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ABSTRACT

GeSe, composed of ecofriendly and earth-abundant elements, presents a promising alternative to conventional toxic lead-chalcogenides and
earth-scarce tellurides as mid-temperature thermoelectric applications. This review comprehensively examines recent advancements in GeSe-
based thermoelectric materials, focusing on their crystal structure, chemical bond, phase transition, and the correlations between chemical
bonding mechanism and crystal structure. Additionally, the band structure and phonon dispersion of these materials are also explored. These
unique features of GeSe provide diverse avenues for tuning the transport properties of both electrons and phonons. To optimize electrical
transport properties, the strategies of carrier concentration engineering, multi-valence band convergence, and band degeneracy established
on the phase modulation are underscored. To reduce the lattice thermal conductivity, emphasis is placed on intrinsic weak chemical bonds
and anharmonicity related to chemical bonding mechanisms. Furthermore, extra-phonon scattering mechanisms, such as the point defects,
ferroelectric domains, boundaries, nano-precipitates, and the phonon mismatch originating from the composite engineering, are highlighted.
Additionally, an analysis of mechanical properties is performed to assess the long-term service of thermoelectric devices based on GeSe-based
compounds, and correspondingly, the theoretical energy-conversion efficiency is discussed based on the present zT values of GeSe. This
review provides an in-depth insight into GeSe by retrospectively examining the development process and proposing future research direc-
tions, which could accelerate the exploitation of GeSe and elucidate the development of broader thermoelectric materials.
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I. INTRODUCTION

The imminent global energy scarcity, coupled with the concur-
rent environmental challenges arising from extensive fossil energy con-
sumption, catalyzes the exploration and advancement of sustainable
green energy technologies." A substantial portion of energy is wasted
as heat by automotive engines and industrial emissions. This low-
grade heat poses challenges for effective recycling and utilization,
resulting in energy loss. Thermoelectric (TE) materials offer a viable
solution for directly converting waste heat into usable electricity, or
vice versa,” ® with the features of minimal greenhouse gas emissions,
no moving components, noise-free operation, high reliability, suitabil-
ity for miniaturization, and adaptability to extreme conditions, making
them promising in power generation and solid-state refrigeration
applications.” ” For example, radioisotope thermoelectric generators
(RTGs) have demonstrated their practicality as power supply systems
in both terrestrial applications and long-term space exploration proj-
ects.'””'? Additionally, thermoelectric cooling modules play a crucial
role in dissipating heat from micro-components, such as fifth-
generation (5G) optical communication chips.'”"* This underscores
the versatility and applicability of TE technology in diverse fields.

Motivated by their specific use as power source for spacecraft'®
and the potential applications in daily life, TE materials have garnered
widespread attention and extensive research. Achieving the conversion
between heat and electricity is by the thermoelectric devices, such as
thermoelectric power generators (TEGs) and thermoelectric coolers
(TECs). The maximum energy conversion efficiency (1,,,) and the
output power density (w) for a TEG are expressed as

_AT V1+ZT -1
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and the coefficient of performance (COP) for a TEC is expressed as
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where Ty and T are the hot- and cold-side temperatures, respectively.
AT is the temperature difference between the hot and cold sides,
defined by AT= Ty — Tc. L is the length of the TE legs. ZT is the
average value of the device ZT, defined as

R )i 7
<«/KP/O'P + Kn/O'n)

Herein, o, 0, and « are the Seebeck coefficient, electrical conductivity,
and thermal conductivity of the TE materials, respectively. The sub-
scripts of p and n represent p-type or n-type materials. For a single
thermoelectric material, the dimensionless figure of merit (z7) is
described as zT=0?cT/k,"”” " where 0’0 is the power factor (PF),
serving as the benchmark for electrical properties and influencing the
device’s output power,” k is the sum of electronic thermal conductiv-
ity k. and lattice thermal conductivity 1, and T is the specific temper-
ature in Kelvin. Achieving an excellent zT value, and consequently,
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high #,.x and COP, requires a synergistic combination of high o and
g, alone with a low «, all within a single material.”’ > However, the
strong interdependence among the parameters of o, ¢ and K, presents
a formidable challenge in maximizing the zT value.

Significant efforts have been directed toward enhancing the TE
performance of various environmentally friendly TE materials.
Noteworthy examples include Bi,Tes solid solutions,” ™ chalcoge-
nides,” Mg;(Sb,Bi), based materials,”**” half-Heusler alloys,J'“’42
and SiGe alloys.”** Electrically, recognizing the reciprocal relationship
between ¢ and o with carrier concentration (ny), appropriate doping
levels are introduced to optimize #y. This approach balances ¢ and o,
thereby maximizing the PF.*” Moreover, various strategies have proven
to be effective in enhancing electrical properties. These include modu-
lation doping and designing light band edges with low effective mass
to enhance carrier mobility (uy5),"**” as well as band engineering such
as band convergence ™" and resonant state doping’' > to promote
density-of-state effective mass. Turning attention to thermal consider-
ations, significant interest has been directed toward reducing the inde-
pendent parameter k. In this context, inhibiting phonon transport by
introducing multiscale phonon scattering centers has been widely
embraced to minimize x;.”" *° Examples include defect engineering
involving zero-dimensional point defects (substitutions, vacancies,
interstitials),”” °' one-dimensional dislocations,””** two-dimensional
(2D) planar vacancies,”* and three-dimensional (3D) nanoprecipita-
tions.””° Additionally, strategies such as nanostructuring, hierarchical
architecturing, heavy element doping, weak chemical bonding, and the
adoption of sophisticated crystal structures with high symmetry have
been reported to reduce x;.”” These diverse approaches collectively
contribute to the advancement of TE materials across a spectrum of
temperature applications.

Group IV-VI chalcogenides, exemplified by PbQ (Q=S, Se,
Te),%*7° GeTe,*”” SnTe,*”*”” and SnSe,™" represent key constitu-
ents of high-performance TE materials designed for mid-temperature
applications (500-800K). In addition, GeSe, a compound within the
Group IV-VI category, has emerged as a promising mid-temperature
thermoelectric candidate, with theoretical predictions suggesting a
potential zT of 2.5 at 800 K for an ny of ~10" cm3.** However, GeSe
has faced challenges in realizing its theoretical predicted zT values.
This has led to limited attention for GeSe in thermoelectric applica-
tions, despite its extensive use in optoelectronics,”* photovoltaic appli-
cations,” and resistive memory cells.®®

Recent efforts have been dedicated to GeSe alloy to enhance its
TE performance. To increase the ny of p-type GeSe, aliovalent doping
strategies have been employed as a core initiative.”” *” In addition,
GeSe undergoes phase transitions at elevated temperatures, high pres-
sure, or via multi-component alloying. Specifically, the orthorhombic
to the rhombohedral phase transition can be achieved at 1600K or
high pressure of 2 GPa.” This phase transition can be also achieved by
alloying with I-V-VI, compounds.”" ** In addition, a transformation
from orthorhombic to cubic phase was achieved when temperature
increased to 920-930 K’” or at high pressure of 8 GPa.”””" Drawing
inspiration from the successful crystal structure manipulation in
GeTe” and SnSe,” comprehensive approaches involving crystal struc-
ture regulation, along with subsequent band and phonon engineering,
have been implemented to improve the thermoelectric properties of
GeSe. Figure 1 summarizes the current progress in developing GeSe-
based TE materials, indicating a superior thermoelectric performance
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FIG. 1. Recent progress of GeSe-based TE materials. (a) Figure of merit (zT) as a
function of temperature, (b) average zT of p-type pristine orthorhombic GeSe,100
Gep76Sn0.2Ag.01Se,”” rhombohedral GeSe(AgShSe,)os,” GeSe(AngTez)gz
GeSeg,55Teo,45,1m (G93@)0.9(/3\9Bisez)onx94 (GeSe)glg(AgBlTeg)m, Geg.97Pby, osse
(InTesp)os, ~ (GeoosPboo2Seosrs(AginTeo s, Gey, 8Pb0 2Se(CdTe)o 25,
Ge 9Sbo,0sCdy 02S€0.75Te0 25, Geo.gsBi0.04se(M”CdT92)0.1, % (GesSesTe)o g3
(AgBiTes)ous,°  orthorhombic-thombohedral dual-phases Geg g4Cdo.0sAd0.055€
(InTe)g_15,mO cubic (Gese)g_gg(ssze:;)o_gg,107 GeSeTeojs(lnSnTez)O_gf08
(Geo.7Bio.sse)0.7('6\93'11-92)0.3,1O9 and  n-type Geo.ssBio.zpbo.zsse(|n2Te3)0.1,MO
(GeSe)os(AgBiSer)os.

in the high-symmetry rhombohedral and cubic phases compared to
the low-symmetry orthorhombic counterpart. To date, a state-of-the-
art zT value of 1.36 at 778 K and a high average zT (zT,.) of 0.73
between 322 and 778K have been achieved in rhombohedral
Geo.9OSbo.08Cd0.ozseo.7sTeo.zs-W

In this article, we review the recent advancements in GeSe-based
TE materials and the cutting-edge strategies for performance enhance-
ment. GeSe-based TE materials exhibit significant promise in achiev-
ing high performance and establishing efficient TE devices for
widespread applications, owing to the utilization of environmentally
friendly and abundantly available elements. The elucidated strategies
presented herein aim to guide research endeavors in the pursuit of
high-performance thermoelectric candidates across diverse material
categories. The initial section of this review encapsulates a summary of
GeSe’s characterizations, encompassing the crystal structure and phase
transitions, chemical bonding mechanism, as well as electronic band
structure, and phonon dispersion property. Following the theoretical
prediction of TE performance and experimental strategies for perfor-
mance enhancement are discussed, ie., carrier concentration

REVIEW pubs.aip.org/aip/are

manipulation, and band engineering. Afterward, we investigate the
methods for reducing x;, covering the intrinsically advantageous soft
chemical bond and lattice anharmonicity that are related to chemical
bonding mechanisms, and phonon scattering by point defects,
domains, precipitations, and phonon mismatch from phase boundary.
This review also extends to an examination of the mechanical proper-
ties of GeSe-based compounds, providing insights into their long-term
durability as TE device assemblies. Ultimately, we draw conclusions
and propose future research directions for GeSe.

Il. CRYSTAL STRUCTURE AND CHEMICAL BONDING
MECHANISM

GeSe embraces three crystal structures of orthorhombic, rhombo-
hedral, and cubic phases, as depicted in Figs. 2(a)-2(c). The ortho-
rhombic phase is stable under ambient conditions and has lattice
parameters of a =4.38 A, b=3.82 A, and c=10.79 A, with the space
group of Pnma.'"” By increasing temperature or physical pressure,
GeSe transforms to either rhombohedral phase with the space group
of R3m or cubic phase with the space group of Fm-3m.”””””° In ortho-
rhombic GeSe, the crystal structure reveals alternating metal and non-
metal atoms occupying lattice sites, forming a chair-like polygon
configuration with threefold Ge/Se units sharing vertices.'"” It also
shows the puckered sheets along the a axis direction, interconnected
by weak van der Waals interactions.”® In the cubic phase, the Ge atom
is coordinated with six neighboring Se atoms, while in the rhombohe-
dral counterpart, the Ge atom is bonded with three closer and three
farther Se atoms.

Another difference among these structures can be found from the
perspective of the primitive cell, as depicted in Figs. 2(d)-2(f). The
orthorhombic GeSe includes one vertical and two horizontal Ge-Se
bonds, showcasing equivalent bond lengths of 2.59 A with the bond
angles of 93°. The coordination number of orthorhombic is three,
smaller than that of rhombohedral and cubic GeSe with the coordina-
tion number of six. Additionally, the transformation from cubic to
rhombohedral GeSe induces a displacement of the central Ge atom
from (0.5, 0.5, 0.5) to (0.5-6, 0.5-0, 0.5-0), concomitant with a reduc-
tion in the axis angle from 60° to 58°, resembling the configuration of
cubic GeTe.”

The phase transition fundamentally hinges on chemical bonding
mechanisms.''*"'® To understand the fundamental nature of chemi-
cal bonding, a comprehensive 2D map originated from a quantum-
mechanical principle has been devised to show the electron sharing
(ES) and electron transferring (ET),''”"'® as depicted in Fig. 3(a). This
map visually distinguishes between covalent, metallic, and ionic bond-
ing. Covalently bonded materials exhibit dominant electron-sharing
behavior, resulting in stable electron configurations through the shar-
ing of electron pairs and often involving s—p orbital hybridization.""”
Conversely, in ionic compounds, chemical bonding is primarily gov-
erned by ET, leading to the formation of positively and negatively
charged ions. Metallic systems exhibit complete electron delocalization,
minimizing charge localization through both ES and ET.'”
Additionally, metavalent bonding (MVB) occupies a distinct region on
the map, showcasing characteristics distinct from traditional bonding
types. MVB involves the sharing of approximately one electron
between neighboring atoms, accompanied by moderate electron trans-
fer, demonstrating both characteristics of localization and delocaliza-
tion.”””'*' MVB is defined by the establishment of a half-filled -bond
between p-orbital electrons, and the s-band exhibits lower energy
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(d)

(1)=2.73 A
(2) =3.02 A
6= 58°

(1)=2.83 A
6= 60°

FIG. 2. Crystal structures of GeSe. The supercells are built based on conventional cells of (a) orthorhombic, (b) rhombohedral, and (c) cubic GeSe. Primitive cells of (d) ortho-

rhombic, (e) rhombohedral, and (f) cubic GeSe.

compared to the p-band. This unique configuration imparts structural
characteristics to MVB compounds mainly manifested in an octahe-
drally arranged cubic or rhombohedral phase.

In GeSe, the orthorhombic phase utilizes covalent bonding,
whereas the rhombohedral and cubic counterparts prominently feature
the unique MVB.'” This alteration in the chemical bonding mecha-
nism is attributed to the varying degree of p-orbital electrons bonding
and a simultaneous reduction in the lattice distortion, a parameter
often quantified as Peierls distortion (PD).'*’ Specifically, PD is
expressed as the ratio of long to short bonds, denoted as PD = r/r, as
illustrated in Fig. 3(b). For instance, the inhibition of PD leads to a
gradual shift from covalent bonding to MVB, accompanied by a con-
current phase transition from orthorhombic to rhombohedral or even
Cubic.]21,124

A previous study has further indicated the chemical bonding
mechanisms of orthorhombic, rhombohedral, and cubic GeSe by cal-
culating their ES and ET values, revealing crucial insights illustrated in
Fig. 3(2)."”” In this context, the orthorhombic GeSe resides near the
connecting line, exhibiting a large ES value (lack of ET) indicative of
covalent bonding (PD = 1.36) with a discernible ionic contribution.
Conversely, cubic GeSe manifests an ideal octahedral configuration,
situated on the dashed green line with the lowest ES value, signifying a
pure MVB nature (PD = 1). Furthermore, the green region between
the red region and green dashed line, representing GeSe compounds
with a distorted octahedral arrangement, features a smaller ES value
and a moderate PD=1.13. This region typically corresponds to a

rhombohedral crystal structure. Generally, electrons of rock salt cubic
structure exhibit delocalization but can be localized by the Peierls dis-
tortion effect.”” This means that the metavalently bonded rhombohe-
dral or cubic phase has more delocalization than the covalently
bonded orthorhombic one. This provides the opportunity to identify
the chemical bonding and, thereby, the crystal structure via an electron
localization function (ELF) analysis, which has been used to analyze
orthorhombic GeSe and rhombohedral GeSe alloys with AgInTe, and
PDb, as depicted in Figs. 3(c) and 3(d).

Additionally, the chemical bonding mechanisms of GeSe can be
experimentally discerned through atom probe tomography
(APT) technology by evaluating the probability of multiple events
(PME).'*"'*” The PME quantifies the probability of displacing multi-
ple ions by breaking chemical bonds during a laser pulse."”™'**'*” A
large PME value (generally greater than 60%) serves as a distinctive
indicator of MVB in chalcogenides.'””'*”'*" Conversely, PME values
below 30% are associated with alternative bonding mechanisms such
as covalent or ionic bonding. Figure 3(e) illustrates the APT characteri-
zation of binary GeSe and the GeAg,Sb,Se; ; », systems with x=0.10
and 0.15.'” Notably, binary orthorhombic GeSe demonstrates a com-
paratively lower PME value, whereas the x=0.15 sample exhibits a
higher PME value, signifying the presence of the metavalently bonded
rhombohedral phase. In contrast, the x = 0.10 sample displays distinct
regions with varying PME values, corresponding to its orthorhombic
and rhombohedral phases identified by X-ray diffraction (XRD).
Similarly, a high PME value is also shown in rhombohedral
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FIG. 3. (a) A two-dimensional (2D) map of the electron sharing (ES) and electron transferring (ET) for several solid-state materials. The distinct chemical bonding mechanism
is differentiated by colors. (b) Schematic diagram of the variation of Peierls distortion (PD) for cubic GeSe, rhombohedral GeSe, and orthorhombic GeSe. Electron localization
functions (ELFs) of (c) orthorhombic GeSe and (d) rhombohedral GePbAgsinsSeyiTes. (€) Three-dimensional (3D) probability of multiple events (PME) plot for
GeAg,Sb,Seq ; o, samples (x=0, 0.10, and 0.15) by atom probe tomography (APT) measurement, which indicates the variation of chemical bonding mechanisms in different
GeSe phases. Panels (a), (b), and (e) reproduced with permission from Yu et al., Adv. Mater. 35(19), 2300893 (2023). Copyright 2023 Wiley-VCH.'** Panels (c) and (d) repro-
duced with permission from Huang et al., Interdiscip. Mater. 3(4), 607-620 (2024). Copyright 2024 Wiley-VCH.'*”

Gey gPbg,Se(CdTe), »5, indicating the presence of MVB in the rhom-
bohedral phase.'”

I1l. ELECTRONIC BAND STRUCTURE AND PHONON
DISPERSION

A. Electronic band structure in different crystal
structure

In addition to elucidating the crystal structure of GeSe, under-
standing its band structure is paramount for comprehending its ther-
moelectric properties. Figures 4(a)-4(c) present the calculated band
structures of orthorhombic, rhombohedral, and cubic GeSe, which
encompasses a detailed breakdown of orbital contribution, including
Ge-s, Ge-p, Ge-d, Se-s, Se-p, and Se-d orbitals. > Notably, orthorhom-
bic GeSe manifests as an indirect semiconductor with the valence band
maximum (VBM) located along the I'-Z direction while the conduc-
tion band minimum (CBM) suited at I" point. By contrast, the rhom-
bohedral and cubic GeSe phases are direct semiconductors, as their
VBM and CBM concurrently align at the L point. In addition, the
orbital-resolved patterns highlight the predominant presence of
p-orbital electrons from both Ge and Se in the conduction and valence
bands approaching the Fermi level across all crystal structures. The
existence of Ge s-state at the valence band edge in orthorhombic GeSe
suggests the s—p hybridization. By contrast, the rhombohedral and
cubic GeSe indicate a weaker s—p hybridization than that in the

orthorhombic phase. The weak s—p hybridization coupled with delo-
calized p-state electrons constitutes crucial features of MVB, which
exerts a pronounced impact on thermoelectric performance.

The MVB materials are often referred to as incipient metals,
exhibiting a half-filled o-bond between p-orbital electrons, which
results in metallic transport behavior with intrinsically no bandgap
(Ep).""" In contrast, the strong Peierls distortion in orthorhombic GeSe
reduces p-p orbital overlap, favoring an enlarged E,.''” Therefore, the
orthorhombic GeSe embraces a larger E; than that in rhombohedral
and cubic phases, as shown in Figs. 4(a)-4(c). This result is also cor-
roborated by optical measurements, revealing a larger E, of 1.1eV for
orthorhombic GeSe'**'** compared to 0.40eV for rhombohedral
(GeSe)(),g(AgBiTez)(),l.93 The large E, of orthorhombic GeSe is unfavor-
able for electrical performance. Specifically, employing k-p perturba-
tion theory to obtain the band dispersive curve and band effective
mass (my*) near the band edge underscores the significance of a small
Eg for a lower my+. This is intuitively discerned by the description of

the Kane band model,
2
fik :E(1+£), (5)

2m* E,

where E, k, and h represent the energy, t}_le wave vector, and the
reduced Planck’s constant, respectively."”*'*” The large E, accompa-
nied by the increased m,* has been indicated in lead chalcogenides.'*°
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FIG. 4. Electronic band structures of GeSe. (a)—(c) Orbital-resolved band structures of orthorhombic, rhombohedral, and cubic GeSe. (b)—(d) Corresponding Fermi surfaces for
these GeSe phases. Reproduced with permission from Yu et al., Adv. Mater. 35(19), 2300893 (2023). Copyright 2023 Wiley-VCH.'*

Therefore, the anticipated lower my," and, thus, the increased pyg in
rhombohedral and cubic GeSe, due to the shrinkage of E, favorably
support the high electrical conductivity.

The diverse crystal structures observed in GeSe reflect varying
degrees of Peierls distortion and exhibit different levels of symmetry
and consequently the first Brillouin zone. Figures 4(d)-4(f) visually
present Fermi surface images within the first Brillouin zone for ortho-
rhombic, rhombohedral, and cubic GeSe, highlighting the dissimilar
band degeneracy (Ny) arising from the valence band (VB) contribu-
tions. The N, serves as the important parameter that signifies the
capacity to achieve optimal electrical performance. Specifically, large
N, correlates with a high density-of-state effective mass (my") by the
equation my" = N,**my",""” subsequently enhancing the o according
to the Mott relationship. In the orthorhombic GeSe, the first valence
band maximum (defined as VB,) along the I'-Z direction exhibits a N,
of 2, while the second valence band maximum (VB,) embraces a N,, of
1. This means that the N, of orthorhombic GeSe can achieve 3 after
introducing the high doping level. However, the low solid solubility in
orthorhombic GeSe attributed to its feature of strong ion-covalent
bonding, occasions more challenges for a dramatic enhancement in
Ny Cc:nsequently, the orthorhombic GeSe only attains an effective N,
Of 2. 103

In comparison, the rhombohedral and cubic GeSe enhance the
crystal symmetry, accordingly, modifying the first Brillouin zone and
achieving a larger N, compared to orthorhombic GeSe. Specifically,
the cubic GeSe embraces eight half-symmetric pockets at the L point.
Additionally, by introducing the doping level to promote the multiple
band convergence, the X band with a total of 12 pockets can also be
involved in conduction, yielding a large N, of 16 in cubic GeSe.'"”
However, considering that the rhombohedral GeSe derives from the

distorted cubic phase along the [111] direction, the resultant symmetry
breaking induces the split of the original L band and X band in cubic
GeSe, similar to that observed in GeTe."*® Consequently, the rhombo-
hedral GeSe acquires a smaller N, compared to the cubic GeSe. As
observed in Fig. 4(e), the Fermi surface image of rhombohedral GeSe
shows a total N, of 9, arising from the six half pockets at the L point
and six full pockets along the degenerate £ band.'”” Consequently,
from the perspective of the electronic band structure, engineering
metavalently bonded rhombohedral and cubic GeSe by mitigating the
Peierls distortion, and promoting the participation of multiple valence
bands in carrier transport, further proves a significant advantage in
enhancing electrical properties.

B. Phonon dispersion under different crystal structure

Figure 5 illustrates the computed phonon dispersions of GeSe. As
depicted in Fig. 5(a), the dynamic stability of orthorhombic GeSe is
evident, marked by the absence of imaginary vibrational modes. The
phonon spectrum of orthorhombic GeSe reveals two sets of phonon
modes with equal counts, spanning from 0 to 3.7 THz and 4.5 to
72 THz’° A notable feature is the presence of a “phonon bandgap”
that distinctly separates the phonon modes at lower and upper fre-
quencies, a phenomenon observed in various germanium-chalcoge-
nides. ™ A study reported that in the orthorhombic GeSe, the acoustic
modes along I'-X direction characterizes a axis, while the directions
along ['-Y and I'-Z represent the b and c axis, respectively.”’ The anal-
ysis of sound velocity that corresponds to the slope of acoustic phonon
dispersions indicates a lower sound velocity along the a axis than that
along the b and ¢ axes in orthorhombic GeSe. This discrepancy sug-
gests a softer mode along the a axis, signifying weaker interatomic
bonding and pronounced anharmonicity: a characteristic feature
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FIG. 5. Phonon dispersions of different GeSe phases. Phonon dispersion curves of (a) orthorhombic GeSe and (b) rhombohedral GeSe. Phonon dispersions of cubic GeSe (c)
at ambient conditions and (d) under the pressure of 8 GPa. Panel (a) reproduced with permission from Deringer et al., Phys. Rev. B 89(9), 094303 (2014). Copyright 2014
American Physical Society.” Panel (b) reproduced with permission from Argaman et al., CrystEngComm 19(41), 6107-6115 (2017). Copyright 2017 The Royal Society of
Chemistry."" Panels (c) and (d) reproduced with permission from Yu et al., NPG Asia Mater. 10(9), 882-887 (2018). Copyright 2018 Nature Publishing Group.”

attributed to the existence of van der Waals gaps along this direction.
Consequently, the inherent anharmonicity may result in a relatively
low K. in orthorhombic GeSe.*

Similarly, in the case of rhombohedral GeSe, all phonon modes
exhibit positive frequencies along the high symmetrical direction of
the Brillouin zone, indicative of dynamic stabilization in the R3m
phase [Fig. 5(b)]."*" The dispersions at the lowest frequencies at the I’
point encompass two transverse acoustic branches (in-plane TA and
out-of-plane ZA) and one longitudinal acoustic branch (LA), while the
optical modes are situated in the higher-frequency region. A notewor-
thy departure from pristine rhombohedral GeTe, which features an
acoustic-optical frequency gap leading to reduced phonon-phonon
scattering,” the phonon spectrum of rhombohedral GeSe demon-
strates a gapless transition between acoustic and optical branches, pro-
moting inherent phonon scattering and thereby reducing x;.
Additionally, the phonon dispersions curves of rhombohedral GeSe
reveal a splitting of the longitudinal optical mode (LO) and transverse
optical mode (TO), attributed to the incorporation of dipole-dipole
interactions into the dynamic matrix.'”” Moving on to the calculated

phonon dispersion relations of cubic GeSe as illustrated in Fig. 5(c), a
significant number of phonon modes manifest as imaginary eigenval-
ues concentrated at the high symmetry I" point within the Brillouin
zone. This observation suggests inherent instability in cubic GeSe
under ambient conditions,* making it experimentally unattainable.
However, the dynamic instabilities of the cubic phase can be effectively
suppressed by applying physical pressure. Figure 5(d) illustrates the
disappearance of imaginary modes under an external pressure of
8 GPa, while real frequency components remain largely unchanged
between ordinary and high pressure. This aligns with the concept that
the orthorhombic phase in ambient conditions can transform into the
cubic phase under high pressure.”” A distinct feature in cubic GeSe as
compared to rhombohedral counterpart is the crossing of optical
modes into the acoustic modes. This phenomenon is conducive to
strengthening optical phonons-acoustic phonons interactions, further
contributing to the reduction of ;. Understanding these phonon char-
acteristics provides valuable insights into the material’s thermal trans-
port properties and offers potential avenues for tuning and optimizing
its K.
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IV. THEORETICAL PREDICTION OF TE PERFORMANCE

The extremely low ny in orthorhombic GeSe arising from the
inherently high formation energy of Ge vacancy (E,) and a large
bandgap (E,), coupled with inadequate sy, collectively contribute to
the inferior TE performance, reaching a mere zT of 0.05 at 673K.""”
Theoretical calculations have been utilized to predict the figure of
merit zT of GeSe, considering varying ny, to evaluate the prospective
improvement in its TE performance. The density functional theory
(DFT) calculations demonstrate that heavy hole doping induces a shift
of the Fermi level toward the valence band, which facilitates active par-
ticipation of the second valence band and creates additional carrier
pockets for enhancing electrical transport, as shown in Fig. 6(a). The
contribution from multiple bands leads to a slower decrease in the o
with the increasing ny, while ¢ experiences a significant increase at
higher ny; levels. This results in a peak zT value of 0.8 at room temper-
ature and 2.5 at 800 K along b axis in orthorhombic GeSe when ny
increases to 6.5 x 10'°cm>,*’ comparable to the high TE perfor-
mance of SnSe,**”® as depicted in Fig. 6(b).

The TE performance of p-type and n-type GeSe has also been
comprehensively predicted by DFT calculations and Boltzmann
transport theory. This predictive analysis involves an evaluation of
electrical transport properties by calculating the charge density distri-
butions near the Fermi level and the relaxation time. As depicted in
Fig. 6(c), the iso-surface distribution of band-decomposed charge

REVIEW pubs.aip.org/aip/are

density at the VBM and CBM, with a charge density of 0.003 eA >,
illustrates the establishment of a charge density channel for the CBM
within n-type GeSe, which is conducive to electron transport.'** This
indicates the favorable ¢ along the a axis direction for n-type GeSe.
By contrast, in the case of p-type GeSe, there is a lack of carrier
transport routes in the interlayer, which impedes the hole transport
and gives rise to a relatively low ¢ along this direction. Furthermore,
the comparatively large relaxation time observed for n-type GeSe as
illustrated in Fig. 6(d), further demonstrates the more favorable car-
rier transport within this variant. In addition, the relaxation time as
a function of temperature signifies the stronger scattering at elevated
temperatures, contributing to a decreasing trend in ¢ with increasing
temperature, which corresponds to the experimental result.
Consequently, in combination with the calculated electrical and ther-
mal performance, the zT value of p-type GeSe stands at 0.6 under
the ng of 1x 10*°cm™ at 700K, while for n-type GeSe, it reaches
2.5 with an ny5 of 4 x 10"cm ™ at 700K, as shown in Fig. 6(e).'*?
The highly symmetric thombohedral and cubic forms of GeSe
exhibit larger band degeneracy compared to their orthorhombic coun-
terpart, leading to a larger m,* and consequently the higher o.." """ A
prediction for p-type and n-type rhombohedral GeSe is investigated by
Tang et al. 139 Figure 7 shows the calculated o, o, PF and zT values of
p-type and n-type rhombohedral GeSe at different ny and tempera-
tures (300 and 800 K). Figure 7(a) suggests that the o of p-type GeSe is
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FIG. 6. (a) Electronic band structure of orthorhombic GeSe, showing the Fermi level shifts into the second valence band, as well as the variation of the Fermi surface after
heavy hole doping. (b) Predicted temperature-dependent zT value of GeSe and SnSe. (c) Charge densities of GeSe with the left panel showing CBM and the right panel show-
ing VBM. (d) Relaxation time as a function of temperature and (e) theoretical zT value as a function of ny for n-type and p-type GeSe. Panels (a) and (b) reproduced with per-
mission from Hao et al., Chem. Mater. 28(9), 3218-3226 (2016). Copyright 2016 American Chemical Society.” Panels (c)(e) reproduced with permission from Fan et al., R.
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smaller compared to its n-type counterpart at the same ny.
Additionally, ¢ of p-type GeSe is roughly identical alone both the a/b
and c axes, whereas n-type GeSe exhibits a significant anisotropy in o,
with a larger value along the ¢ axis than the a/b axis. Figure 7(b) depicts
the « as a function of ny, showcasing a larger value in p-type GeSe
than in n-type one at the same temperature and ny. The interplay
between the increased ¢ and decreased o leads to a peak PF at the
appropriate ny, as depicted in Fig. 7(c). The maximum PF of p-type
GeSe is 5.86 mWm ™ 'K % at 300K and 405 mWm 'K * at 800K
along the a/b axis, achieved under the ny; of 7.23 x 10" cm ™ and
2.11 x 10*° cm >, respectively. By contrast, the optimal PF of n-type
GeSe is observed along the ¢ axis, reaching 4.09 mW m™ ' K 2 at 300 K
and 4.45 mW m ™' K2 at 800 K with the 1y of 9.27 x 10" cm™> and
5.86 x 10" cm >, respectively. Combining with the calculated r, the
predicted maximum zT value of p-type and n-type GeSe is 2.02 and
2.37 at 800 K [Fig. 7(d)]. The excellent TE performance of GeSe makes
it a promising material for thermoelectric applications.

V. STRATEGIES FOR OPTIMIZING ELECTRICAL
TRANSPORT PERFORMANCE

The electrical properties of GeSe can be enhanced by traditional
carrier concentration engineering and electronic band engineering
such as the multiple valence-bands convergence, similar to other
Group IV-VI compounds.'**~"*® Given the sophisticated crystal struc-
tures and their unique features in GeSe, various methodologies for
enhancing electrical performance are established based on the manipu-
lation of these crystal structures. Furthermore, the higher symmetry of
crystal structures is associated with increased valley degeneracy (N,)""
and multiple valence bands'**'** compared to their lower symmetry
counterparts, which provides an additional avenue for advancing elec-
trical properties. In this study, we probe into ny optimization through
aliovalent doping and the regulation of native Ge vacancies.
Subsequently, we explore the impact of manipulating band structures
on electrical transport performance, considering the interplay between
crystal structures and chemical doping.
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A. Optimization of the carrier concentration

The principal reason for the inferior zT of orthorhombic GeSe
stems from a large Eg and an ultralow ny, which leads to a low
PE.”'%” Therefore, increasing ny; is pivotal in enhancing zT of GeSe.
One promising approach for improving ny in p-type GeSe is aliovalent
doping on the Ge site. In this context, Cu, Ag, and Na are selected as
potential acceptor dopants.”” *” However, these elements fail to opti-
mize ny to the desired level (~10" cm ™) due to the low solid solubil-
ity in orthorhombic GeSe, and the obtained zT has not been notably
increased.”’

Regulation of native cation vacancies can optimize ny in p-type
materials through appropriate chemical doping to tune the formation
energy of cation vacancies (E,), as observed with the doping of Pb in
pristine GeTe and SnTe.'”'** However, E, of orthorhombic GeSe
cannot be amended due to the low solid solubility of dopants.
Alternatively, E, is closely related to crystal symmetry. Figure 8(a)
summarizes the dependence of ny on crystal symmetry in many
Group IV-VI compounds, indicating a high 7y in the high symmetric
materials. DFT calculations reveal a gradual decrease in E, with
increasing crystal symmetry in GeSe. Specifically, E, values of ortho-
rhombic, rhombohedral, and cubic GeSe are 4.43, 3.72, and 3.57 eV, as
depicted in Fig. 8(b). Therefore, a large ny is likely to occur in high
symmetric phases.'”” Additionally, the reduction in E, increases the
Ge vacancy concentration, which in turn favors a lower energy state of
the system [Fig. 8(c)], thereby promoting the stability of the high crys-
tal symmetry phase.'”” This phenomenon has also been found in cubic
GeSe. Figure 8(d) shows the calculated formation enthalpy (AH), illus-
trating that the absolute value of AH (|AH|) is largest for the ortho-
rhombic phase in pure GeSe, while |AH| is largest for the cubic phase
in the sample with the existence of Ge vacancy."”’

To establish the correlation of ny, crystal structure, and electrical
properties, we summarize nyy of GeSe across three crystal structures in
the context of various alloying compounds (such as Ag-IV-VL,). The
results are displayed in Fig. 8(e), revealing that highly symmetric
rhombohedral and cubic phases exhibit larger ny. For example, the ny
of ~10*® cm 2 is achieved in orthorhombic GeSe, which increases to
~10*° cm ™ for rhombohedral and cubic GeSe. Due to the increased
ny, the PF of rhombohedral and cubic GeSe is much higher than that
in the orthorhombic counterpart, as illustrated in Fig. 8(f). In compari-
son with the theoretical curves calculated by the single parabolic band
(SPB) model,"*” Ge,_,Bi,Se(MnCdTe,), and GeSeTe,(InSnTe,), sam-
ples demonstrate an optimized ny; of ~10°°cm™> and enhanced PF.
Consequently, the highest PF at room temperature of 583 and 512
pPWm 'K is achieved in rhombohedral  GeyosBigosSe
(MnCdTe,)o """ and cubic GeSeTeq ;5(InSnTe)y,. "

Reducing the T, of phase transformation from orthorhombic to
rhombohedral or cubic structures toward room temperature could sig-
nificantly increase ny by several orders of magnitude and consequently
the PF. Given the intrinsic relation between crystal structure and
chemical bonding mechanism, the suppression of T in GeSe can be
achieved through the regulation of chemical bonding via doping or
alloying. As exemplified by GeSe, ,Te,, increasing Te content can pro-
mote the transformation from orthorhombic phase to hexagonal phase
and then to rhombohedral phase based on the phase diagram of the
Ge-Se-Te system as shown in Fig. 9(a).'”"*° This phase transition
may arise from the reduced energy difference of p-orbital electrons
between Ge and Te compared to that between Ge and Se. Thus, the

pubs.aip.org/aip/are

introduction of Te benefits the formation of MVB with strong p-p
orbital interaction.

Notably, alloying AgBiTe, in GeSe has been shown to stabilize
rhombohedral and cubic phases at room temperature, as depicted in
Fig. 9(b), where X-ray diffraction patterns illustrate the transformation
from orthorhombic to rhombohedral and cubic structures.”” Similarly,
the XRD analysis and the Rietveld refinement of c/a value also indi-
cated a gradual orthorhombic-rhombohedral phase transition with the
increasing AgInTe, content and additional Pb doping, as displayed in
Figs. 9(c) and 9(d)."* In addition, the stable and pure cubic phases
have also been achieved through the alloying of Sb,Te; and InSnTe, in
p-type GeSe.'””'” The reduction in T, significantly enhances TE per-
formance, as summarized in Table I, showcasing the experimental TE
parameters for GeSe alloys with different crystal structures. Specifically,
GeSe alloying with Ag-V-VI, (V=Bi, Sb; VI=Te, Se) compounds
promotes the formation and stabilization of the rhombohedral phase
at room temperatures, achieving a significantly enhanced zT value of
0.86-1.35.”" 7 In addition, employing multi-component alloying also
improved the zT value to around or over 1, such as MnCdTe,-Bi co-
doping,'” CdTe-Pb co-doping,'”* AgInTe,-Pb co-doping,'”” LiBiTe,
alloying,””” and so on. At present, the state-of-the-art zT value was
achieved in rhombohedral GegoSbg0sCdg 02S€075T€025, reaching 1.36
at 778 K.”” The remarkable increase in zT values in the high-symmetry
rhombohedral phase encourages continued exploration of the TE per-
formance of GeSe and other materials undergoing phase transitions.

B. Electronic band structure manipulation

The electronic band structure has a significant influence on TE
performance. As illustrated in Fig. 10(a), an overview of the character-
istics of Group IV-VT binary compounds shows that E, of cubic and
rhombohedral lead-chalcogenides and tellurides is much smaller than
the orthorhombic (Ge, Sn)(Se, S) systemsf""”’]5 7197 in which the for-
mer indicates an excellent electrical properties and consequently the
high zT. Therefore, an appropriate Eg, is conducive to promoting the
enhancement of electrical transport performance. For GeSe, the intri-
cate crystal structures provide opportunities for regulating E, and,
thus, the TE performance through phase transitions. Specifically,
strong Peierls distortion and electron transfer contribute to the open-
ing Eg,''“'"" resulting in a large DFT calculated E, of ~0.81¢€V for
orthorhombic GeSe, higher than the rhombohedral counterpart with
an optimal E, of ~0.39 eV and a much lower E, in the cubic phase."””
The E, in rhombohedral GeSe approaches the high TE performance of
rhombohedral GeTe, which contains the suitable E, of 0.47 eV corre-
sponding to the 6-10 kT, rule, where kg is the Boltzmann constant
and T, is the operation temperature.

Similar to the exceptional thermoelectric materials GeTe, multi-
ple valence band edges can be responsible for the TE performance of
GeSe, as schematically depicted in Fig. 10(b). However, the existence
of a significant AE between VB, and VB, weakens the contribution of
the VB, to electrical transport.”” Therefore, manipulating the band
structure to reduce the AE between multiple bands, aka the band con-
vergence, has successfully indicated the efficacy for enhancing electrical
properties. Generally, chemical doping is feasible to perform band
structure engineering. However, the low solid solubility of orthorhom-
bic GeSe confines the effect of dopants on band structures. In contrast,
rhombohedral GeSe provides more space for chemical doping,'*’
which demonstrates the opportunity of manipulating the band
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| 87,91-94,99,100,

“~1% The plots are the experimental results. Panels (a) and (c) reproduced with

permission from Li et al., Nano Energy 100, 107434 (2022). Copyright 2022 Elsevier."" Panel (d) reproduced with permission from Yan et al., J. Energy Chem. 45, 83-90

(2020). Copyright 2020 Elsevier.'*’

structure via phase transition. Prior experimental evidence indicates
that alloying CdTe effectively promotes the phase transition from
orthorhombic to rhombohedral in GeSe. Calculated band structures of
CdTe and Pb co-alloyed GeSe exhibit a reduced AE of 0.10 eV between

VB, and VB,,'"* lower than that in binary rhombohedral GeSe with a
AE of 0.24 €V, as observed in Fig. 10(c). This reduced AE is also lower
than that found in rhombohedral GeTe (0.15eV)'°* and cubic PbTe
(0.15eV).'*” AgInTe, can also induce the phase transition and the
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multiple band convergence in GeSe. GeSe alloying with AgInTe, pro-
motes the formation of a rhombohedral phase, which remarkably
modifies the band structure.'” As depicted in Fig. 10(d),
Ge,1Ag;In;Sey; Teg presents a reduced AE approximately to 0eV, and
the three valence bands of L, X, and Z bands simultaneously engage in
electrical transport, leading to an optimized electrical performance.
Additionally, the band convergence is also achieved by alloying GeSe
with AngTez,q2 AgBiTez,‘)3 and AgBiSez,94 as well as in Ge,Se;Te
alloys with AgBiTe,."°

The convergence of multiple bands aims to enhance the
N,.'°“ %% As mentioned in Fig. 4(d), the small N, of 2 is achieved
in orthorhombic GeSe. In contrast, the convergence of L and X
bands results in a larger N, of 9 in rhombohedral GeSe.'”” This ele-
vated N, is favorable for achieving a large mg4". The calculated
room-temperature Pisarenko curves of GeSe-based materials using
the SPB model are illustrated to represent the variation of m4" with
the phase structure and alloying compounds. As shown in
Fig. 10(e), an upward movement in the o ~ ny curves after alloying

indicates an enhanced mg4", increasing from 0.71m, for orthorhombic
GeSe to 1.30-5.54m. for rhombohedral and cubic counter-
parts.”?>9100102710% "The remarkable increase in mg" reflects the
band convergence, thereby strengthening the contribution to PF from
the second valence band. Figure 10(f) displays PF as a function of the
temperature of typical samples. As we can see, the room temperature
PF can reach 490 yW m~ ' K2 in (Gep.9sPbg 02S€)0 875(AgInTe,)g 125
sample when the AE is decreased to ~0eV.

VI. REDUCTION OF LATTICE THERMAL CONDUCTIVITY

In addition to enhancing electrical properties, reducing x;, can
also increase zT.'*”'"" The K, can be described as x = 1/3 C,v*t with
three parameters of specific heat C,, sound velocity v, and relaxation
time 7 of phonons.'”" Among these parameters, C,, is generally defined
as a constant when the temperature is significantly higher than the
Debye temperature, which is estimated via the Dulong-Petit limit."””
Therefore, the reduction of x is generally achieved by inhibiting 7 via
strong phonon scattering and decreasing v via lattice softening or
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TABLE I. Maximum zT values and corresponding thermoelectric parameters for the present GeSe-based alloys.

Samples Type Phase T(K) zTpmax oV KYHY 6(mYH kW m! Kil) K (W m! Kil)
GeSe'" p Pnma 673 0.05 673 103 0.61 0.61
Geg 70Sn92Ag0.015e” P Pnma 700 0.2 460 537 0.4 0.39
Geg.04Nag 01 Ago055¢”” P Pnma 630 e 646 5.58 0.26 0.26
(GeSe)oo(AgBiSe,)o, p R3m 723 125 223 28333 0.81 0.48
GeAg,Sbo,Se; 4" p R3m 710  0.86 263 15860 0.91 0.73
(GeSe)o.0(AgBiTey), P R3m 627 1.35 243 21373 0.59 0.38
GeSeAg),Sbo,Teg,”” P R3m 754 0.96 231 24169 1.01 0.71
Geg 96Big 04Se(MnCdTe,), ;' P R3m 723 ~ 217 25571 0.91 0.60
Geg sPb »Se(CdTe),5' " P R3m 773 0.9 225 17529 0.77 0.55
Gep.9Sbo.0sCdo 025€075T€0 25 P R3m 778 1.36 262 29500 1.16 0.78
Gego7Pboo3Se(InTes 2)0.15 P R3m 773 0.76 233 15539 0.86 0.66
(GeposPbo.02S€)0s75(AgInTe,)g 105’ " p R3m 773 1.0 189 31387 0.86 0.45
(GeySesTe)g ss(AgBiTes)os P R3m 723 130 198 38300 0.83 0.41
Geg.04Cdg.03A80.035e(InTe)g 15" p  Pnma-R3m 773 095 236 16 600 0.79 0.58
(Gey;Big35€)o 7(AgSnTe,)os' " P Fm-3m 573 0.46 149 33500 0.94 0.60
GeSeTeg ;5(InSnTe,), P Fm-3m 573 0.62 190 23511 0.79 0.56
(GeSe)g.95(SbyTes)g0s P Fm-3m 710 0.73 193 35081 1.27 0.83
Geyp 55Bip ,Pbg 25Se(In, Tes)o, n Fm-3m 773 0.18 —93 18710 0.73 0.45
(GeSe)o.5(AgBiSes)os ' n Fm-3m 677 045 —183 11885 0.61 0.43

introduction of a large mass of atoms. Additionally, intrinsic attributes
of materials, such as lattice anharmonicity, also empower the phonon-
phonon scattering, thereby suppressing ;. Herein, we highlight the
representative strategies of intrinsic weak chemical bond and lattice
anharmonicity, as well as the lattice defects scattering and the extrinsic
impurity scattering, delving into their respective impacts on reducing
K, in GeSe.

A. Intrinsically low thermal conductivity
1. Weak chemical bond

The chemical bonding mechanism and, thus, the crystal symme-
try have a significant effect on intrinsic x;, by consideration of bond
strength. The bond strength is associated with the bulk modulus, the
Debye temperature, and the bond length.'”” The three crystal struc-
tures of GeSe employ different chemical bonding mechanisms, specifi-
cally, the orthorhombic GeSe exhibits covalent bonding, while the
rhombohedral and cubic counterparts adopt MVB.'”* In contrast to
the covalent bonding utilizing the electron pairs between adjacent
atoms,''” the metavalently bonded compounds are characterized by p-
p orbital electrons bonding with weak s-p hybridization, forming a
half-filled ¢-bond between the adjacent atoms.'”” This causes the
rhombohedral and cubic GeSe to exhibit an octahedral configuration,
with a longer bond than that in tetrahedrally bonded materials, indica-
tive of weaker chemical bonding. Moreover, these materials generally
have lower bulk modulus and Debye temperatures as compared to the
covalently bonded compounds, highlighting the preference for weaker
chemical bonding in MVB compounds,'”” for instance, in rhombohe-
dral Ge,_,Pb,Se(CdTe), systems. 104

2. Strong lattice anharmonicity in MVB phase

The low xp, in high-symmetry GeSe with a light atomic mass of
Ge and Se is mainly attributed to its MVB nature, which exhibits the
softening of optical mode and strong lattice anharmonicity."”” A sig-
nificant characterization for metavalently bonded materials is the
highly delocalized electron density distribution, which results in large
Born effective charge, electronic polarization, and optical dielectric
constant.'”” The large Born effective charge in metavalently bonded
rhombohedral GeSe,'”* conveying a signal of separation between LO
phonons and TO phonons.”*'”* Furthermore, the MVB phase with
highly delocalized p-orbital electrons promotes the dramatic coupling
between electrons and TO phonons, thereby resulting in the softening
of TO modes.'” This leads to a strong lattice anharmonicity and,
thereby, the significant phonon scattering,'”” which can hinder the net
flow of phonons, thus reducing sound velocity (v,,) and achieving the
intrinsic K.

As shown in Fig. 11(a), the binary orthorhombic GeSe embraces
the large vp,,. In comparison, the metavalently bonded rhombohedral
or cubic GeSe-based alloys demonstrate a reduction in v,,, favoring a
low . Figure 11(b) shows the phonons of (GeSe) o(AgBiTe,)o; and
(GeSe)o.o(AgBiSe,); at I' point calculated by first-principles density
functional perturbation theory (DFPT), and the absence of imaginary
frequency indicates their stability.””* Notably, the phonon density-of-
states analysis unravels the existence of soft optical modes at frequen-
cies below 50 cm™" [Figs. 11(c) and 11(d)], potentially deriving from
the ferroelectric instability in the rhombohedral phase.”””* These soft
optical phonons coupled with the acoustic phonons enhance the
anharmonic scattering of heat-carrying phonons, leading to a signifi-
cant reduction in x;. Furthermore, the lattice anharmonicity is
described by the Griineisen parameter (9)."" As shown in Fig. 11(e), a
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large y is achieved in several rhombohedral or cubic GeSe-based alloys. typical samples. As shown, the rhombohedral GeSe illustrates a lower

In addition, v,, and 7y for rhombohedral GeSe-based alloys are compa- k1, than that of orthorhombic GeSe, especially near room tempera-
rable to those of advanced MVB materials with excellent TE perfor- tures. For instance, k; of the rhombohedral (GeyosPbgp2S€)0.s75
mance, which is responsible for the low x;, in high symmetric GeSe- (AgInTe,)q 1,5 decreases from ~0.72 to ~045Wm 'K between

based alloys. Figure 11(f) depicts the temperature dependence of xy, of room temperature and 773 K, while the orthorhombic GeSe shows the
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Ky of ~1.77 and 0.61Wm 'K ! at room temperature and 673K,
respectively.'”’

B. Ferroelectric domains in rhombohedral GeSe

Rhombohedral GeSe employs the MVB, characterized by a long-
range interaction along the (100) direction.'”” Considering the pres-
ence of ferroelectricity that derives from the competition of long- and
short-range interactions in thombohedral GeSe, an exclusive ferroelec-
tric domain (herringbone structure) should serve as the scattering cen-
ter for further phonon scattering, similar to that observed in
rhombohedral GeTe.'*”'*" For example, the high density of nanoscale
domain structures with strip contrast is observed in GeggsBig 04Se
(MnCdTe,)o; through scanning transmission electron microscopy
(STEM) and high-angle annular dark-field (HAADF) analysis, as

REVIEW pubs.aip.org/aip/are

shown in Figs. 12(a) and 12(d)."" The atomic resolution HAADF
image and selected area electron diffraction (SAED) pattern affirm the
rhombohedral structure of GeyosBigosSe(MnCdTe,)o; [Figs. 12(b)
and 12(c)]. To gain an insight into the structure of these domains,
Fig. 12(e) presents the atomic resolution STEM-HAADF image
extracted from the white frame in the enlarged domain area as shown
in Fig. 12(d), revealing small-angle grain boundaries with an angle of
approximately 3.82° [Fig. 12(f)]."”” The ferroelectric domains and the
small-angle grain boundaries can significantly scatter phonons and
reduce K.

The ferroelectricity is also demonstrated in rhombohedral
(GeSe)o.o(AgBiTe,)o 1 by piezo-response force microscopy (PFM) and
spectroscopy analysis.”” As shown in Figs. 12(g) and 12(h), the topo-
graphic and phase images reveal the existence of distinct local ferro-
electric domains displaying consistent electrical polarization.

0
Bias (V)

FIG. 12. (a) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of Geg g¢Bio.04S€(MnCdTey)o 1. (b) Atom resolution HAADF image
and (c) selected area electron diffraction pattern along [001] direction. (d) and (e) HAADF images of domain walls and (f) image using Fourier filtering with reflections of (1-10).
(9) Topography and (h) phase images of (GeSe)oq(AgBiTes)o. (i) Amplitude of switching piezo-response force microscopy (PFM) spectroscopy analysis for
(GeSe)oo(AgBiTe,)o.1. Panels (a)(f) reproduced with permission from Li et al., Nano Energy 100, 107434 (2022). Copyright 2022 Elsevier.'” Panels (g)(i) reproduced with
permission from Sarkar et al., Angew. Chem., Int. Ed. 60(18), 10350-10358 (2021). Copyright 2021 Wiley-VCH.”
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Additionally, the butterfly-shaped pattern evident in the amplitude of
the PEM response signal provides additional evidence of the existence
of local ferroelectric ~domains within the rhombohedral
(GeSe)po(AgBiSe,)o 1, as illustrated in Fig. 12(i). These ferroelectric
domains in the rhombohedral phase effectively impede phonon trans-
port, leading to a significantly reduced ;.

C. Phonon scattering via extra-scattering mechanisms

The multiple scale lattice defects serve as additional phonon scat-
tering centers, effectively inhibiting the phonon transport across a
wide frequency range, consequently leading to significant suppression
of k1. The conventional lattice defects in GeSe mainly include the point
defects, grain boundaries, as well as precipitates, as schematically
depicted in Fig. 13(a). For a comprehensive understanding of the
impact of phonon scattering center on the «1, the spectral lattice ther-
mal conductivity () with respect to the wavelength has been calcu-
lated using Debye Callaway model by considering the Umklapp
processes scattering (U), boundary scattering (B), point defect scatter-
ing (PD), and precipitate scattering (P)."%* Since the integral of s can
be defined as x;, the region between per two curves depicts the reduc-
tion in x, caused by the corresponding scattering source. As shown in
Fig. 13(b), the point defects mainly scatter high-frequency phonons,
while precipitates and boundaries contribute to phonon scattering in
mid- to low-frequency and low-frequency ranges, respectively.

The point defects and boundaries are commonly found in doped
samples, especially in rhombohedral or cubic GeSe, which are generally
formed by multi-component alloying,””'**'*® Furthermore, the incor-
poration of precipitates serves as additional lattice defects, which fur-
ther enhances phonon scattering. In the case of rhombohedral
Gey gPbg ,Se(CdTe)o 5, high-resolution transmission electron micros-
copy (HRTEM) characterization reveals the existence of sub
micrometer-scale CdSe precipitates in this sample, along with the
phase boundaries between the precipitate and matrix, as depicted in
Figs. 13(c)-13(e).*** Figure 13(f) presents a summarized diagram of
reported in GeSe-based TE materials, suggesting that much lower xp,
values are achieved in rhombohedral and cubic GeSe. For example, a
reduced x; of 0.55Wm™ 'K ' at 773K is achieved in rhombohedral
Geg goPbg 20Se(CdTe), 5, primarily originating from the strong anhar-
monicity and the introduction of impurity and point defect scatter-
ing.'”™* Furthermore, a reduction in ;. is also observed in cubic GeSe,
reaching 055Wm 'K™! at 523K for GeSeTe, 15(InSnTe,),, ** and
0.83Wm 'K at 710K for (GeSe)05(SbyTes)o0s.

Vil. COMPOSITE PHASE ENGINEERING

Composite engineering enables the simultaneous tuning of carrier
and phonon transport, thereby favoring overall TE performance.'®* As
a representative example in GeSe, a composite phase combining both
orthorhombic and rhombohedral structures is achieved through InTe
alloying.'” Given that these phase structures are characterized by dis-
tinct chemical bonding mechanisms, further investigation into the for-
mation of dual phases is conducted through atom probe tomography
(APT) measurements. As shown in Fig. 14(a), the 3D reconstruction
of the GeSe(InTe), 5 sample illustrates the distribution of Ge, Se, In,
and Te, revealing iso-composition surfaces rich in Te and Ge (indi-
cated by different colors). Figure 14(b) displays the corresponding 3D
proximity histogram map, exhibiting PME values for different regions.
Specifically, the bottom region with a high PME represents the

pubs.aip.org/aip/are

utilization of MVB, indicative of the dominant rhombohedral phase.
The top-left area shows a low PME value corresponding to the ortho-
rhombic phase, while the low PME value of the top-right region is
caused by Ge- and In-rich areas.

To explore the microstructures of the orthorhombic and rhom-
bohedral GeSe composite, Fig. 14(c) presents a characteristic TEM
image, revealing two sets of areas with a conspicuous interface. Select
area electron diffraction (SAED) is conducted to identify the diffrac-
tion patterns and, thereby, the phase structures. The diffraction pat-
terns of the two different contrast areas as shown in Figs. 14(d) and
14(e) correspond to orthorhombic GeSe along the [001] direction and
rhombohedral GeSe along the [101] direction, respectively. The
HRTEM image in Fig. 14(f) further exhibits the different phase con-
trast of rhombohedral and orthorhombic structures, which are sepa-
rated by the interface. The inverse fast Fourier transformation (IFFT)
analysis [Fig. 14(g)] reveals a coherent interface without significant
strains [Fig. 14(h)]. The dual-phase composite leads to the simulta-
neous increase in ny, uy, and mg4”, as well as the strong interfacial pho-
non scattering originates from the phonon mismatch between the two
phases given the different chemical bonding mechanisms. These col-
lectively enhance zT value via synergistic tuning of electrical and ther-
mal transport behavior.

VIil. MECHANICAL PERFORMANCE AND ENERGY-
CONVERSION EFFICIENCY

In addition to optimizing TE performance, mechanical robust-
ness plays a pivotal role in the development of excellent TE materials.
A robust mechanical performance guarantees steady operation, con-
tributing to the long-term service life of TE devices. The Vickers hard-
ness and compression strength are key criteria to evaluate mechanical
performance. The pristine GeSe exhibits a similar Vickers hardness
compared to pristine GeTe but surpasses pristine PbTe. Through the
regulation of crystal structure and microstructure, a remarkable
increase in Vickers hardness is achieved in GeSe,'"'”” surpassing
GeTe-based materials and other systems such as Bi,Te; and PbTe."”’
Additionally, element doping significantly enhances the initially infe-
rior compression strength in pristine GeSe.'”” These findings collec-
tively highlight the promising prospects of GeSe in TE applications.

However, standing as an emerging TE system that has been
investigated in recent years, reports on GeSe-based TE devices are cur-
rently lacking. In this vein, GeSe alloying with AgInTe, and Pb
achieved an enhanced zT value of 1.0 at 773 K. Consequently, a single-
leg GeSe-based TE device was successfully fabricated using this sample,
showing a maximum # of 4.90%, and a power density of 1.12W cm >
under a temperature dependence of 500 K.'”” This remains the only
report on GeSe-based TE devices to date. In addition, the theoretical
prediction of their # based on the currently achieved state-of-the-art
zT value suggests that GeSe exhibits a relatively high #. Therefore, the
exploration of strategies aiming at further enhancing TE performance
becomes imperative for the development of advanced GeSe-based
materials.

IX. SUMMARY AND OUTLOOK

As a burgeoning thermoelectric material, binary orthorhombic
GeSe exhibits an ultralow figure of merit z7, attributed to intrinsic fac-
tors, such as the large energy bandgap, low carrier concentration, and
limited carrier mobility. Traditional chemical doping methods fall
short of significantly increasing carrier concentration due to their low
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FIG. 13. (a) Schematic diagram of the incorporation of point defects, grain boundaries, and precipitations in the sintered bulk GeSe. (b) Calculated speciral lattice thermal conductivity
(rcs) with respect to the frequency () using the Debye—Callaway model by considering several scattering mechanisms. (c)~(€) Transmission electron microscopy (TEM) image intuitively
exhibits the precipitations and boundaries. (f) A summary of minimum lattice thermal conductivity (1) of GeSe-based TE materials.”’ %' #%%1001%-111 panels (b)(e) reproduced with

permission from Yao et al., The Innovation 4(6), 100522 (2023). Copyright 2023 Cell Press. '™

solubility. However, GeSe possesses three inherent crystal structures of
orthorhombic, rhombohedral, and cubic phases, each determined by
different chemical bonding mechanism. The tailoring of chemical
bonding mechanism from covalent bonding to metavalent bonding

and consequently the phase transition from orthorhombic to rhombo-
hedral and cubic provides extra-degrees of freedom to enhance the zT
value of GeSe-based materials. Specifically, the rhombohedral and
cubic GeSe embrace advantages such as small formation energy of Ge
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FIG. 14. Atom probe tomography (APT) measurement and TEM characterization of GeSe(InTe)q 45 illustrating the chemical compositions and chemical bonding mechanisms in
the dual phases GeSe. (a) Three-dimensional (3D) map exhibiting the distribution of elements. (b) 3D probability of multiple events (PME) map showcasing the different PME
values for different regions. (c) TEM image shows the different phases with different contrasts. Select area electron diffraction patterns of the (d) upper part and (e) middle part
of figure (c). (f) The interface between the rhombohedral and orthorhombic phases. (g) Inverse fast Fourier transformation of the interface taken from the yellow frame of figure
(f), indicating the coherent feature. gh) Strain analysis via geometric phase analysis (GPA). Reproduced with permission from Hu et al., Adv. Funct. Mater. 33(17), 2214854
(2023). Copyright 2023 Wiley-VCH.""
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vacancy, large band degeneracy, multiple valence band convergence, as interactions. Combined with the abundant lattice defects for phonon
well as the metavalent bonding featuring weak chemical bonds and scattering across a broad wavelength range, the high-symmetry phases
strong anharmonicity, favoring the enhanced carrier concentration, yield a significantly increased zT exceeding 1.0, surpassing those of
large density-of-state effective mass, and strong phonon-phonon pristine orthorhombic GeSe. These concepts for zT' enhancement of
Appl. Phys. Rev. 11, 031323 (2024); doi: 10.1063/5.0220462 11, 031323-19
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GeSe can also be applied to improve the TE performance of other
phase change materials.
Future research on GeSe may encompass the following aspects:

(1) Enhancing carrier mobility to improve electrical conductivity.
Increasing carrier mobility is essential for optimizing electrical
conductivity, a key parameter for thermoelectric performance.
Despite phase manipulation optimizing valence band
edge structures, the resultant carrier mobility only reaches about
10-15cm?>V~'s™L, lower than that of TE materials with high
zT value.

(2) Exploiting the high thermoelectric performance of n-type GeSe
materials. Achieving commercially viable thermoelectric devices
involves combining p-type and n-type legs with similar chemi-
cal compositions. While existing research predominantly con-
centrates on p-type GeSe, attention to the n-type counterpart
remains limited, hindering the development of GeSe-based
thermoelectric devices.

(3) Screening interface materials for GeSe-based thermoelectric
devices. Currently, there is an absence of research on GeSe-
based devices. Identifying suitable interface materials is cru-
cial for minimizing energy loss between the thermoelectric
material and electrode material during electrical and heat
transport. Conversely, the diffusion of elements or chemical
reactions could significantly impact the lifetime and energy-
conversion efficiency of a thermoelectric device.
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