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Abstract

Bi,GeTey is a promising near room-temperature thermoelectric candidate with a low lattice
thermal conductivity. Carrier concentration of intrinsic Bi,GeTe, changes dramatically with
tiny Ge content adjustment, leading to a challenge in carrier concentration optimization. To
overcome this challenge, we firstly introduce excessive Ge into Bi,GeTe, to shift the Fermi
level deep into the conduction band and transfer Bi,GeTe, into a highly degenerate n-type
semiconductor. Secondly, the embedded p-type Bi,Ge,Tes secondary phase induces further
optimization of the Fermi level and carrier concentration. Finally, the power factor of the as-
synthesized Bi,GeTey-based material is significantly increased from ~0.08 uW cm! K2 to ~4.2
uW cm! K2 at 423 K when increasing the nominal Ge content (x) of Bi,Ge,Te4 from 1 to 1.45.
Correspondingly, a high figure-of-merit of ~0.22 at 423 K is achieved in BiGeTes-based
thermoelectric materials. This result indicates our viable stepwise strategy can be used to
optimize carrier concentration and achieve high thermoelectric performance of the n-type

Bi,GeTey.



1. Introduction

With the growing demand for eco-friendly and renewable energy resources over the past
decades, thermoelectric materials have attracted wide attention.[1-5] Energy conversion
efficiency of a thermoelectric material is governed by the dimensionless figure-of-merit (z7),
described as zT=S’0T/k, where S, o, T and k are the Seebeck coefficient, electrical conductivity,
absolute temperature, and total thermal conductivity, respectively.[6-12] S?c is defined as the
power factor to identify the electrical performance.[13,14] « is the sum of electrical (x,) and
lattice (x;) thermal conductivities.[15,16] Performance engineering strategies, such as carrier
concentration (n., n. for n-type semi-conductors and n, for p-type semi-conductors)
optimization,[17,18] modulation doping,[19-23] quantum confinement,[24-27] band
degeneracy[28-32] and local distortion of the density of states (DOS),[33-35] can effectively
increase S’c and zT. In addition, the reduction of x; via various approaches, such as
strengthening the intrinsic phonon-phonon interactions,[36] introducing dense point
defects,[37-40] additional nanoprecipitates[41-43] and stacking faults.[44] These strategies can
also effectively enhance z7. Basically, excellent thermoelectric materials require relatively low
x;, such as GeTe (~0.83 W m™! K- at 773 K)[45], Bi,Te; (~0.7 W m! K-! at 300 K)[46] and

SnSe (~0.5 W m™! K-! at 800 K)[47].

Most recently, the thermoelectric performance of IV-V-VI ternary compounds have
aroused intensive interest in thermoelectric community, due to intrinsically low x;. Y. Gan, et
al predict a group of 56 novel layered semiconducting IV-V-VI (IV = Si, Ge Sn, Pb; V = As,
Sb, Bi; VI = S, Se, Te) compounds and demonstrate that most of these semiconductors fall
below 1 W m! K-! at room temperature.[48] PbBi,S, reveals extremely low «; of less than 0.46
W m! K-! over the entire temperature range and the peak zT of 0.46 is achieved at 800 K.[49]
MnBi4S;.,Se7, solid solution features intrinsically low x; 0f 0.5-0.8 W m™! K-! in the temperature
range of 300-800 K and a peak zT of ~0.31 at 770 K is observed in MnBi4Ss 4¢Se; 4.[50]

Pb;BisSe; based lillianites achieve an ultralow x; of 0.17 W m™! K-! at 800 K in n-type
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(Pbg.95Gag 05)BisSey;. Therefore, a high peak z7 of 1.35 at 800 K and a decent average zT of

0.92 from 450 to 800 K are achieved in (Pbg 95sGag o5)BisSe;3.[51]

Bi,GeTe, is a promising near room-temperature IV-V-VI ternary thermoelectric material
with a low x; of ~0.29 W m'! K-! at ~350 K.[52] The stable phase of Bi,GeTe,4 has a hexagonal
structure (space group R3m) with the lattice parameters of a=b=4.34 A, and c=41.4 A and the
unit cell volume V=674.18 A3.[53-55] The ¢/a=9.55 of Bi,GeTe, is much higher than that of
Bi,Tes (c/a=6.95), suggesting increased crystal complexity and a much lower x,.[46] In addition,
Bi,GeTe, has a relatively large Griineisen parameter (y=4.24) and a low average phonon
velocity (V,,,=1540 m s!), which reflect high degree of anharmonicity and slow propagation
of phonons, respectively.[52] Schroeder et al.[56] firstly reported that the zT of p-type Bi,GeTe,
1s ~0.05 at room temperature. Singh et al.[52] found Bi,GeTe4 can be n-type with a peak z7 of
~0.10 and a low S%c of ~1.54 uW cm! K2 at 350 K. Konstantinov et al.[57] further discovered
that Bi,GeTe, has a very close p-n transition point by minor adjustment of Ge content which
suggests that the Fermi level (Er) of Bi,GeTe, should be close to the middle of the band gap.
The n. of Bi,GeTes-based thermoelectric materials can change dramatically from 3.14x10!°
cm? of p-type BiyGegogTes to 2.06x102° cm of n-type Bi,Ge o,Tes with tiny Ge content
adjustment.[57,58] Meanwhile, p-type Bi,Ge, Tes (trigonal), with lattice parameters of a=b=4.3
A, and ¢=17.36 A, the unit cell volume ¥=278.13 A? and the space group of P3m1,[59] can
easily forms during the synthesis of Bi,GeTe4.[60] The phase content of Bi,Ge,Tes gradually
increases with the increase of nominal Ge content (x of Bi,Ge,Te4).[60] A key challenge for
improving the thermoelectric performance of Bi,GeTey-based thermoelectric materials is
optimization of n..

To realize the optimization of #. in Bi;GeTey-based thermoelectric materials, we propose
a stepwise strategy as shown in Figure 1a. Firstly, excessive Ge is introduced to reverse Ge
deficiency, which can shift the Er toward the conduction band as shown by the density function

theory (DFT) calculation results in Figure 1b and c. The corresponding schematic crystal
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structures are shown in Figure S1. Experimentally, it can transfer Bi,GeTe,-based materials
into highly degenerated semiconductors. Secondly, additional p-type Ge vacancy-engineered
Bi,Ge,Te; secondary phases (as shown in Figure 1d, where the £ is deep in the valence band)
are introduced to further tune the Er toward the optimal level (EF,,,) by further increasing the
x. Overall, the proposed stepwise strategy can effective tune the position of Er and the n,,
leading to high zT as schematically shown in Figure le. Correspondingly, comparing with
previous works (Figure 1f), a high z7 of ~0.22 and an optimized $°c of ~4.2 pyW c¢cm!' K2 at

423 K are observed in Bi,Ge; 45Te, pellets prepared by a melting method in this study.
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Figure 1.a) Schematic crystal structure and phase content change of as-synthesized Bi,Ge,Tey
pellets with increasing x. b) DFT calculated band structures for vacancy-engineered Bi,GeTe,
(BigGe,Tey,), ¢) pristine Bi,GeTe, (BigGe;Te ;) and d) Ge vacancy-engineered BiyGe,Tes
(BigGe;Teyp). €) Schematic change of Er of as-sintered Bi,Ge,Te, pellets with increasing x and
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single parabolic band (SPB) model-calculated the relationship between zT and Er. f)
Temperature-dependent zT of Bi,Ge, 45Te4 in comparison with the experimental values of the

Bi,GeTe, pellets reported by Singh ef al.[52] and Schroder et al.[56]

2. Experimental section

Material Synthesis: High purity Ge (99.99 %), Te (99.99 %) and Bi (99.99 %) precursors were
purchased from China National Building Material (Chengdu) optoelectronic materials Co., Ltd.
These precursors with the designed stoichiometric ratios of Bi,Ge,Te, (x=1-1.6) were sealed in
quartz tubes under high vacuum (10-3 Pa), slowly heated to 1023 K in 12 h, dwelled for another
12 h and followed by quenching in ice water. The obtained ingots were ground into powder and
vacuum-sintered by Spark Plasma Sintering (LABOX-110H Sinter Land) under the pressure of
55 MPa at 723 K for 5 min. The densities (p) of all sintered pellets were measured by the

Archimedes method, where relative densities of all pellets are above 96 %.

Characterization: Powder X-ray diffraction (XRD, Smartlab 3 KW, with Cu source) was used
to understand the crystal structure of as-prepared Bi,Ge,Te,; pellets. Scanning Electron
Microscope (SEM, Hitachi TM3000, Japan) equipped with Energy Dispersive X-ray
Spectrometer (EDS) and Transmission Electron Microscopy (TEM, FEI Talos F200) were also
used to investigate the crystal structures and chemical compositions. The EDS composition
characterization error range is taken as ~5 wt. %, which is an integrated result based on both
the composition difference at different spots/areas of the same sample and the equipment error

range.

Thermoelectric Performance Measurement: ¢ and S were measured through the SBA 458
(NETZSCH, Germany) under an argon atmosphere. Room temperature S were measured by a
portable device (PTM, JouleYacht, China). x values were calculated based on x=DxC,xp,

where D is the thermal diffusivity coefficient, C, is the specific heat capacity. D values are



measured by a laser flash method (LFA 467, NETZSCH, Germany). C, values were calculated
by the Dulong-Petit law. The Hall coefficient (Rj) values were measured by the Van der Pauw
method with a magnetic field up to £1.57. n. and mobility (1) were calculated using n.=1/(eRy)

and u=oRy, respectively, where e represents the electron charge.

Density Functional Theory Calculations: Band structure calculations were performed using
Vienna Ab initio Simulation Package through a projector-augmented wave method.
Generalized gradient approximation in form of fully relativistic Perdew-Burke-Ernzerhof
functional was adopted to treat exchange correlation interactions. The supercells were
constructed (i.e. 1x1x1 for Bi,GeTe, and 2x2x1 for Ge,Bi,Tes) to simulate the cases of Ge
deficiency, with their Brillouin zones sampled by a 12x12x1 and 4x4x2 Monkhorst-Pack k-
mesh grid, respectively. The density-of-state calculation was conducted on a mesh mode k-
space with 1000 grid points dividing the energy spectrum, while the band structure calculation
was conducted along a line-mode k-path (e.g. Z-Q-F-I"-B-X) with Brillion paths feature from
AFLOW framework. The spin-orbital coupling effect was considered for non-colinear

calculations.

3. Results and discussion

Figure 2a shows the XRD patterns of the as-synthesized Bi,Ge,Te, (x=1-1.6) pellets. All
pellets crystallize into the hexagonal Bi,GeTe, (PDF#48-1340) when x<1.2. When x>1.2,
Bi,Ge,Te, (x=1.3-1.6) pellets contain both hexagonal Bi,GeTe, and trigonal Bi,Ge,Tes. With
increasing x of BiyGe,Tey, the intensities of Bi,GeTe, XRD peaks reduce while those of
Bi,Ge,Tes increase. To reveal the change of Bi,GeTe4 and Bi,Ge,Tes phases, we further plot
peak intensity ratios between Bi,GeTe, and all phases (Bi,GeTe, and Bi,Ge,;Tes) in comparison
with that between Bi,Ge,Tes and all phases in Figure 2b. As can be seen, when x>1.3,

Bi,Ge,Tes appears and Bi,Ge,Tes phase content increases sharply with increasing x. To



confirm the change of phase content in as-sintered Bi,Ge,Te; pellets, we performed
corresponding EDS analyses. Figure 2c shows the back-scattered electron (BSE) images of the
as-sintered Bi,GeTe,4 (x=1) pellet with corresponding EDS maps. In as-sintered Bi,GeTe, (x=1)
pellet, no obvious impurities can be observed and Bi, Ge and Te are distributed homogeneously.
When x=1.3, small amounts of dark areas can be observed in Figure 2d in accompany with the
EDS spectra of both dark and bright areas. As can be seen, both dark and bright areas are
composed of Bi, Ge and Te. Quantitative analyses suggest that the composition of the dark area
is close to Bi,Ge,Tes while the bright area is close to Bi,GeTe,, which indicates the existence
of two phases in the sample, consistent with the XRD results. With increasing the nominal x in
Bi,Ge,Te, pellets, bright areas (Bi,GeTe, phase) reduce and the dark areas (Bi,Ge,Tes phase)

increase, as illustrated in Figure S2 of the supporting information.
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Figure 2. a) XRD patterns of as-sintered Bi,Ge,Te, (x=1-1.6) pellets. b) Peak intensity ratios

between Bi,GeTe, and all phases (Bi,GeTe, and Bi,Ge,Tes) in comparison with that between



Bi,Ge,Tes and all phases. ¢) BSE image and EDS maps of as-sintered Bi,GeTe, pellet. d) BSE
image of as-sintered Bi,Ge;;Te, pellet and corresponding EDS spectra taken from the dark

(upper right) and bright (lower right) areas.

To understand the compositional change of the Bi,GeTes main phase in the as-sintered
Bi,Ge,Te, pellets, we performed corresponding EDS analyses as shown in Figure 3. Figure
3a, b and c show the BSE images of the as-sintered Bi,Ge,Te, pellets (x=1-1.6), corresponding
typical EDS spectra and measured average Bi/Ge/Te stoichiometries of the bright areas
(Bi,GeTe, phase) in the form of Bi,+,GejTe, (h and 1 are the relative excess of Bi and Ge
while assuming Te is assumed on stoichiometry), respectively. The measured 1+i of
Bi,Ge; ,Te, pellet is higher than that of Bi,GeTe, pellet, indicating that excess Ge suppresses
the formation of Ge vacancies. And no obvious composition change can be observed as x of
Bi,Ge,Te, increases from 1.2 to 1.45. With increasing the x from 1.45 to 1.6, additional Bi

filling Ge vacancies can be observed in the Bi,GeTe, phase.
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Figure 3. a) BSE images of as-sintered Bi,Ge,Tes (x=1-1.6) pellets. b) Typical EDS spectra
taken from the bright areas (Bi,GeTe, phase) as labelled in a). ¢) EDS measured average

Bi/Ge/Te stoichiometries of the bright areas (Bi,GeTe4 phase) of as-sintered Bi,Ge,Tey (x=1-
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1.6) pellets in the form of Bi,,Ge;Tey.

To further characterize the composition and crystal structure of the as-formed Bi,Ge,Tes
phase, EDS and TEM analyses were carried out. Figure 4a and b present measured average
Bi/Ge/Te stoichiometries of Bi,Ge,Tes phase in the form of Bi,.,Ge,+;Tes (h and 1 are also the
relative excess of Bi and Ge) of the dark areas (Bi,Ge,Tes phase) of as-sintered Bi,Ge,Tey
(x=1.3-1.6) pellets and corresponding typical EDS spectra, respectively. As can be seen, all

dark areas show similar compositions of Bi,Ge;ssTes and no obvious difference can be

10

VARV S VIRV RV R VAR

—_
o
~

- -
w N

Nominal x
—
™

1.45 1

=
w

-
[s2]

BiouGe,.Te| —
4

. =+
%
_ i Ey
::b‘l

I

: : .

|
=
;IPEJF

1 : »

|

: 3
—T;L

: =B
[ )

1 2 3
Measured average
stoichiometries of Bi,,,Ge4,Te,




observed, which indicates the Bi,Ge,Tes phase contains a large amount of Ge vacancies. Figure
4c shows the typical TEM image of a lamella of dark areas of as-sintered Bi,Ge; 45Te4 pellet
prepared by microtome, where the inset is the enlarged image of the red-square-circled area.
Figure 4d is the high-resolution TEM (HRTEM) image of the white-square-circled area in the
inset of Figure 4c with the measured planar distances and angle consistent with the (010) and
(005) planes of Bi,Ge, Tes. Inset of Figure 4d is a reproduced image of the green-square-circled
area of Figure 4d, where the lattice can well superimpose with the crystal structure of
Bi,Ge,Tes. This clearly evidences the existence of Bi,Ge,Tes in our BiyGe; 45Te, samples and
indicates that the TEM characterization area should be the dark area of the BSE-SEM image of
Figure 2d. Combining the XRD, SEM-EDS and TEM results, Bi,GeTe, and Bi,Ge,Tes phases
are the components of our Bi,Ge,Tes samples. The TEM sample should be cut-off from the
dark areas. Figure 4e is the corresponding Fast Fourier Transform (FFT) pattern which can be
indexed along the [100] of Bi,Ge,Tes. Figure 4f shows the processed strain maps of the same
area in Figure 4d, where dense strain fields can be observed, which should be attributed to the

intrinsic Ge vacancies in as-formed Bi,Ge,Tes phase.
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Figure 4. a) EDS measured average Bi/Ge/Te stoichiometries of Bi,Ge,Tes phase of as-sintered
Bi,Ge,Te, (x=1.3-1.6) pellets in the form of Biy.,Ge,+Tes. b) Typical EDS spectra of the dark areas
(Bi,Ge,Tes phase) in Bi,Ge,Te, pellets (x=1.3-1.6). ¢) Low-magnification TEM image of a lamella in
the dark areas of as-sintered Bi,Ge; 45Te4 pellet prepared by microtome and inset is enlarged image of
the red-square-circled area. d) HRTEM image of the white-square-circled area in the inset of ¢), inset
is a reproduced image of the green-square-circled area. e) FFT pattern of d). f) Strain maps of the area

same as d).
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pellets measured at 423 K and corresponding temperature-dependent thermoelectric properties are
shown in Figure S3. Figure 5a shows ¢ of the as-sintered Bi,Ge, Te, pellets as a function of nominal
X. At 423 K, o firstly increases with increasing the x from 1 to 1.2, and subsequently decreases from
~584 S cm! of BiyGe; ,Te, pellet to ~352 S cm! of Bi,Ge, ¢Tey pellet. The reduced o with increasing
x from 1.2 to 1.6 should be dominated by dramatically reduced 7. as shown in Figure 5b. The n, of
Bi,Ge,Te, (x=1.2-1.6) samples is relatively high (10?°-10%! ¢m-3), indicating that they are highly
degenerate semiconductors. Additionally, the electrical performance of the as-prepared Bi,Ge,Tey
samples did not change dramatically with increasing the temperature and no bipolar phenomenon has
been observed in Figure S3a and b. Hence, we employed the room-temperature #. for near-room
temperature thermoelectric performance analyses. Corresponding, u values are presented and
discussed in Figure S4 of the supporting information. Figure Sc schematically presents that with
increasing the x from 1 to 1.2, excessive Ge firstly suppressed the formation of Ge vacancies and
changed p-type Bi,GeTe, into n-type Bi,Ge; ;Tes. Further increasing the nominal x from 1.2 to 1.45,
n. dramatically decreases due to the increasing amount of p-type Bi,Ge,Tes phase.[61] With further
increasing the nominal x of Bi,Ge,Te, from 1.45 to 1.6, Bi can fill out Ge vacancies and enhance #,.
Figure 5d shows the nominal x-dependent |S| at 423 K. The |S| at 423 K increases from 15 pV K-! of
the Bi,GeTey to 100 uV K-! of the Bi,Ge; 45Tey due to both high material degeneration and decreased
n.. With increasing the nominal x of Bi,Ge,Te4 from 1.45 to 1.6, The |S] at 423 K decreases due to
increased n,. Figure 5e plots the n.-dependent S°c of as-sintered Bi,Ge,Te; (x=1.2-1.6) pellets in
comparison with the SPB model calculated curves. Detailed calculations can be referred to Supporting
Information. Dominated by the gradually optimized #,, $°c has been dramatically enhanced from 1.9
uW cm! K2 of Bi,Ge; ,Te, pellet to 4.2 uW cm! K2 of BiyGey 45Tey pellet at 423 K. Figure 5fand g
plots nominal x-dependent x and «; of as-sintered Bi,Ge, Te, (x=1-1.6) pellets at 423 K. x of as-sintered
Bi,Ge,Tey is enhanced from ~0.71 W m™! K- to ~0.87 W m'! K-! at 423 K with increasing the nominal

x from 1 to 1.6. The change of «x is dominated by both x, (Figure S5) and «;. As can be seen, «; has
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attributed to the increase of Bi,Ge,Tes phase whose «; is higher comparing with Bi,GeTe,.[61] Figure
5h plots Er-dependent z7T' of as-sintered Bi,Ge,Te, (x=1.2-1.6) pellets with corresponding n, in
comparison with SPB model calculated Er-dependent z7"at 423 K. Detailed calculations of SPB model
can be referred to Supporting Information. The Er of Bi,Ge, ;Te,4 pellet is deep in the conduction band,
leading to high n,. With further increasing x, the Er shifts close to the Er,,, leading to optimized 7,
and significantly enhanced z7. The peak zT of as-sintered Bi,Ge, 45Te4 pellet approaches up to 0.22 at
423 K. The optimal 7, of zT is different from that of the S%c, as the n.-dependent x, needs to be

considered for the zT, but excluded from the S%6.
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Figure. 5 a) Nominal x-dependent o of as-sintered Bi,Ge,Te, (x=1-1.6) pellets at 423 K. b) Nominal
x-dependent n, of as-sintered Bi,Ge, Te, (x=1-1.6) pellets at room-temperature. ¢) Schematic diagram
showing the microstructure and n. change of as-sintered Bi,Ge,Te, (x=1-1.6) pellets with increasing
x. d) Nominal x-dependent |S| of as-sintered Bi,Ge,Te, (x=1-1.6) pellets at 423 K. ¢) SPB model
calculated n,-dependent S?c at 423 K in comparison with the experimental values of Bi,Ge, Te, (x=1.2-
1.6) pellets. f) Nominal x-dependent x of as-sintered Bi,Ge, Te, (x=1-1.6) pellets at 423 K. g) Nominal
x-dependent «; of as-sintered Bi,Ge,Tes (x=1-1.6) pellets at 423 K. h) SPB model calculated £

dependent z7 at 423 K in comparison with the experimental values of Bi,Ge,Te, (x=1.2-1.6) pellets.
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In this study, we propose an effective stepwise strategy to overcome the challenge of the n,
optimization in n-type Bi,GeTes-based thermoelectric materials. Firstly, we introduce excessive Ge
into Bi,GeTe, to suppress the formation of Ge vacancies, which can correspondingly convert
Bi,GeTey into highly degenerated n-type semiconductor by shifting the Er deep into the conduction
band. Secondly, the p-type Bi,Ge,Tes secondary phase is introduced through further increasing the Ge
content, which can shift the £ close to the optimal level and realize optimization of n.. Consequently,
optimized 7, leads to a high $? 0f 4.2 uW cm! K2 at 423 K in as-sintered Bi,Ge; 45Te4 pellet. A high
zT of ~0.22 is obtained in the as-sintered n-type Bi,Ge; 45Te, pellet at 423 K. The zT of Bi,Ge; 45Tey
pellet is 150 % higher than that of the currently reported Bi,GeTe, pellet at the same temperature (300

K).[52]
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