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Abstract

Understanding and controlling point defects in semiconductors are essential for developing advanced electronic and
optoelectronic devices. Germanium telluride (GeTe), a semiconductor with a rhombohedral-to-cubic structural phase
transition and a high concentration of intrinsic vacancies on the Ge sublattice, has recently attracted much interest for
thermoelectric applications. However, the role of Ge vacancies in structural change and performance optimization
remains obscure. Herein, we first unraveled the importance of Ge vacancies by combining first-principles calculations
and Boltzmann transport theory. It is revealed that (1) Ge vacancies are more likely to spontaneously form in cubic
GeTe, addressing its defective character; (2) Ge vacancies play a vital role in stabilizing cubic GeTe; and (3) Ge vacancies
produce unfavorable band structure modification, leading to a reduced power factor. The following experiment found
that AginTe; alloying promotes a symmetry change from rhombohedral to cubic and deteriorates the thermoelectric
performance, in good agreement with the abovementioned conclusions. More importantly, a single-phase cubic
GeTe-based material with stable n-type conduction was first discovered based on the defect chemistry approach. Our
findings shed new light on the critical role of Ge vacancies in the structure-property relationship and stimulate the
strategy of point defect engineering for future thermoelectric applications.

Introduction

Thermoelectric power generation (TEG), capable of
directly converting heat into electricity, has received
renewed interest for energy harvesting applications’,
which might create a significant opportunity for future
energy sustainability. The conversion efficiency of TEG is
currently limited by the material’s dimensionless ther-
moelectric figure of merit (ZT), ZT = [8%0/ (Kiat + Kete)] T,
where S, 0, K, Keleo and T are the Seebeck coefficient,
electrical conductivity, lattice thermal conductivity,
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electronic thermal conductivity, and absolute tempera-
ture, respectively. In the past two decades, remarkable
improvement in the ZT of bulk thermoelectric materials
has been witnessed®>™*, mainly owing to proposed new
concepts or strategies, eg, electronic structure mod-
ification to maximize the power factor (PF=S%0)"°,
nano-microstructural defect engineering to selectively
scatter phonons”®, strong lattice anharmonicity to iden-
tify low-kj, materials”'®, and coupling with magnetism to
decouple interrelated thermoelectric parameters'"'?,
Designing chemical substitutions'®, interstitials'*'®, or
vacancies'®'” in thermoelectrics is a conventional method
to strengthen phonon scattering and therefore improve
ZT. Recently, the importance of defect chemistry, both
intrinsic and extrinsic, in the optimization of thermo-
electric properties has been recognized'”'*. For example,
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the charge-carrier transport, e.g., the doping effectiveness,
doping limit, charge-carrier mobility, and doping-site
preference, is profoundly affected by the defect energy
level and defect formation energy®’. Since the defect
chemistry in a semiconductor is dominated by the mate-
rial’s intrinsic properties (crystal structure and chemical
composition) and external applied conditions (environ-
ment, temperature, and pressure)20, and rational manip-
ulation of point defects (type or concentration) to enhance
the thermoelectric performance is still challenging. The
most common method is tuning the sintering-process
parameters***, Recently, incorporating extra Mg into
Zintl phase Mg;Sb, realized unusual n-type conduction by
raising the Fermi level'®, which provides new insights into
the development of novel thermoelectric materials.
Germanium telluride (GeTe)-based materials have
attracted significant research attention for both rewriteable
data storage and thermoelectric conversion applications.
Similar to the abovementioned MgsSb,, GeTe exhibits
persistent p-type conduction owing to the high concentra-
tion of Ge vacancies™. The microscopic mechanisms of Ge
vacancies in the bonding and amorphous-crystalline phase
transition of GeSbTe phase-change materials have been
previously investigated by first-principles calculations. Ge
vacancies annihilate energetically unfavorable antibonding
Ge-Te and Sb-Te interactions, while vacancy redistribution
and ordering drive the metal-insulator transition*,
Recently, high ZTs above or around 2 have continuously
been reported for this system®>°. One important char-
acteristic of pristine GeTe is the rhombohedral-to-cubic
structural phase transition at ~700 K. High-resolution X-ray
diffraction powder pattern measurements revealed that
cubic GeTe possesses a larger amount of Ge vacancies than
rhombohedral GeTe*®. However, the majority of theoretical
and experimental works on the GeTe system neglected the
existence of high-concentration Ge vacancies and claimed
that symmetry engineering approaching the cubic coun-
terpart contributed to a high performance due to the more
beneficial electronic band structure®®*"*”*, Therefore, it is
essential to understand the true role of Ge vacancies in the
crystal structure-thermoelectric property relationship. In
addition, from the viewpoint of practical applications, the
difficulty of designing n-type counterparts of GeTe-based
materials is still a key obstacle. Recently, Samanta et al.*’
first realized n-type conduction through electronic band
structure modulation by AgBiSe, alloying in GeTe.
Herein, we investigated the significance of Ge vacancies
in GeTe based on theoretical calculations and experi-
mental studies, which include three main parts. In the first
theoretical part, the defect formation energies reveal that
Ge vacancies are more likely to spontaneously form in
cubic GeTe than in rhombohedral GeTe. The phonon
density of states demonstrates that defective cubic GeTe
with Ge vacancies is more dynamically stable, while
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Boltzmann transport calculations reveal that the intro-
duction of Ge vacancies into cubic GeTe reduces the
potential power factor. In the second experimental part,
AgInTe, alloying in rhombohedral GeTe leads to the
formation of cubic GeTe. All these unusual results,
including the largely increased hole concentration, sig-
nificantly reduced mobility, changed temperature-range
dependence of the electrical resistivity, and largely sup-
pressed lattice thermal conductivity, mean that AgInTe,
alloying spontaneously increases the concentration of Ge
vacancies in cubic GeTe. This observation supports our
previous calculation results that cubic GeTe is actually a
defective structure with Ge vacancies. The deteriorated
electrical properties are due to the unfavorable effect of
the increased concentration of Ge vacancies, consistent
with Boltzmann transport calculations. In the last
experimental part, based on the obtained cubic GeTe-
AgInTe, material as the parent phase, we successfully
design stable n-type conduction by heavy Bi doping. The
obtained single-phase character means that the higher
solid solubility of Bi atoms achieved could be related to
the structural difference, namely, that the high-
concentration Ge vacancies in the cubic structure pro-
vide more suitable sites for foreign atoms and therefore
enable a higher dopant solubility.

Materials and methods
Synthesis

High-purity raw materials were directly weighed
according to the nominal compositions GeggosAgoosTe,
GeposIng o5Te, 0.95GeTe-0.05CulnTe,, Geg gBig,Te, (1-x)
GeTe+xAgInTe, (x=0, 0.01, 0.02, 0.03, 0.04, 0.05, and
0.10), and (0.95GeTe + 0.05AgInTe,)osBig,Te, trans-
ferred to quartz tubes, and sealed under high vacuum.
These ampoules were placed vertically into a program-
mable resistance box furnace, heated to 1273 K, held for
12h, slowly cooled to 873K, annealed for 72h, and
eventually quenched to room temperature in cold water.
The obtained ingots were hand ground into fine powders
and consolidated by spark plasma sintering (SPS, SPS-
1080 System, and SPS SYNTEX INC) under a pressure of
60 MPa at 673-773 K for 5 min to ensure a high sample
density under an argon atmosphere.

Phase and property characterization

The phase structures were characterized by powder X-
ray diffraction (XRD, SmartLab3, Rigaku) with Cu K,
radiation and further analyzed by the Rietveld refinement
method using FullProf. Bar samples were cut from the
pressed disks and used for simultaneous measurement of
the electrical resistivity (p) and Seebeck coefficient (S) on
a commercial system (ULVAC ZEM-2). The thermal
conductivity . was calculated using xior = DCpd, where
D, C,, and d are the thermal diffusivity, specific heat
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capacity, and density, respectively. The thermal diffusivity
coefficient (D) and the specific heat capacity (C,) were
concurrently measured for the disk samples on a laser
flash system (Netzsch LFA 467, Germany) with a pyr-
oceram disk as a reference sample. The sample density (d)
was determined by the Archimedes method. The room-
temperature Hall coefficient Ry was measured using a
PPMS (Physical Properties Measurement System, Quan-
tum Design) with the AC transport option. The data were
obtained with a magnetic field sweep from —3T to +3T.
The Hall carrier concentration (1) was obtained by ny =
1/eRy, and the Hall carrier mobility (¢;) was calculated by
0 = euyny, where e is the electronic charge and o is the
electrical conductivity.

Computational methods

DFT total energy calculations were performed using the
Vienna ab initio package (VASP)* with projector aug-
mented wave (PAW)*! pseudopotentials. The generalized
gradient approximation functional with the Perdew-
Burke-Ernzerhof parametrization (GGA-PBE) was cho-
sen for the exchange and correlation potentials.

To model the defective cubic GeTe, we used the special
quasirandom structure (SQS) method implemented in the
Alloy Theoretical Automated Toolkit (ATAT)*. We
created a 3 x 3 x 3 supercell with 54 atoms (Gey;Te,,
Supplementary Fig. S1) from the primitive cell of cubic
GeTe and introduced Ge vacancies using the SQS algo-
rithm. The modeled structures were fully relaxed without
considering symmetry until the residual forces became
<10 eV/A. The cutoff energy was chosen as 430 eV, and
a 4x4x4 k-point grid based on the I-centered
Monkhorst-Pack scheme*® was used for the structure
relaxation. A denser 10 x 10 x 10 k-point grid was used for
the calculation of the electronic density of states. The
effective band structures of the defective supercells,
including a cubic GeTe alloyed with AgInTe, (GegA-
g1In;Tegy), in the primitive Brillouin zone were obtained
by using the band unfolding method**. The Seebeck
coefficient and the electrical conductivity were computed
under the rigid band and constant relaxation time
approximations using BoltzTraP code®. The calculations
of the harmonic interatomic force constants and phonon
density of states were performed on the defective super-
cells and a 4 x4 x4 supercell based on pristine cubic
GeTe using Phonopy code™.

The formation energy of defect X with charge state g,
E/[X4], was calculated by

Ef [Xq] = Etot [Xq] - Etot [blﬂk} - Z nip; + qEF + Ecorr

Here, Eot[X7] and E,[bulk] are the total energies of the
defective and pristine supercells, respectively. We used a
4 x4 x4 supercell for both cubic and rhombohedral
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GeTe. n; is an integer indicating the number of atoms of
type i being added to (n;=1) or removed from (n; = —1)
the supercell, and y; is the corresponding atomic chemical
potential. Er is the Fermi energy, which serves as the
chemical potential of the electron reservoir. E.,, is a
correction term that is necessary to consider the presence
of periodic images within the supercell calculation. In this
study, we applied the Kumagai method*” for the
correction term. All procedures were performed using
pycdt code®.

Results and discussion

Understanding the defect chemistry in semiconductors
is a prerequisite to optimizing the physical properties,
especially the thermoelectric properties. Therefore, first-
principles calculations based on density functional theory
(DFT) are performed to reveal the formation energies of
the low-energy intrinsic defects, including the Te vacancy
Vacr., Ge vacancy Vacg,, and antisite defects Teg, and
Ger,, in rhombohedral GeTe (R-GeTe) and cubic GeTe
(C-GeTe) as a function of Fermi energy in Ge-rich and
Te-rich environments (Fig. 1). Herein, the Fermi energy is
referenced to the valence band maximum (VBM).

In general, the Ge vacancy exhibits the lowest defect
formation energy when the Fermi level is inside the band
gap. It is independent of the growth environment, basi-
cally consistent with previous calculation results of
Edwards et al?®. This illustrates that the Ge vacancy
behaves as the most easily formed intrinsic defect in both
rhombohedral and cubic GeTe. Moreover, the point at
which the defect charge state changes is named the charge
transition level (CTL), emphasized by the star symbols in
Fig. 1. Since the CTLs of the Ge vacancy are invariably
around the VBM, this means that the Ge vacancy should
be a shallow acceptor, leading to a persistently high hole
concentration and metallic p-type conduction. Some dif-
ferences can be noted by comparing the formation ener-
gies of the Ge vacancy in the four panels of Fig. 1. First, a
relatively low formation energy of the Ge vacancy is
observed in the Te-rich environment, which is a common
phenomenon of defect chemistry in the semiconductor
area. Second, cubic GeTe possesses a lower formation
energy for the Ge vacancy (negative value) when the
Fermi level is around the VBM, in contrast to rhombo-
hedral GeTe (slightly positive value). This means that Ge
vacancies are more likely to spontaneously form in cubic
GeTe, independent of the growth environment (Ge
environment or Te environment) and Fermi energy. This
is consistent with the theoretical predictions of an
increased Ge vacancy concentration with the working
temperature23 .

In principle, the presence of Ge vacancies in the GeTe
system should strongly affect the structural stability and
transport properties. The common view of the GeTe
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Fig. 1 Calculated defect formation energies of the low-energy intrinsic defects in rhombohedral GeTe (R-GeTe) and cubic GeTe (C-GeTe) as
a function of Fermi energy in Ge-rich and Te-rich environments. a, b Ge-rich and Te-rich environments for R-GeTe, respectively; ¢, d Ge-rich and
Te-rich environments for C-GeTe, respectively. The Fermi energy is referenced to the valence band maximum, and the vertical dashed black line
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system is that cubic GeTe, in theory, possesses better
thermoelectric ~ performance  than  rhombohedral
GeTe?. In the following, the effect of Ge vacancies on
the structure-property relationship in cubic GeTe is
thoroughly investigated by combining DFT calculations
and the Boltzmann transport equation.

First, calculations of the phonon dispersion and phonon
density of states are performed to reveal the dynamical
stability. The appearance of imaginary frequencies in the
phonon dispersion of cubic GeTe in Fig. 2a indicates its
thermodynamically unstable character at 0 K. Although
defective cubic GeTe with Ge vacancies (C-GeysTe,y; and
C-Gey,Tey;) maintains the negative frequency in the
phonon DOS, the upward frequency shift of the optical
phonon modes means that the soft optical modes that
appear in cubic GeTe become harder when adding Ge
vacancies, as shown in Fig. 2b. Similar results are also
observed for C-GeysTey;, C-GeyaTey;, and C-GeysTey,

(Supplementary Fig. S2) This suggests that defective
cubic GeTe with Ge vacancies is more dynamically stable
even though soft modes still exist.

Electronic transport calculations at different tempera-
tures are performed by solving semiclassical Boltzmann
transport equations within the rigid band and constant
relaxation time approximations without considering the
effect of carrier-vacancy scattering. Figure 3a—c shows the
corresponding calculation results of the electrical con-
ductivity over the relaxation time o/7.., Seebeck coeffi-
cient S, and power factor over the relaxation time PF/r,,
at 300 K, respectively. It is revealed that cubic GeTe (C-
Gey;Tey;) shows higher /7, smaller S, and higher PF/
Tele than rhombohedral GeTe (R-Gey,Te,;). Xing et al.*’
explained that cubic GeTe possesses a combination of
light band and heavy band features, high valley degen-
eracy, and strong pocket anisotropy. More importantly,
defective cubic GeTe with Ge vacancies (C-Ge,sTe,, and
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Fig. 2 Phonon dynamics of cubic GeTe with different concentrations of Ge vacancies. a Phonon dispersion and phonon density of states (DOS)
of perfect cubic GeTe; b enlarged phonon DOS of cubic GeTe with different concentrations of Ge vacancies.

C-GeyyTe,;) shows lower PF/ 1 than perfect cubic GeTe.
This demonstrates that the introduction of Ge vacancies
into cubic GeTe has a detrimental influence on the elec-
tronic valence band structure, rather than a beneficial
optimization of the hole concentration. The declining
tendency is also observed for C-Ge,sTey; C-GeyyTeyr,
and C-Gey3Tey; (Supplementary Fig. S3). The calculated
electrical transport properties at 600 K before the onset of
the bipolar effect lead to the same conclusion (Supple-
mentary Fig. S4). The calculated unfolded electronic band
structures of the cubic supercell and defective cubic GeTe
(C-GeygTey;) are shown in Fig. 3d, e. After introducing Ge
vacancies into cubic GeTe, the most obvious change is the
reduced Fermi level, which is located inside the valence
band, consistent with the calculated electronic DOS
(Supplementary Fig. S5). This indicates a largely increased
hole concentration in the defective cubic GeTe. More-
over, the increased carrier effective mass and band gap
lead to an obviously decreased electrical conductivity in
the Boltzmann transport calculation results. In addition,
the position of the valence band at the X point between K
and T is lifted up in the defective cubic GeTe. Because the
valley degeneracy of the X band is much higher than that
of the L band (8 vs 4), the larger contribution of bands
with high degeneracy results in a largely increased effec-
tive mass and thereby a higher Seebeck coefficient when
the chemical potential is located near the band edge.
Other defective cubic GeTe materials (C-GeysTey; C-
GeyyTeys, C-GeysTeyr, and C-GeyyTey;) show the same
characteristics (Supplementary Fig. S6). The band struc-
ture calculations explicitly elucidate the previous Boltz-
mann transport calculation results.

It should be mentioned that the employment of
appropriate carrier-vacancy scattering models in the
future calculation process will further deteriorate the
electrical transport properties of defective cubic GeTe

with Ge vacancies owing to the reduction of o/7e.
Because the majority of previous investigations on cubic
GeTe neglected the influence of Ge vacancies on perfor-
mance optimization, the present theoretical calculations
provide a real picture of the underlying mechanism in the
GeTe system. The following experimental results of the
symmetry change from rhombohedral approaching cubic
and related property studies provide powerful evidence
for our new perspective.

Here, we first found an interesting crystal structure evo-
lution in which tetragonal AgInTe, alloying in rhombohe-
dral GeTe leads to the formation of cubic GeTe-based
materials, as illustrated in the schematic diagram in Fig. 4a.
This is demonstrated by the room-temperature X-ray dif-
fraction (XRD) patterns of (1-x)GeTe+xAgInTe, samples
(x=0, 0.01, 0.02, 0.03, 0.04, 0.05, and 0.10; Fig. 4b). Below
the critical AgInTe, alloying content of ~0.05, the material
structure exhibits a good match with rhombohedral GeTe,
while a higher alloying content leads to the formation of a
cubic structure. Further Rietveld refinement of the XRD
patterns reveals that the calculated lattice parameters gra-
dually decrease and the interaxial angles change from non-
90° to 90° after AgInTe, alloying (Fig. 4c). This gives solid
evidence for the structural evolution from a slightly dis-
torted rock-salt lattice to a rock-salt lattice. In contrast, for
single-element doping, including Ag doping and In doping,
the structure remains rhombohedral, while CulnTe, alloy-
ing results in the formation of a composite structure
between rhombohedral GeTe and tetragonal CulnTe,
(Supplementary Fig. S7). Intuitively, considering the valence
electron configuration of Ge, Ag, and In atoms, Ag and In
codoping on the Ge site of the GeTe lattice should have an
isoelectronic effect without obviously changing the hole
concentration. In fact, AgInTe, alloying leads to a significant
increase in the hole concentration, from 8.6 x 10>° cm ™ to
1.25 x 10> cm 2, similar to Mn alloying (Fig. 4d)***°. This
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Fig. 3 DFT calculations about the role of Ge vacancy in cubic GeTe. a—c Theoretical electrical conductivity over relaxation time 0/t Seebeck
coefficient S, and power factor over relaxation time PF/Te. at 300 K as a function of Fermi energy for rhombohedral GeTe (R-Ge,;Te,,), cubic GeTe (C-
Ge,;Te,;), and defective C-GeTe with Ge vacancies (C-GeysTe,; and C-Ge,,Te,y), respectively. d, e Calculated unfolded electronic band structures of
C-Ge,;Tey7 and C-GeygTe,y, respectively. The plot size in the band structure reflects the unfolded spectral weight.

further confirm our conclusion. Reducing the Ge content
leads to the appearance of impurity phase Ag,Te, as shown

large difference is attributed to the increased concentration

of Ge vacancies by AgInTe, alloying or Mn alloying***’, as a

Ge vacancy contributes two holes to the valence band and
thus sharply increases the hole concentration. In addition,
we also synthesized two samples with nominal compositions
of (GepoTe)po(AgInTe,)p; and (GegosTe)oo(AginTey)g; to

in their XRD patterns (Supplementary Fig. S8), which
indicates that the parent material (GeTe)go(AgInTey)o
already contains a large amount of Ge vacancies. Therefore,
the continued introduction of Ge vacancies into this
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structure would result in structural instability and simulta-
neously the appearance of a Te-rich impurity phase. The
high Hall carrier concentration is almost unchanged (Sup-
plementary Fig. S9), demonstrating the existence of a large
amount of Ge vacancies in the parent phase. However, it is
difficult to determine the exact mechanism underlying the
worsened electrical performance (Supplementary Fig. S9),
which is probably due to the appearance of impurity phases
and/or the effect of Ge vacancies. In other words, this result
in turn proves the lower formation energy of Ge vacancies in
cubic GeTe. Based on the previous calculations of the
phonon stability, the stabilization of the metastable cubic
structure after AgInTe, alloying or Mn alloying at room
temperature is ascribed to the manipulation of the Ge
vacancy concentration.

To elucidate the extrinsic doping effects on the elec-
tronic structure from Ag and In in detail, the electronic
unfolded band structure and DOS of the AgInTe,-alloyed
composition (GegrAgiIn;Teg,) were calculated. Appar-
ently, the obtained band structure is fairly similar to that
of cubic defective GeTe with Ge vacancies (Fig. 5a), where
the carrier pocket located between K and T is lifted up and
the band gap is enlarged. The appearance of impurity

states in the band gap is due to the hybridized states
among In-s, Ge-s, Ge-p, and Te-p (Fig. 5b). Importantly,
the Fermi level is located near the impurity states inside
the band gap, which is significantly different from the
defective cubic GeTe case where the Fermi level lies
deeply in the valence band. Thus, it can be concluded that
Ag and In do not act as acceptors, and additional Ge
vacancies are introduced into our AglnTe,-alloyed
samples.

Figure 6 shows the influence of AgInTe, alloying on the
thermoelectric properties of (1-x)GeTe+xAgInTe,. Due to
the largely increased hole concentration arising from
AgInTe, alloying of more than one order, the carrier
mobility s decreases from 56.0cm”*V~'s™' to 1.6cm®
V~'s™! (Fig. 6a). Basically, the AgInTe,-alloyed samples
possess yyy comparable or very close to those of Mn-
alloyed samples in the same range of ny. Both of these
mobilities, however, are lower than those of conventional
GeTe-based samples (solid line). The extra carrier scat-
tering mechanism arising from Ge vacancies existing in
both AgInTe,-alloyed and Mn-alloyed samples is respon-
sible for the suppression of yyy, which is revealed by the
changed temperature-range dependence of the electrical
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resistivity p. The p below 600 K monotonically increases
with increasing alloying content of AgInTe, (Fig. 6b) due
to the decreased uy, e.g, the room-temperature p
increases from 0.13x10°Qm to 0.32x10°Qm.
Meanwhile, it is observed that the temperature-range
dependence of p is dramatically changed, with the tem-
perature exponent decreasing from 1.5 for GeTe down to
0.2 for 0.95GeTe-0.05AgInTe,. This is indicative of the
carrier scattering mechanism changing from acoustic
phonon scattering to mixed acoustic phonon and ionized
impurity scattering after AgInTe, alloying. This proves
that the introduced large amount of Ge vacancies changes
the carrier scattering mechanism. Despite the largely
increased ny, the Seebeck coefficient S in the low-
temperature range increases somewhat after AglnTe,
alloying, e.g., the room-temperature S increases from
36.6 VK ' to 46.7 uV K. (Fig. 6¢). Taking the increased
ny into consideration, this means that AginTe, alloying
leads to a heavier character of the valence band structure.
This is demonstrated by the calculated Pisarenko plot,
showing the relationship between S and ny (Supplemen-
tary Fig. S10). As a result of the high nyy being out of the
range of the optimized value and the reduced py, the
power factor PF decreases after AgInTe, alloying (Fig. 6d).
For example, the room-temperature PF decreases from
104 uWem 'K 2 for GeTe to 7.0uWem 'K 2 for
0.95GeTe-0.05AgInTe,. The deteriorated PF when the
structure changes from rhombohedral to cubic is in good
agreement with the results above based on the Boltzmann
transport theory. The total thermal conductivity k., shows
a sharp reduction after AginTe, alloying (Fig. 6e). After
excluding the electronic thermal conductivity .. from
Kiop it is found that the lattice thermal conductivity ki, is
significantly suppressed (Supplementary Fig. S11), e.g., the
room-temperature ki, decreases from 1.6Wm ! K to
0.5W m 'K !. Moreover, the xj, values of AgInTe,-

alloyed samples are seriously overestimated based on the
Debye-Callaway model (the inset of Fig. 6e). This anom-
alous suppression of ki, is attributed to the strong phonon
scattering due to the formation of Ge vacancies. Finally,
the peak ZT gradually decreases as the AgInTe, alloying
content increases (Fig. 6f).

Although defective cubic GeTe may not be a good
platform for achieving high p-type performance, the
large number of Ge vacancies in the structure act as
suitable sites for foreign atoms and therefore enable high
dopant solubility. This can provide hints for realizing the
sought-after n-type conduction in the GeTe system.
Bismuth (Bi) is an effective dopant in the GeTe system
for optimizing the hole concentration. However, due to
the limited solubility, heavy Bi doping leads to the
appearance of impurity phases. XRD measurement of
the sample with the nominal composition GeygBip,Te
confirms the impurity phases as Bi,Ge3Teg and BisTes,
while the sample with the nominal composition
(0.95GeTe+0.05AgInTe;)o gBig,Te shows a single-phase
character (Fig. 7a). The vanishing of impurity phases is
possibly due to the high concentration of Ge vacancies,
as mentioned before. More importantly, the former
sample shows unstable n-type conduction during the
thermal cycling process. The electrical resistivity p
increases and simultaneously the Seebeck coefficient S
decreases (Figs. 7b, c), which indicates that the n-type
conduction becomes weakened and may finally vanish
after a long-term thermal cycling test. In sharp contrast,
the latter sample exhibits lower p and higher S, which
accounts for its n-type conduction behavior being
stronger than the former (Figs. 7b, ¢). In addition, the
almost unchanged transport data definitely confirm the
stable n-type conduction against thermal cycling,
meaning achievement of good structural stability after Bi
heavy doping.
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Conclusions

In summary, we reshaped the role of Ge vacancies in
the crystal structure-thermoelectric property relation-
ship in the GeTe system by combining first-principles
calculations and Boltzmann transport theory. It is con-
cluded that Ge vacancies behave as the most easily
formed point defect, leading to stabilization of the
metastable cubic structure, and show a detrimental
influence on the electrical transport properties.

Experimental investigations found that AglnTe, alloying
promoted a symmetry change from rhombohedral to
cubic and deteriorated the thermoelectric performance,
proving our previous theoretical calculations. Owing to
the deep understanding of defect chemistry, a single-
phase cubic GeTe-based material with stable n-type
conduction was discovered, which may open the door
for future studies of thermoelectric systems with
asymmetrical performance.
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