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enhances the thermoelectric figure of merit in Ge,,Bi,Te
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Abstract. Promising thermoelectric figure of merit, zT, of ~ 1.3 at 725 K was achieved in
high quality crystalline ingot of Gey.xBixTe samples. Substitution of Bi** in Ge*" sublattice of
GeTe significantly reduces the excess hole concentration due to aliovalent donor dopant
nature of Bi**. Reduction in carrier density optimizes the electrical conductivity, and
subsequently enhances the Seebeck coefficient in Ge;.xBixTe. More importantly, low lattice
thermal conductivity of ~1.1 W/mK for GeggoBig10Te was achieved, which is due to the
collective phonon scattering from meso-structured grain boundaries, nano-structured

precipitates, nano-scale defect layers, and solid solution point defects. We have obtained

Published on 18 November 2015. Downloaded on 29/11/2015 10:35:46.

reasonably high mechanical stability of Ge;.xBixTe samples. Measured Vickers
microhardness value of the high performance sample is ~165 H,, which is comparatively

higher than that of state-of-art thermoelectric materials, such as PbTe, Bi,Tes, and Cu,Se.
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INTRODUCTION 01 10103
Thermoelectric (TE) materials have the potential to play a predominant role in future

energy management by converting the fractions of waste heat into the useful electricity.**

The conversion efficiency of TE materials are determined by the material’s thermoelectric

figure of merit, zT = S% T/, Where, S, o, kit and T are the Seebeck coefficient, electrical

conductivity, total thermal conductivity and temperature, respectively. Decoupling of these

interdependent parameters, S, o, and ki, are of great challenge to enhance the zT.

Nevertheless, significant attempts are made to increase the zT by enhancing the power factor,

S%s, via minority carriers energy filtering,>® the formation of resonance energy levels and

degenerate states close to the Fermi level (Eg),>**

valence and conduction band convergence,
539 and quantum confinement effect. ° In addition, substantial efforts are taken on to reduce
the lattice thermal conductivity by increasing the phonon scattering via introducing solid
solution point defects, embedding of endotaxial nano-inclusions as second phases in the

® forming the meso-scale grain boundaries’ and due to intrinsic bond

matrix,®’
anharmonicity.®

IV-VI metal chalcogenides, PbTe, SnTe and GeTe, are regarded as the present state-
of-art high performance thermoelectric materials that are capable to work in the intermediate
temperature range of 600-900 K. * > ® 7 Amongst, well-known PbTe based materials have
been extensively studied from the materials aspect to the device level; however, toxic nature
of Pb limits its usage in terms of the large scale thermoelectric applications.

GeTe is being regarded as one of the known promising p-type narrow band gap
thermoelectric materials since 1960s;” but it has not attracted much attention due to its large
p-type carrier density (~10%* cm™) that comes from its intrinsic Ge vacancy.’® High carrier

concentration in GeTe resulted in high electrical conductivity of ~8500 S/cm, low Seebeck

coefficient value of ~30 uV/K, and perversely high total thermal conductivity of ~8 W/mK at
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300 K, thus leading to a maximum zT value of 0.7 at 720 K.** Undoped GeTe ungergoesthg: i
ferroelectric structural phase transition from high temperature cubic (f-phase) to low
temperature rhombohedral (a- phase) at ~700 K due to the thermal strain induced shift in Ge
atoms (Fig. 1a), which thrusts the distortion in the unit cell along [111] direction with an
angular distortion of a = 1.65°.*2

GeTe-rich  composition  with  AgSbTe,, recognized as  TAGS-80
[(GeTe)oso(AgSbTez)o20] and TAGS-85 [(GeTe)oss(AgSbTez)o.15], are being considered as
the traditional thermoelectric material with reasonably high zT of 1.3." Recently, Ge,Pb;.,Te
is reported to be high performance thermoelectric materials due to the donor dopant nature of
Pb which significantly increases Seebeck coefficient by reducing the carrier density, and
furnish low thermal conductivity generated from the thermodynamically driven various
nanoscale modulations.** zT of ~1.9 at 773 K was obtained in 3mol% Bi,Te; doped
Gepg7Pbo13Te samples due to the thermal conductivity reduction from point defect scattering
of phonons and enhancement of power factor through valence band convergence.’ 3 mol%

Bi,Tes doping in Gegg7Pbo13Te promoted the solubility of PbTe in GeTe and enhances the

valence band convergence. Composition variation and thermal treatment in Ge-Sb-Te based

Published on 18 November 2015. Downloaded on 29/11/2015 10:35:46.

alloys were resulted the parquet-like nanoscale defect layers and meso-structured domain
variants, twin and inversion boundaries, which significantly reduces the lattice thermal
conductivity, thus led to the maximal zT values of ~1.9.'° Moreover, a recent report on Sh
doping in GeTe resulted in significantly high zT of ~1.85 and high mechanical stability
compared to that of other thermoelectric materials.’®® Motivated by the low thermal
conductivity, high zT and enhanced mechanical stability of Sb doped GeTe, here an attempt
has been made to understand the effect of Bi doping on thermoelectric performance and

mechanical stability of GeTe.
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Here, we report the promising thermoelectric performance and reasopably,.bigh 50

mechanical stability of Ge;«BixTe (x = 0-0.10) samples. Substitution of Bi in GeTe decreases
the holes concentration due to its donor dopant nature, which optimizes Seebeck coefficient
and electronic transport properties. We have achieved low lattice thermal conductivity of
~1.1 W/mK for GeggoBig1oTe, which is reasonably lower compared with other high
performance GeTe based materials. Significant thermal conductivity reduction was achieved
due to collective phonon scattering from meso-structured grain boundaries, nano-structured
precipitates, nano-structured defect layers, and solid solution point defects. The maximum
figure of merit, zT, of ~1.3 was achieved for the composition of GeggsBiggsTe at 725 K.
Additionally, Vickers microhardness value of ~165 Hy was measured for GeggsBigosTe
sample, which is significantly higher than pristine GeTe (~145 Hy) and other state-of-art

thermoelectric materials, such as PbTe, SnTe and Bi,Te; based materials.

EXPERIMENTAL SECTION

Reagents. Germanium (99.995%), bismuth (99.9999%) and tellurium (99.999%) were used
for synthesis without further purification.

Synthesis. High quality crystalline ingots (~ 6 g) of Ge;.xBixTe (x=0—0.10) were prepared by
vacuum sealed quartz tube (10° Torr) melting reaction of stoichiometric amount of starting
elements of Ge, Bi and Te. Typically, to synthesize the Geg.94Bio0sTe sample, Ge (1.9692 g,
27.109 mmol), Bi (0.3625 g, 1.735 mmol), and Te (3.6749 g, 28.800 mmol) were added in a
quartz tube of 10 mm diameter. The tube was sealed under vacuum (10°° Torr) and slowly
heated to 1223 K over 10 h then soaked for 6 h, and slowly cooled down to room temperature
over 10 h. Density of the all samples was measured by Archimedes’ methods, which was
~99% of theoretical density (~6.18 g/cc). In order to measure the thermoelectric properties,

ingots were sliced into pellets and bars by using low speed diamond saw (Fig. 1a).

100230C
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Powder X-ray diffraction. Powder X-ray diffraction patterns were recorded foy, the, fitiely o5
ground samples using a Cu-Ka. (A = 1.5406 A) radiation on a Bruker D8 diffractometer.

Band gap measurement. To estimate optical band gap of the as-synthesized samples, diffuse
reflectance measurement has been done with finely ground powder at room temperature using
FT-IR Bruker IFS 66V/S spectrometer in the wave number range 4000-400 cm™ with 2 cm™
resolution and 50 scans. Absorption (a/A) data were calculated from reflectance data using
Kubelka-Munk equation: o/A=(1-R)%(2R), where R is the reflectance, o and A are the
absorption and scattering coefficient, respectively. The energy band gaps were derived from
a/A vs. Eg (V) plot.

Transmission electron microscopy. Aberration corrected FEI TITAN 3™ 80-300 KV
transmission electron microscope was used to investigate the nanostructure in Ge;xBixTe
sample. Samples were prepared by mechanical polishing and followed by the ion beam
polishing/milling to achieve thin foil of ~20-80 nm. Bright field imaging, high resolution
TEM imaging and selected area electron diffraction (SAED) were carried out using TEM.
Electrical Transport. Electrical conductivity and Seebeck coefficients were measured

simultaneously under He atmosphere from room temperature to 773 K on a ULVAC-RIKO

Published on 18 November 2015. Downloaded on 29/11/2015 10:35:46.

ZEM-3 instrument system. The typical sample for measurement had a parallelepiped shape
with the dimensions of ~2x2x8 mm®. The longer direction coincides with the direction in
which the thermal conductivity was measured. Heating and cooling cycles of transport data
confirmed the thermal stability (Fig. S1, Supporting Information).

Hall measurement. Hall measurement was carried out at room temperature in the home
made setup, where fixed magnetic field and dc-current were used to be 0.25 T and 5 mA,
respectively. The carrier concentration (n) was calculated from the equations of n = 1/(eRy),

where Ry is the Hall coefficient and e is the electron charge.
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Thermal conductivity. Thermal diffusivity, D, was directly measured in the rangg 3002773, 5 250¢
K by using the laser flash diffusivity method in a Netzsch LFA-457 (Fig. S2, Supporting
Information). Coins with ~8 mm diameter and ~2mm thickness were used in all of the
measurements. Temperature dependent heat capacity, C,, was derived using standard sample
(pyroceram) in LFA-457, which is in good agreement with Dulong-Petit C, value (Fig. S3,
Supporting Information). The total thermal conductivity, ki, Was calculated using the
formula k= DCpp, Where p is the density. The measured densities of all the samples were
about 99% of theoretical density (6.18 g/cc)

Mechanical properties. Microhardness of all the samples was measured on the Vickers
hardness scale using the diamond indenter by means of commercial Zwick Roell ZHU 2.5
instrument. The applied force and holding time were kept to be 2 N and 10s, respectively.
Vickers hardness values (kgf/mm?) were determined from the equation of H, = 1.
854xL/(2d)?, where L is the indentation load and 2d is the diagonal length of the indentation.

Vickers microhardness impressions of the indenter after unloading are shown in Fig. S4 (see

Supporting Information). The uncertainty of microhardness measurement is about 5%.

RESULT AND DISCUSSIONS

Crystalline ingots of Ge;«BixTe (x = 0.00, 0.02, 0.06 and 0.10) were synthesized by
vacuum sealed tube melting reaction and the structural properties were analysed using
powder X-ray diffraction (PXRD). Fig. 1b presents PXRD patterns of Ge;«BixTe, which
could be indexed based on rhombohedral GeTe (R3m) structure. Typically, presence of
double peaks in the range 20 = 23° to 27° and 20 = 41° to 45° further confirms the
rhombohedral phase. Additionally, substitution of Bi in GeTe tends to merge these double
peaks into single peak (See Fig. 1c). Substitution of Bi tries to rearrange the positions of Ge

from (2-x Y2-Xx ¥2-X) to (Y2 %2 ¥2), which indicates that the cubic nature of the system increases
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with Bi doping in GeTe. Similar result was observed previously in the case of Sh, ooas0C

GeTe.'®

Spectroscopically measured band gaps of Ge;.xBixTe samples are shown in Fig. 1d.
Optical band gap of pure GeTe is observed to be ~ 0.21 eV. Substitution of Bi at GeTe
substantially reduces the band gap from ~0.21 eV to 0.08 eV (Fig. 1d). In GeTe, Te
(electronegativity~2.10 in Pauling scale) forms valence band, whereas Ge (electronegativity
~2.01) contributes to the conduction band. The reduction in band gap is due to the formation
of Bi states below the conduction band because of its donor dopant nature and the slightly
higher electronegativity of Bi (~ 2.02) compared to Ge. Previously reported first principle
electronic structure calculations also indicated the decreases in the band gap of GeTe after Bi
doping due to lowering of conduction band energy.*’

Nano/microstructures of GeggoBigigTe are investigated by aberration corrected TEM
and are shown in Fig. 2. Low magnification TEM micrograph of Geg¢Big1Te is presented in
Fig. 2a, which clearly shows the presence of nanoprecipitates with dark contrast in the matrix
of GeTe. In Fig. 2b, high magnification micrograph illustrates ~100-200 nm sized fine grains
of GeTe (marked in yellow dotted circle). Nanoprecipitates with size in the range 5-20 nm are
observed in high resolution TEM micrograph in Fig.2c. Although it was really difficult to
determine actual composition of the nanoprecipiates by energy dispersive X-ray
spectroscopy, but we speculate that the nanoprecipitates are indeed Bi rich phases which are
embedded in GeTe matrix. Presence of the nanoscale parallel cation-position like defect
layers in the van der Waals gaps are also clearly seen throughout the samples (see Fig.2d).
These defect layers are formed because of strongly disordered octahedral voids between the
successive Te-Te layers. Moreover, inset of Fig. 2d shows the diffused selected area
diffraction pattern (SAED), which is obtained from the defect layers region. Additionally,

these defects seemed to be thermodynamically less stable as it disappears upon prolonging
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exposure of high energy electron beam, even for 1 min exposure. Fig.2e illystrates the o5 <
HRTEM micrographs of defect-free region, zoomed area from Fig.2d, with corresponding
SAED pattern with clear spots (inset of Fig.2e). HRTEM micrograph on defect-free region
illustrates the interplanar spacing of ~0.34 nm that corresponds to (021) lattice planes of
GeTe, (see Fig.2f), which further confirms rhombohedra R3m phase. Defect-free regions
shows the clearly separated diffraction spots (see inset Fig. 2f).

Fig. 3a presents the electrical conductivity, o, of Ge;.xBixTe (x = 0-0.10) samples as a
function of temperature. The o of all the samples decreases with increasing the temperature,
which is typically observed for the degenerate semiconductors. Pristine GeTe exhibits the ¢
value of ~8067 S/cm at 300 K, which decreases to ~2158 S/cm at 708 K. Around 673 K, ¢
vs. T data shows an anomaly which is due to structural transition (R3m to Fm-3m) in GeTe.
Furthermore, addition of Bi of 10 mol% in GeTe drastically reduces the ¢ value from ~8067
S/cm to ~986 S/cm, due to the reduction in the carrire concentration. Hall measurement was
performed to measure the room temperature hole concentration. Typically, the calculated
carrier density, n, is ~8.7 x 10 cm™ GeTe which decreases to ~1.24 x10%° cm™ for
Geo.04BiposTe, respectively. This reduction in p-type carrier concentration is attributed to the
aliovalent dopant nature of Bi**at Ge®* site in GeTe which gives rise to the extra electron to
the system.

Fig. 3b presents the Seebeck coefficient value, S, of Ge;xBixTe (x = 0- 0.10) samples
as a function of temperature. For all the samples, positive sign of the S indicate that holes are
responsible for thermoelectric transport, which supports the Hall coefficient data. At 300 K,
GeTe has the S value of ~34 uV/K which increases with temperature, then reaches to ~153
HV/K at 708 KM@ It is expected that doping of Bi in GeTe would increase the S value as it
drastically reduces the holes concentration. Typically, 10 mol % of Bi doping in GeTe

increases the S value to ~98 pV/K at 300K, which reaches to maximum value ~236 pV/K at
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708 K. Increase of Seebeck coefficient by Bi substitution is mainly due to decreases,in.hiole o5 c
concentration, which will be clear from Pisarenko plot (next section).

Fig.3c shows the measured Seebeck values, S, as a function of holes density, n, for
GeTe and GepgsBigosTe, which are compared with the Pisarenko plot at different
temperatures of 323 K and 623 K. 2441516 \we have also compared the present S vs. n data
with previously reported other high performance GeTe based materials such as, Ge;.
Sh,Te, % (GeTe)[(PbTe)(SnTe)(BisTes)]y,*** GeixPbyTe,*? and 3mol% Bi,Te; doped
GeggrPbo1sTe.r> S vs. n data of Ge;Bi,Te follows the Pisarenko relation, which indicates
enhancement in Seebeck coefficient upon Bi doping in GeTe is mainly due to decreases in
carrier concentration.

Fig.3d illustrates the power factor, S%s, of GeixBixTe (x = 0-0.10) samples as a
function of temperature. Typically, Ge.osBiosTe samples shows S%c value of ~12 pWem ™K’
2 at 300K, which reaches to maximum ~40 pWem™ K at 712 K. Though S values increases
upon Bi doping in GeTe, it does not improve the S% values due to large reduction in

electrical conductivity.

Fig. 4a presents the total thermal conductivity, Ky, OF GeixBixTe (x = 0-0.10)

Published on 18 November 2015. Downloaded on 29/11/2015 10:35:46.

samples as a function of temperature. Typically, pristine GeTe has the i value of ~8.3
W/mK at 300 K, which decreases to ~3.4 W/mK at 673 K. Mention must be made that
increase in kota above 673 K in undoped GeTe is due to the rhombohedral to cubic structural
phase transition. This trend was earlier observed for other GeTe based materials.[*® With
increasing the Bi concentration, the «i drastically reduces from ~8.3 W/mK for GeTe to
~1.6 W/mK for GeggoBig10Te at 300 K.

The electronic thermal conductivity, «e, as a function of temperature for Ge;.xBixTe (X
= 0-0.10) were presented in Fig. S5 (see supporting information). k. was calculated via

Wiedemann-Franz law, x. = o-L-T, where L is the Lorenz number. L, can be obtained based
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on the fitting of the respective Seebeck values that estimate the reduced chemical potefitiali°5 <

100230C

assuming single parabolic band model as per equation (1) (Fig. S6, SI).[5**¢]

_ (kp\? 3Fo(m)F; (m)—4Fy (n)?
L= ( e ) Fo(1)?

1)

Pristine GeTe has the k. value of ~5.6 W/m.K at 300 K, which suggests that carriers
are mainly responsible for heat transport in GeTe. Due to the donor dopant nature of Bi in
GeTe, it reduces the p-type carrier density and significantly decreases the «.. Typically, 10
mole % of Bi in GeTe reduces the ke value from 5.66 W/mK to 0.58 W/mK, which is about
90% reduction as compared to undoped GeTe.

The x5 OF all the samples was obtained by subtracting the ke from Kot (Fig. 4D). Kjat
value of Ge;«BixTe decrease with increase the Bi concentration. At 300 K, k5 of GeTe is
~2.6 W/m.K, which is reduced to ~1.1 W/m.K for Geg goBio10Te, which is ~57% reduction in
Kiat- WWe have compared the k4 OF present Geg goBio.10Te sample with previously reported high
performance GeTe based materials (see Fig.4c). GepgoBig10Te sample exhibits one of lowest
values of «jx among the reported GeTe based materials. The low ki In GeixBixTe is
attributed due to the increased phonon scattering of meso-scale grain boundaries, nano-scale
Bi rich precipitates, defect layers and atomic-scale point defects due to mass fluctuations.

Fig. 4d illustrates the thermoelectric figure of merit, zT, of Ge;xBixTe (x = 0.00, 0.02,
0.06 & 0.10) samples as a function of temperature. Maximum zT of ~1.3 is achieved for the
composition of GepgsBiggsTe at 725 K. Error in overall zT estimation is ~10% which
includes the errors from electrical conductivity, Seebeck and thermal conductivity
measurement. High zT samples were re-measured and subjected to cyclic measurement
(heating and cooling cycle), which shows a good reproducibility, that indicates prepared
samples are thermally stable during thermal treatments/cycles (see Fig. S1, Sl).

Besides high zT, materials should be mechanically stable during machining in order

to use for large scale device application. We have measured mechanical properties by Vickers

10
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microhardness indentation method (see Fig 5). Generally, undoped GeTe material coptains o3¢

excess Ge vacancies which reduces the mechanical strength of GeTe. Bi doping reduces these
Ge vacancies, and increases the rigidity of the material. Thus, Bi doping in GeTe helps to
improve the mechanical property. Geg94BigosTe sample shows the measured microhardness
value of ~165 Hy, which is considerably higher than that of the state-of-art thermoelectric
materials such as, Bi;Tes ™ PbTe,'*1%2% pph.gn-Te 2® PbSe,* Cu,S,* Cu,Se?™ and

relatively comparable that of other GeTe based materials.?

CONCLUSION

We have synthesized the high quality ingots of Ge;«BixTe (x= 0-0.10) by vacuum
sealed-tube melting reaction. Bi doping reduces the excess hole density in GeTe due to its
aliovalent donor dopant nature. Obtained reduction in carrier density decreases the electrical
conductivity and adversely increases the Seebeck coefficient in Ge;«BixTe. Moreover, low
lattice thermal conductivity of ~1.1 W/mK was achieved in GeggoBig10Te, which is due to
collective phonon scattering from meso-structured grain boundaries, nano-structured
precipitates, nano-structured defect layers, and solid solution point defects. Overall, the
maximum zT value of ~1.3 was obtained for the composition of GepgsBigosTe at 725 K,
which is about ~35% higher than that of pristine GeTe. Measured Vickers micro-hardness
value of Gegg4BiggsTe is 165 Hy, which is considerably higher than that of present state-of-

art thermoelectric materials, such as PhTe and Bi,Tes.
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Fig. 1 (a) Photograph of high quality ingot, sliced bar and pellet, Crystal structure of GeTe,
rhombohedral at 300 K and Cubic at 673 K; (b) Powder XRD patterns of Ge; xBixTe samples;
(c) Zoomed XRD pattern of Fig.1 (b) in between the angles (20) of 40° to 45°, that shows the
merging of (024) and (220) peaks with increasing the Bi doping; and (d) Optical absorption
spectra of Ge;.xBixTe samples.
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Fig. 2 (a) Low magnification TEM micrograph of GeggBigigoTe with Bi-rich nano-
precipitates, (b) TEM image shows mesoscale grain boundaries (dotted yellow circle), (c)
HRTEM images shows nanoprecipitates, (d) Parallel defect layers and their corresponding
SAED pattern with diffusive spots, (¢) HRTEM micrographs in the defect free region with
clear SAED spots, (f) HRTEM micrograph of GeggoBig.10Te shows a inter planar spacing of
0.34 nm (inset shows the corresponding SAED pattern).
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Fig. 3 Temperature dependent (a) electrical conductivity (¢) and (b) Seebeck coefficient (S)
of GeixBixTe samples. (c) Pisarenko plots (S vs. n data) for Ge;«BixTe samples which
compared with earlier reported data. (d) Temperature dependent power factor (S%) of Gey.
«BixTe samples.
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Fig. 4 Temperature dependent (a) total thermal conductivity, «, and (b) lattice thermal
conductivity, «p, of GeixBixTe samples. (c) Comparison of the «xjx of the present
Gep.90Bio.10Te sample with previously reported high performance GeTe based materials. (d)
Dimensionless thermoelectric figure of merit, zT, of Ge;.«BixTe samples.

20


http://dx.doi.org/10.1039/c5qi00230c

Page 21 of 23

Published on 18 November 2015. Downloaded on 29/11/2015 10:35:46.

Inorganic Chemistry Frontiers

250

] This work
N\
>200 | Ref. (21) 1
I S—
g - N
® 150 -
- o —
= - 8 g
48] -~ % - |
< 1004 § & _ & e
o S s S &l
= = 9 < =} <
Q 1¢ < o 8 o
= 5ol@ 2 g =
5 |2 o |8 c
[ng x o 09 o
. ol |3 ol la| 2] %5
= o U)N (O] 2 md
0.4 g |& ol |E] |[F| |0
Samples

View Article Online
DOI: 10.1039/C5Q100230C

Fig. 5 Vickers microhardness values, Hy, of Gegg4BioosTe which is compared with selected

popular thermoelectric materials.
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Nano/meso-structuring reduces the thermal conductivity in Ge;«BixTe samples, which
resulted in a thermoelectric figure of merit, zT, of 1.3 in Ge;«BixTe.
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