration and mobility
p52.831019cm23 andm555 cm2/V s. Similarly, for a TGT
sample with S5270mV/K at 300 K, we found p52.0
31019cm23 and m526 cm2/V s. While solid solutions are

Tl
ng
r

FIG. 2. Seebeck coefficient data for three polycrystalline samples and
single crystal sample:~1! TST, ~2! TGT, ~3! hot pressed TST,~4! TST
single crystal. Samples 1 and 2 were melted, quenched, and annealed.
trical properties were measured in theab plane of the platelet-shaped singl
crystal.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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often studied in thermoelectric materials research to lo
kL , we have mixed TST and TGT in order to change t
Seebeck coefficient, which increases in going from TST
TGT. It appears that there is full solubility between TST a
TGT. We believe that the TGT structure is found exce
when the Ge fraction is less than 10%, but the TST and T
powder patterns are quite similar. A sample with 10%
substitution for Te was multiphase. We have not been a
yet to maken-type samples for either TST or TGT.

The behavior of the electrical resistivity~r! as a function
of temperature~Fig. 3! has been less straightforward. Th
single crystals and a few quenched/annealed or hot pre
samples exhibit a resistivity that decreases approxima
linearly with T between 150 and 300 K. However, the res
tivity of many quenched/annealed or hot pressed sam
reaches a minimum between 200 and 250 K and increase
the temperature is lowered further. We believe this beha
indicates a contribution from cracking and/or grain bound
resistance. Hot pressed samples have a higher resistivity
pecially below 250 K, if they are powdered before press
than if they are pressed from larger fragments. Also,
resistivity of some samples displays a hysteresis as the
perature is cycled, being lower during cooling than duri
warming.

k is very low for both TST and TGT~Fig. 4!. Apparently
kL in these samples is not more than 5 mW/cm K. This
less than 1/3 of the value for pure Bi2Te3. k is rather flat
from 100 to 300 K, which is typical for crystalline com
pounds in which the thermal conductivity approaches
glass-like limit.13 The measured increase ink for TGT above
200 K probably is a radiation effect that is more or le
significant depending on sample geometry. Because no
rections have been applied to the thermal conductivity d
we expect that the curves in Fig. 4 are slightly higher th
reality, except for cases in which the thermocouple spac
is underestimated. At room temperature, the electronic c
tribution tok is estimated to be about 20% for TST, but le
than 10% for TGT due to the higher resistivity.

For sample 1~Figs. 2–4!, the dimensionless thermoele
tric figure of merit,ZT5S2T/rk, reaches a value of 0.6 a

FIG. 3. Electrical resistivity data for three polycrystalline samples and
single crystal sample. The geometry~length-to-area ratio! uncertainty is
615%. Refer to Fig. 2 for sample descriptions.
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300 K and is estimated to peak at 0.85 at 400 K. For co
parison, the maximumZT for Bi2Te3 at 300 K also is 0.6.

In summary, the thermoelectric properties of two terna
tellurides have been studied. Both compounds have very
values ofkL . In the case of Tl2SnTe5, the electronic prop-
erties obtained to date yield a dimensionless figure of m
equal to that ofp-type Bi2Te3. Regarding further improve-
ments of this compound, there is little expectation of low
ing kL , and near optimum Seebeck coefficients have b
achieved already. It may be possible to improve the electr
properties, if in fact grain boundaries are hindering curr
flow in the present samples. Also, it could be thatn-type
samples, if they can be fabricated, will possess a larger fig
of merit. Solid solutions containing K2SnTe5 or Rb2SnTe5,
which have structures equivalent to that of TST, might yie
n-type samples. Regardless of whether any further impro
ment can be realized for TST, we are encouraged by
present results and by those of others taking a sim
approach.14
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5A. Abba-Touré, G. Kra, and R. Eholie´, J. Less-Common Met.170, 199
~1991!.

6V. Agafanov, B. Legendre, N. Rodier, J. M. Cense, E. Dichi, and G. K
Acta Crystallogr., Sect. C: Cryst. Struct. Commun.47, 850 ~1991!.
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